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1.1 Background
Cardiovascular diseases (CVD) are the leading cause of death in the western world and
their prevalence is rising. Currently CVD account for approximately one out of every five
lives (Roger et al., 2011). The primary cause of CVD is atherosclerosis, a disease of the vessel
wall.

In Figure 1.1 the structure of an arterial vessel is shown schematically. Looking outwards
from the center of the vessel it consists of the following parts:

• lumen - this is the central area of the vessel where the blood flows through

• tunica intima - this layer is composed of a thin sheet of endothelial cells surrounded
by a thin elastic layer

• tunica media - this is a layer of smooth muscle cells

• tunica adventitia - also called tunica externa. This is the outside part of the artery
which is made up of an elastic sheet surrounded by collagen

Atherosclerosis causes thickening of the vesselwall due to the accumulation of fattymaterials
such as cholesterol between the tunica intima and the tunica media. These areas with fatty
materials are called plaques. If the vessel wall thickens, the lumen area may get narrower
(stenosis) and the blood flow through the vessel may become compromised. Eventually this
thickening of the wall can lead to a total occlusion of the vessel. Stenosis of the artery affects
the blood and oxygen supply to the distal organs. In the case of the carotid artery, which is
the vessel studied in this thesis, this is the brain. Decreased blood supply to the brain can
have fatal consequences.

As mentioned, plaque growthmay lead to luminal stenosis. Besides this luminal narrow-
ing it is also possible for the plaque to ‘grow outwards’ while the vessel remodels. In this

Endothelium
Smooth muscle

External elastic lamina
Adventitia

Lumen
Internal elastic lamina

Figure 1.1: Composition of an artery (image adapted from wikimedia).
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Figure 1.2: Visualization of atherosclerotic plaque development. The plaque buildup in the vessel
wall leads to both inward and outward remodeling of the wall: the vessel gets bigger and the lumen
becomes smaller (image adapted from www.multivu.com).

case the lumen is hardly compromised and the degree of stenosis is not a good marker for
atherosclerosis. Figure 1.2 visualizes both directions of plaque growth.

Plaque rupture constitutes a larger risk to the individual with atherosclerosis than grad-
ually increasing stenosis. If the plaque that is built up in the vessel wall enters the blood
stream, the fatty material of the plaque that is carried along by the blood stream may block
smaller vessels downstream, leading to cerebral ischemia (Glagov et al., 1987). Even when
there is no effect on the blood flow, atherosclerosis can thus still be dangerous. Therefore,
much research is aimed at finding plaque characteristics (biomarkers) that can be used be-
sides the stenosis grade to improve risk stratification and for monitoring the progression of
atherosclerotic disease.

In this thesis we focus on a specific area of the carotid artery. Each person has two carotid
arteries, one on either side of the neck. On the proximal side the arteries connect to the aortic
arch while distally they are part of the circle of Willis. The carotid artery can be divided
into the common carotid artery (CCA), the external carotid artery (ECA) and the internal
carotid artery (ICA) (see Figure 1.3). The CCA is connected to the aortic arch and has a main
bifurcation approximately at chin level where it splits into the ECA that supplies blood to the
face, and the ICA that is the major blood supplier to the brain. All analyses in this thesis are
focused on the area around the carotid bifurcation. This is the area of the carotid artery that
is most prone to plaque formation (Yuan et al., 2001).

To image the carotid artery bifurcationwe use two imagingmodalities in this thesis: Com-
puted Tomography Angiography (CTA) and Magnetic Resonance Imaging (MRI). Carotid
artery CTA imaging can be used to visualize the vessel lumen. A contrast agent is injected
into the blood stream to increase the attenuation of the blood, which causes hyper-intensities
for the vessel lumen. This provides the possibility to measure the stenosis grade. Without
contrast agent Computed Tomography (CT) is very well suitable to visualize calcifications
within the plaque. When the electrocardiography (ECG) is recorded together with multiple
CTA acquisitions of the carotid artery, the images from the CTA can be correlated with the
ECG signal and a 4D reconstruction can be made which shows the carotid at different phases
of the cardiac cycle (Prokop, 2012). This type of acquisition can be used to study the dynamic
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Figure 1.3: Drawing of the carotid artery and its major components: the CCA (between the aortic
arch and the bifurcation), the ICA (connecting the brain) and the ECA (connecting the face) (image
adapted from wikimedia).

properties of the artery. Carotid artery MRI offers the possibility to visualize several prop-
erties of the artery. Through the combination of several MR pulse sequences it is possible
to distinguish between the different parts of the vessel. Magnetic Resonance Angiography
and black blood imaging can be used to visualize the lumen which provides the possibility
to measure luminal stenosis. Black blood and T2 weighted images can be used to visualize
the outer vessel wall, which enables assessment of the wall thickness (Yuan et al., 1995, 2001;
Varghese et al., 2005). An advantage of CTA over MRI imaging of the carotid artery is that it
is fast, offers a high spatial resolution and is relatively cheap. And advantage of MRI is that
it does not require ionizing radiation and that it offers more possibilities to distinguish tissue
types.

1.2 Purpose
Quantitative imaging biomarkers (QIBs), are parameters derived from imaging data that can
be used for the prediction, detection, staging or grading of a disease or for the assessment
of treatment response. The advantage of imaging biomarkers over e.g. biochemical or histo-
logical biomarkers is that they can be noninvasive (i.e. when a noninvasive imaging modality
such as CT or MRI is used), and are spatially resolved (ESR, 2010). QIBs may be simple scalar
values derived from a single image, such as the diameter or cross-sectional area of the carotid
artery lumen and the stenosis grade. But in the case of a time series of images it is also possi-
ble to quantify the dynamic behavior and, for example, measure the cross-sectional elasticity
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of the artery.
Qualification of imaging biomarkers involves i.a. the following steps: (1) initial introduc-

tion of robust and standardized procedures, (2) correlationwith pathology, (3) cross-sectional
correlations, (4) correlation with outcome and estimation of effect size (Waterton and Pylkka-
nen, 2012). The research presented in this thesis is mainly focus on the first step which in-
volves standardization of the acquisition protocols and post-processingmethods (ESR, 2010).
In Chapter 6 we also address step three.

Manual measurement of QIBs are subject to inter- and intra-observer variations and also
often require extensivemanual labor. To overcome these difficulties and standardize themea-
surement, much research is done in finding methods that automate the measurements of
QIBs. In this thesis we present and evaluate automatedmethods for the measurement of four
QIBs for carotid artery atherosclerosis on CTA andMRI images: twomorphological biomark-
ers (luminal stenosis on CTA and vessel wall volume onMRI), and two functional biomarkers
on CTA (distensibility and longitudinal deformations).

Below we briefly explain the QIBs treated in this thesis. Figure 1.4 provides a graphical
presentation of these QIBs. Details can be found in the above mentioned chapters.

The stenosis grade of a vessel is the fraction of the lumen that is occluded relative to the
healthy situation. Because the latter is unknown once the stenosis is measured, usually a ref-
erence lumen is used distal to the stenosis. In Figure 1.4a the stenosis grade is the ratio of the
cross-sectional areas of the solid and the dotted contour. The vessel wall volume (Figure 1.4b)
is the volume between the lumen (light surface) and the tunica adventitia (meshed dark sur-
face). If there is plaque formation, the volume of the vessel wall will increase, as also can be
seen in Figure 1.2. The distensibility of the carotid artery is ameasure for its elasticity. It relates
the change in cross-sectional area (orange area in Figure 1.4c) to the change in blood pressure.
The graph on the lower half of Figure 1.4c show the cross-sectional area of the artery during
a single heart beat. If there is plaque or calcification present in the vessel wall, the vessel is ex-
pected to stiffen. Figure 1.4d visualizes longitudinal deformations.Whereas the distensibility
measures the cross-sectional elasticity, the longitudinal deformations measure the elasticity
of the artery in the direction of the centerline (dark dots).

The performance of a method to measure a QIB in an automated fashion may depend on
the quality of the images to which it is applied. Comparison of methods that are evaluated
on distinct datasets is therefore not trivial. To alleviate this difficulty and stimulate other
researcher to improve our results, all data from Chapter 3- 6 is made available through the
internet. Image data and subject descriptions can be downloaded and used to improve the
methods presented in this thesis or to compare to those obtained by other methods.

1.3 Thesis overview
In Chapter 2we provide an overview of the possibilities of CT for quantification of the carotid
artery lumen and plaque. In this chapter we also provide a general overview of automated lu-
men and plaque segmentation methods. One of the first steps in analyzing the carotid artery
is the segmentation of the vessel (lumen) from the image. This is an image processing task
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Figure 1.4: Visualization of the different QIBs that are developed and evaluated in this thesis: (a)
luminal stenosis (Chapter 3) is the ratio between the cross-sectional areas of the two contours (b)
vessel wall volume (Chapter 4) is the volume of the vessel between the lumen border (light surface)
and the outside of the adventitia (meshed dark surface) (c) distensibility (Chapter 5) is the maximal
cross-sectional area change (indicated by the arrows) during one heart cycle divided by the minimal
cross-sectional area and the pulse pressure (d) longitudinal deformation is the displacement of the
vessel wall (inner circle arrows) relative to a reference displacement (outer circle arrows).

that has been addressed by many research groups. However a standard to evaluate and com-
pare these methods was lacking. Therefore such evaluation framework was developed and is
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described in Chapter 3. Through this framework different lumen segmentation and stenosis
grading methods are compared using a standardized set of CTA images and golden stan-
dard manual segmentations. In Chapter 4 an automated method to measure the volume of
the carotid artery in a section around the bifurcation is presented. This method combines
a model based segmentation with machine learning techniques. Using two MRI sequences
the method finds both the lumen and outer vessel wall border. The image data of this study
has been acquired in the context of a population based imaging study (Ikram et al., 2011).
The next QIB for atherosclerosis we analyze is vessel wall elasticity. In Chapter 5 we present
and evaluate an automated method to measure the carotid artery distensibility from 4D CTA
images. Distensibility is a measure that captures the change in cross-sectional area relative
to the change in blood pressure during a heart cycle. In Chapter 6 we investigate two QIBs
for carotid artery wall elasticity. The method to measure the distensibility from Chapter 5
is extended so it can also be used to assess the deformations in the direction of the vessel
centerline. We compare the distensibility to these longitudinal deformations and analyze the
relation of both elasticity measures with several cardiovascular risk factors.

We conclude this thesis with a discussion and recommendations for future research in
Chapter 7.





Chapter 2

Quantitative CT imaging of carotid arteries

Based on:
M.J. van Gils, K. Hameeteman, M. van Straten, W.J. Niessen, and A. van der Lugt,

Quantitative CT Imaging of Carotid Arteries, in Multi-modality atherosclerosis imaging and
diagnosis, L. Saba, J.M. Sanches, L.M. Pedro, J.S. Suri. (Eds.), Springer 2013.
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2.1 Background
Stroke is the second leading cause of mortality in the Western world after coronary heart
disease. Although stroke death rate declined to 44% in the last decade, the burden of dis-
ease remains high (Roger et al., 2011). Of all strokes, 87% are ischemic, 10% are intracerebral
hemorrhage and 3% are subarachnoid hemorrhage strokes (Roger et al., 2011). About 50% of
the ischemic strokes are due to atherosclerotic disease, which is preferentially located in the
carotid artery (Warlow et al., 2003).

Till now, the degree of luminal narrowing of the carotid arteries, caused by atherosclero-
sis, has been the only image-based risk factor for (recurrent) stroke that is used in therapeutic
decision making. Large, randomized clinical trials (the North American Symptomatic Caro-
tid Endarterectomy Trial (NASCET) and the European Carotid Surgery Trial (ECST)) have
established the imaging criteria for surgical treatment in symptomatic patients. Carotid en-
darterectomy (CEA) is indicated for symptomatic patients with high-grade stenosis (>70%)
and in selected patients with recent symptoms and moderate stenosis (50-69%) (NASCET
Collaborators, 1991; ECST Collaborators, 1998; Rothwell et al., 2003). In asymptomatic carotid
artery stenosis, a modest benefit of CEA is described in selected patient groups (relatively
young male patients) who had a severe stenosis (JAMA; Halliday et al., 2004; Hobson et al.,
1993). However, most patients with a stenosis >70% are asymptomatic andmost symptomatic
patients have a carotid stenosis <70%, which suggest that other factors play an important role
in the pathophysiological cascade of ischemic stroke. Especially in the group of patients with
moderate carotid stenosis, it is of clinical importance to improve risk prediction.

The last decades, extensive research has been performed to increase our knowledge of
the pathophysiology of atherosclerosis. Apart from luminal narrowing of the carotid artery
resulting in blood flow compromise, rupture of the atherosclerotic plaque and subsequent
thromboembolism is thought to result in ischemic events. Histological studies of coronary
arteries and carotid arteries have found that certain atherosclerotic plaque characteristics in-
crease the vulnerability of the plaque to rupture. Inflammation is the hallmark of vulner-
ability and plaques with active inflammation may be identified by extensive macrophage
infiltration. Plaques with a thin cap of <100 µm and a lipid core accounting for >40% of total
plaque volume are also considered highly vulnerable. Plaques with a fissured or ruptured
cap are prone to thrombosis and thromboembolization (Naghavi et al., 2003). Carotid plaque
ulcerations on digital subtraction angiography (DSA) have been associated with plaque rup-
ture (Lovett et al., 2004) andwith an increased risk of acute recurrent ischemic events (Eliasziw
et al., 1994; Rothwell et al., 2000). Advanced invasive and noninvasive imaging technologies
enable the visualization of these atherosclerotic plaque characteristics in vivo.

DSA has long been the modality of choice for imaging carotid arteries, since it accurately
visualizes the vascular lumen and its contours. However, DSA has several disadvantages: it
is invasive, laborious, time intensive, and expensive. Moreover, DSA requires skilled oper-
ators and is therefore less readily available. More importantly, cerebrovascular DSA has a
non-negligible morbidity and mortality, with a complication rate of 0.4-12.2% for neurologi-
cal deficits (Hankey et al., 1990a; Willinsky et al., 2003). These drawbacks and the increasing
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interest in the arterial vessel wall have driven the use of other, less invasive modalities for
imaging the carotid arteries.

Nowadays, noninvasive imaging techniques like duplex ultrasound (DUS), magnetic res-
onance imaging (MRI), and computed tomography (CT) not only enable grading of carotid
stenosis but also provide a window to the atherosclerotic process in vivo (Saba et al., 2012).
They also allow for the quantification of plaque measures like plaque burden and plaque
composition.

Using serial imaging, the early natural development of the atherosclerotic plaque can
now be studied in vivo. Furthermore, it provides a tool to monitor changes in atherosclerotic
plaque in response to secondary preventive therapies. The development of newpharmaceuti-
cal therapies is a slow and costly process, since the most reliable way to measure their clinical
impact is to study its effect on clinical endpoints. The use of imaging biomarkers of athero-
sclerotic disease could speed up this process and reduce the number of subjects studied. For
an effective use, imaging biomarkers should be derived in a robust, noninvasive way and the
imaging modality should be broadly available (ESR, 2010). Further, standardized image ac-
quisition parameters and post-processing methods are required and the imaging biomarkers
should be carefully validated and highly reproducible. The changes in an imaging biomarker
should be correlated to the biological effect and the clinical endpoints (ESR, 2010). Quantifi-
cation, and especially automated quantification, of the degree of stenosis and atherosclerotic
plaque measures is therefore important in the development of reliable surrogate endpoints
for atherosclerosis.

Computed tomography angiography (CTA) is a potential imaging modality for moni-
toring atherosclerosis in vivo. It is a readily available and fast imaging technique causing
minimal inconvenience for the patient. Although CTA involves potentially harmful ionizing
radiation, the effective dose during a diagnostic CTA is relatively low (1-5mSv) (Beitzke et al.,
2011). The increased acquisition speed of multidetector CT angiography (MDCTA) reduces
motion artifacts. Current multidetector row CTA enables fast vascular imaging from the aor-
tic arch to the intracranial vessels. This enables simultaneous investigation of other vascular
territories, which makes that MDCTA can compete with other noninvasive imaging tech-
niques and is increasingly used in the clinical evaluation of stroke patients. In this chapter,
the state-of-the-art CTA technique used to evaluate carotid artery stenosis and atherosclerotic
plaque is described.

2.2 Luminal imaging using CTA
2.2.1 Technical aspects
In the early 1990s spiral CT was introduced, which enabled a volumetric data acquisition
through continuous X-ray source rotation and simultaneous continuous tablemovement. Us-
ing this technique noninvasive imaging of blood vessels becamewidely available. The steady
increase of the longitudinal coverage of the X-ray detectors, i.e., the number of slices, even
further improved the feasibility of luminography.
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Contrast material is necessary for the visualization of the lumen. Stenosis measurement
relies upon the contrast difference between the lumen and its environment. Several technical
factors should be taken into account when imaging vessel lumen using MDCTA.

The contrast difference between lumen and surrounding tissue is varying and depends
mainly on the amount of lumen attenuation which is artificially increased by contrast ma-
terial. The attenuation caused by contrast material can vary depending on patient-related
factors like cardiac output and weight and on scan parameters and contrast protocol-specific
factors. Peak tube voltage (kVp) influences the difference in HU values between different
tissues. The lumen contrast density increases as tube voltage decreases. The lumen enhance-
ment pattern is determined by the injection volume, the injection rate, and the iodine con-
centration in the contrast material (Cademartiri et al., 2002). Timing of contrast bolus arrival
should be such that a maximum contrast density is achieved in the carotid artery with a con-
comitant low contrast density in the neighboring jugular vein. Use of a saline bolus chaser
reduces the amount of contrast material needed by 20-40% and reduces the extent of perive-
nous artifacts caused by a high contrast density in the jugular vein citepCademartiri2002.
Synchronization between passage of the contrast bolus and data acquisition can be achieved
by real-time bolus tracking at the level of the ascending aorta. Moreover, a craniocaudal scan
direction also reduces contrast material-related perivenous artifacts (De Monyé et al., 2006).
The contrast injection protocol for carotid artery imaging is generally standardized with a
fixed contrast volume of 80-125 mL (iodine concentration of >300 mg/mL) and a saline bolus
chaser of 40 mL, both at an injection rate of 2-4 mL/s. The disadvantage of intravenous con-
trast in CT angiography remains its limited application in patients with renal insufficiency
and hyperthyroidism.

Because of the limited spatial resolution of the CT scanner partial volume averaging oc-
curs, leading to the so-called blooming artifact. This is easily appreciated at the boundary
of the enhanced lumen and the vessel wall where differences in density are large. In subtle
cases this is reflected in a blurred interface between structures as well. Partial volume averag-
ingmay influence the appreciation of the real luminal dimensions and therefore the accuracy
of the stenosis measurements. The extent of blooming also depends on the convolution ker-
nel chosen in the filtered-back projection algorithm. Sharp convolution kernels increase the
contrast of small dense structures as the blurring is reduced, whereas smooth kernels lead to
averaging of contrast differences. The signal-to-noise-ratio on the other hand improves when
applying a smooth kernel because the image noise is reduced.

The appearance of the lumen-wall interface is influenced by adjustment of the window-
level setting. Each lumen contrast opacification has been shown to theoretically have its own
optimal window-level setting for which lumen measurements are most accurate (Liu et al.,
2000). When calcifications border the lumen, the two hyperdense structures may be difficult
to differentiate from each other, impeding accurate lumen measurement. Normally, in CTA a
large window width (500-1000 HU) is used, which can be adjusted by the reader dependent
on the lumen attenuation and the presence of calcifications near the lumen in order to im-
prove the visual differentiation between dense structures. Figure 2.1 illustrates the influence
of window-level setting and convolution kernels on the evaluation of the lumen.



Quantitative CT imaging of carotid arteries 13

Figure 2.1: Four axial MDCT images through the carotid bifurcation obtained with a smooth (a+c) or a
sharp (b+d) kernel and with a larger (W1000 L200; a+b) or smaller (W400 L100; c+d) window width
setting. A large window width (a+b) gives a better differentiation between lumen and neighboring
calcifications, which mostly appear brighter. A smaller window width (c+d) enables visualization of the
small density differences inside the non-calcified part of the plaque. A sharper reconstruction kernel
(b+d) increases the contrast between the small dense calcifications and the surrounding structures,
whereas a smoother kernel (a+c) leads to averaging of contrast differences, which gives a smoother
appearance to the structures.

In MDCTA images a challenge is formed by the artifacts from extra luminal dense struc-
tures like dentalmaterial, bone, and atherosclerotic calcificationswhichmight obscure a clear
visualization of the lumen. Correct head positioning with a slight tilt of the head and an up-
right position of the chin reduces the effect of beam hardening artifacts from dental material
at the level of the carotid bifurcation, the predilection place for atherosclerotic disease in the
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Figure 2.2: (a) Axial image at a level above the carotid bifurcation showing motion artifacts due
to swallowing. The tissue boundaries are heavily blurred. (b) The dependent part of the jugular
vein is filled with high density contrast material, which causes streaks of low attenuation, artificially
introducing a low contrast area in the neighboring carotid artery and hampering visualization of its
wall. (c) Dental material can cause enormous streak artifacts (images on the left), impeding correct
judgment of surrounding structures. A slight upward tilt of the chin moves these artifacts away from
the region of interest and allows a normal visualization of the larger part of the carotid bifurcation (as
shown on the right).

carotid artery (Figure 2.2).
As described, convolution kernels and window-level settings highly influence the ap-

pearance of high density structures like calcifications. In addition, with a fixed window-level
setting, calcification volumes appear smaller in higher kVp-settings (De Weert et al., 2005).

From the cross-sectional source images, 2D or 3D image reconstructions can be created
which aid in the identification andmeasurement of the maximal stenosis. Multiplanar recon-
structions (MPR) and curved planar reconstructions (CPR) provide 2D images of any prede-
fined plane and enable accurate stenosis measurement. For creating a longitudinal view of
the artery, CPR has the advantage overMPR that it corrects for vessel curvature outside of the
plane. Shaded surface display (SSD), volume rendering (VR), andmaximum intensity projec-
tion (MIP) are all 3D techniques with their own strengths and weaknesses. In SSD all pixels
with densities below a certain threshold are excluded and the remaining data are viewed as
if their surfaces are illuminated by a point source. VR utilizes the image intensities directly,
by assigning opacity and color coding, to create 3D reconstructions. Both techniques are less
useful for carotid artery stenosis measurements. MIPs are created by projection of the maxi-
mum intensity pixels from a 3D data set on a predefined 2D plane and give a simple overview
of the vessel and its stenosis. However, this technique is limited in arteries with atherosclero-
tic calcifications, since calcifications in the vessel wall can easily cover the contrasted lumen
causing overestimation of the degree of luminal stenosis. In addition, bony structure like the
spine, thyroid cartilage, cricoid, and hyoid might interfere with a clear overview of the artery
in 3D post-processing techniques (Figure 2.3).

New techniques have been investigated that might solve the problem of artifacts from
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Figure 2.3: (a) Axial slices through the common carotid artery (lower image), the level of the carotid
bifurcation (middle) and a level above the bifurcation (upper image). (b) Multiplanar reformat (MPR)
in the sagital plane visualizing the atherosclerotic plaque around the bifurcation. (c) Maximum in-
tensity projection (MIP, 8.8 mm) in the same plane. Over projection of calcifications hampers a clear
visualization of the lumen. (d) Volume rendering (VR) shows a 3D reconstruction of the carotid artery.
(e) Shaded surface display (SSD) of the same carotid bifurcation. Both last techniques suffer from
over projection of calcifications.

bone and calcifications on images.Matchedmask bone elimination (MMBE) is a technique for
the automated removal of bone pixels from CTA data sets. Preceding to the CT angiography
a non-enhanced data set is acquired on which the bone pixels are identified. The correspond-
ing pixels on the registered CT angiography are assigned an arbitrarily low value and MIP
images free from overprojecting bone can then be obtained (Van Straten et al., 2004; Venema
et al., 2001). Whereas for MMBE, acquisition and registration of two separate datasets is nec-
essary, in dual-energy CT (DECT) two image data sets can be simultaneously acquired with
different tube voltages (for example 80 and 140 kVp). Tissues can be differentiated by analy-
sis of their attenuation differences depending on the tube voltage. The attenuation difference
is especially large in materials with a high atomic number, such as iodine. Bone and calci-
fications, which show a smaller attenuation difference, can therefore be differentiated from
iodine in the carotid lumen. As a result, calcifications can be removed from the contrast-filled
lumen, enabling quantification of carotid stenosis in heavily calcified arteries (Uotani et al.,
2009). However, because in both techniques an additional rim around the calcified pixels is
removed due to blooming artifacts, overestimation of the grade of stenosis can still be intro-
duced.

2.2.2 Stenosis measurement
The accuracy of the stenosismeasurement is important, given its role in clinical decisionmak-
ing with respect to carotid endarterectomy. Traditionally, the stenosis in the carotid artery
was assessed using intra-arterial digital subtraction angiography (DSA), which is still con-
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sidered the gold standard. The degree of stenosis was defined as the residual lumen at the
stenosis as a percentage of the normal lumen in the distal internal carotid artery (according
to the NASCET criteria) or as the residual lumen as a percentage of the estimated original
diameter of the artery at the level of the stenosis (according to the ECST criteria). In the large
symptomatic carotid surgery trials, conventional DSA was performed in two or three projec-
tions (lateral, posterio-anterior, and/or oblique) which were investigated for the most severe
stenosis.Whereas rotational DSA, using multiple planes, showed to provide a benefit in de-
tecting the smallest diameter in a stenosed artery compared to conventional DSA (Elgersma
et al., 1999), the association between the severity of stenosis and stroke risk and therefore the
indication for surgical intervention remained based on conventional DSA.

The volumetric CTA datasets allow for MPRs and MIPs in any plane and therewith pro-
vide much more information on the lumen and its morphology than conventional DSA. The
residual lumen is almost never circular and DSA performed in a limited number of projec-
tions does not always reveal the narrowest lumen. Analysis of 3D information therefore may
provide a more realistic way to assess the true maximum stenosis.

In case CTA replaces DSA in clinical decision making, stenosis measurements on CTA
should be performed in a comparable way, i.e., measuring the diameter of the remaining
lumen at the level of themaximal stenosis and of the normal lumen distal to the stenosis. This
can be done in several ways using different postprocessing techniques. Although with MIP
reconstructions images comparable to those in DSA can be obtained, this technique is limited
in calcified plaques and it is recommended not to use MIP images for stenosis measurements
in arteries with calcifications (Figure 2.4). Generally, one uses 3D software to create MPRs
and/or CPRs in oblique planes parallel to the carotid lumen to seek the point of maximum
stenosis andmeasures the smallest diameter in the cross-sectional plane perpendicular to the
central lumen line at that level. Figure 2.5 shows this method of stenosis measurement using
3D software. The reference diameter is measured in the same way at a level above the carotid
bulb where the lumen walls run parallel to each other (i.e., the healthy distal carotid artery).

When using the ECST criteria to assess the degree of stenosis, CTA directly enables visu-
alization of the outer vessel wall, whereas on DSA the vessel diameter has to be estimated by
delineating the projected lumen contour. Therewith, CTA takes into account the changes in
vessel diameter caused by vascular remodeling, whereas this phenomenon is ignored when
measured on DSA. This might cause differences in ECST stenosis measurements between
CTA and DSA.

2.2.3 Diagnostic accuracy
Several diagnostic studies have been performed which compared single slice CTA with DSA
in the assessment of carotid stenosis. From a meta-analysis of studies published between
1990 and 2003, single slice CTA has been shown to have a pooled sensitivity of 85% and a
pooled specificity of 93% for detection of a 70-99% stenosis. Sensitivity and specificity for
detection of an occlusion were 97% and 99%, respectively (Koelemay et al., 2004). Another
systemic review reported a pooled sensitivity of 95% and a specificity of 98% for the detec-
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Figure 2.4: (a) Digital subtraction angiography (DSA) of a right carotid artery shows a 50% stenosis
at the level of the bifurcation. (b) A maximum intensity projection (MIP, 6 mm) of MDCTA images
of the same artery. MIP has the disadvantage of overprojection of calcifications over the lumen,
causing overestimation of stenosis measurement. (c) A multiplanar reformatted image (MPR, 1 mm)
in the same plane as the MIP in (b); the problem of overprojection does not occur here. Using MPR
reconstruction of 3D data the point of maximum stenosis can be found easier compared to using
DSA.

Figure 2.5: Multiplanar reformatted images are created in planes parallel and perpendicular to the
lumen axis; the smallest lumen diameter in the cross-sectional plane can then be measured using
calipers. (A) A sagital view of the carotid bifurcation. The dashed and dotted lines correspond to the
planes that are depicted in (B) and (C). A large atherosclerotic plaque is visible at the origin of the
internal carotid artery, causing a high-grade stenosis. (B) The cross-sectional image perpendicular
to the central lumen line at the level of the smallest vessel diameter. The residual lumen has an oval
shape. (C) The view perpendicular to (A) and (B). In this plane the stenosis is not very prominent.

tion of a 70-99% stenosis (Hollingworth et al., 2003). The latter study also found that CTAwas
sensitive (95%), but slightly less specific (92%) in depicting stenosis >30%. In 2006, Ward-
law and colleagues performed a meta-analysis comparing noninvasive imaging techniques
with intra-arterial angiography. They found only 11 studies on CTA, published between 1980
and 2004, that explicitly met the Standards for Reporting of Diagnostic Accuracy (STARD)
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criteria (Bossuyt et al., 2003) and they reported a sensitivity of 77% and a specificity of 95%
for diagnosing 70-99% stenosis using CTA (Wardlaw et al., 2006). The authors warned for
the methodological shortcomings of many studies evaluating diagnostic imaging. They con-
cluded that the existing data might support the cautious use of noninvasive imaging to di-
agnose 70-99% stenosis, but that more data are needed from carefully designed trials to de-
termine true sensitivity and specificity of noninvasive imaging techniques in routine clinical
practice, especially for 50-69% stenosis, or when used in combination (Wardlaw et al., 2006).
In 2009, Chappell and colleagues performed an individual patient data meta-analysis to find
clinically significant estimates of the accuracy of noninvasive imaging in diagnosing severe
and moderate symptomatic artery stenosis (Chappell et al., 2009). They also concluded that
existing primary studies provide limited data and that the literature overestimates the ac-
curacy of noninvasive imaging techniques. The small CTA dataset included in this analysis
revealed a sensitivity and specificity of 65% and 56% for detection of 70-99% stenosis, respec-
tively (Chappell et al., 2009).

A difficulty in the evaluation of the accuracy of stenosis measurement using noninvasive
imaging techniques is that both acquisition and post-processing procedures evolve rapidly.
Although multidetector CTA is now widespread and is expected to improve diagnostic ac-
curacy, this has barely been tested. Only one study compared MDCTA with DSA and found
MDCTA to have a high specificity and a high negative predictive value for significant carotid
disease (Josephson et al., 2004). Since DSA is not routinely used anymore in clinical practice,
the assessment of new noninvasive imaging techniques against DSA can not be justified eth-
ically anymore. Therefore there is an increasing need for practical, reliable methods for eval-
uating new technologies, for example, by standardized comparison with other noninvasive
tests or test phantoms.

Both aforementioned systemic reviews (Koelemay et al., 2004; Hollingworth et al., 2003)
did not provide enough evidence to draw robust conclusions about the diagnostic accuracy of
the different post-processing techniques, although stenosis assessment using axial slices and
MIPs seemed to be better thanwhen using VR and SSD (Hollingworth et al., 2003). Most stud-
ies did not report on the exact combinations of reformatting techniques used, which hampers
a solid meta-analysis. More recent studies comparing the post-processing techniques in MD-
CTA revealed that stenosismeasurements on axial source images are highly reproducible and
accurate and that the additional use of MPRs or other reconstructions is not necessary, but
might aid in finding the location of the maximum stenosis (Hackländer et al., 2006; Howard
et al., 2010; Puchner et al., 2009).

2.2.4 (Semi)automated quantification of luminal measures
Manual lumen segmentation and stenosis quantification are laborious and suffer from inter-
observer and intraobserver variability. Consequently much work has been performed on the
development of (semi)automated lumen quantification. Themajority of publications with re-
spect to lumen quantification focus on the segmentation of the lumen while the assessment
of the severity of luminal stenosis is addressed by few.



Quantitative CT imaging of carotid arteries 19

Figure 2.6: Example of a carotid artery lumen segmentation using three different segmentation rep-
resentations. The dots indicate a centerline through the centroids of the vessel cross-sections. The
’circles’ show the lumen contours perpendicular to the centerline. The surface shows an interpolated
surface through the contours.

Lumen segmentation methods have been reviewed and grouped according to the math-
ematical framework used (Kirbas and Quek, 2004) or categorized with respect to (1) the way
vessel geometry and appearance aremodeled, (2) the image featureswhich are used for vessel
extraction, and (3) the methodology used in vessel extraction (Lesage et al., 2009).

Some of the published methods have been tailored to or evaluated on carotid CTA im-
ages (Manniesing et al., 2010, 2007; BaltaxeMilwer et al., 2007; Cuisenaire et al., 2008). Reported
values vary highly. However the comparison of these methods is hampered by the fact that
they all use different imaging data and evaluation measures, like Dice similarity coefficient,
mean surface distances, or visual inspection. In addition, most studies were performed on
small and selected data sets. Figure 2.6 illustrates a 3D lumen segmentation of a carotid bi-
furcation.

To facilitate an objective comparison of carotid artery segmentation and stenosis quan-
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(a) (b) (c)

Figure 2.7: Curved multiplanar reformats (CMPR) of a carotid artery with a calcified atherosclerotic
plaque that causes a high-grade stenosis. A visual impression is shown of automated lumen seg-
mentations (shaded area) that have different qualities: (a) with a bad Dice similarity index (SI), (b) a
moderate Dice SI and (c) a good Dice SI.

tification algorithms, the Carotid Bifurcation Algorithm Evaluation Framework was set up in
2009 (see Chapter 3) (Hameeteman et al., 2011). This framework consists of a publicly avail-
able image database, annotated data for training and evaluation, and standardized evaluation
measures. Till date 14 algorithms have been evaluated by the framework, of which only one
is fully automatic, whereas the others require three initialization points. The three best per-
forming methods evaluated by the framework have dice similarity coefficients of 0.92, 0.88,
and 0.90, mean surface distances of 0.18, 0.54, and 0.17 mm and Hausdorff distances of 1.5,
4.4, and 1.7 mm, respectively (Hameeteman et al., 2011). Figure 2.7 shows three examples of
lumen segmentations with three different dice values.

These three best performing methods are based on three different approaches, i.e., graph
cut, level set, and active surface algorithms (Hameeteman et al., 2011).

In the graph cut framework voxels are assigned to vessel lumen or background by consid-
ering all image voxels as nodes in a three-dimensional graph and creating an optimal surface
which separates (cuts) the foreground (lumen) from the background. To compute this opti-
mal cut the image gradient can be used.

In the level set framework, the vessel surface is represented implicitly by the zero level
lines (zero level set) of an embedding function (similar as, e.g., sea level in a heightmap). This
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Figure 2.8: Using the level set framework a segmentation (indicated by the grey contours) is seen as
the zero level (black plane) of an embedding function in a higher dimension (cone shaped surface). If
the embedding function changes, as indicated by the two cones which are slightly different, the zero
level (segmentation) changes. Using this framework a segmentation can easily change topology. The
segmentation on the left has one object (contour) while the segmentation on the right consists of two
distinct objects.

embedding function is then changed (evolved), implicitly resulting in deformation of the zero
level set. This representation has the advantage that the zero level set can change topology
(Figure 2.8). The evolution of the embedding function should ensure that the zero level set
halts at the vessel lumen boundary. This is achieved by defining a speed function derived
from the image data. Both the initial segmentation and the design of the speed image are the
key ingredients in the design of a level set-based segmentation method.

Active surfaces are a generalization of active contours (also called snakes). Using active
surfaces the segmentation is also the result of the evolution of an initially segmented surface.
However changing topology is much harder to model in this framework. The segmentation
is modeled as a surface on which forces are acting which causes the evolution of the segmen-
tation. This evolution can be constrained by properties of the used surface representation.

Although considerable research has been performed on vessel lumen segmentation, only
few researchers have published on automatic vessel stenosis grading (Scherl et al., 2007; Win-
termark et al., 2008b; Berg et al., 2005). Also, approaches differ widely in the evaluation that
has been performed, both with respect to evaluation measures and number of data sets used.

The evaluation framework discussed previously also allows objective comparison of per-
formance in stenosis quantification. To date only three stenosis grading methods have been
evaluated using this framework, also indicating that this field has received less attention
(Hameeteman et al., 2011). Clinically, the minimal diameter is often used to calculate the
stenosis degree. However, the minimal diameter of a non-elliptical shape is not uniquely de-
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fined and is therefore prone tomeasurement errors and is hard tomeasure automatically. The
evaluation framework evaluates two stenosis measures: an area-based measure which com-
pares the area of the lumen at the stenosis to the area of a distal vessel part and a measure
that compares the minimal diameter at the two positions. In the framework, the diameter-
based stenosis degree is defined by the smallest line that divides the cross-sectional area in
two equal parts. Using automated lumen segmentation, the minimal diameter can easily be
replaced by the lumen cross-sectional area. This is a much more accurate measure for the ob-
struction of the blood flow as carotid arteries, especially at the site of atherosclerotic plaque,
generally do not have circular luminal cross sections and also do not run exactly perpendic-
ular to the axial plane of the CT scan. Zhang et al. investigated the use of area measurements
and found that assessment of area stenosis on CTA was highly reproducible and showed a
satisfactory agreement with diameter stenosis on DSA, although it provides a less-severe es-
timate of the degree of carotid stenosis, especially in noncircular lumens (Zhang et al., 2005).
The average error in assessing carotid artery stenosis of the best stenosis grading method ac-
cording to the evaluation framework was 16.9% for area-based and 17.0% for diameter-based
measurements (Hameeteman et al., 2011).

Besides stenosis grading, lumen segmentation also enables the extraction of other quan-
titative measures. The extracted lumen model can, e.g., be used for Computation Fluid Dy-
namic calculations to assess the shear stress in the atherosclerotic carotid bifurcation (Groen
et al., 2007) and the quantification of geometric parameters such as vessel tortuosity and bi-
furcation angles (Lee et al., 2008).

2.3 Plaque imaging using CTA
2.3.1 Technical aspects
Assessment of different atherosclerotic plaque components in CTA relies on the differences in
linear attenuation coefficient expressed in Hounsfield Units (HU) of the plaque components.
Plaque component differentiation is highly dependent on scan parameters.

Reconstruction of thin slices is very important for plaque evaluation. Thin slices allow
for datasets with isotropic and higher resolution and therefore enhance the differentiation
of plaque components. Especially for plaque components of which HU values are close, like
lipid and fibrous tissue, thin slices are crucial.

Where blooming artifacts from vessel wall calcifications can hamper correct stenosismea-
surements, it also causes a problem in the evaluation of plaque, since it interfereswith optimal
plaque characterization of the non-calcified part of the plaque. The finite spatial resolution of
CT causes partial volume averaging and therefore blooming artifacts. Blooming of calcifica-
tions leads to overestimation of calcification size and inability to evaluate the atherosclerotic
regions that border the calcifications.Moreover, the calcification volume appears larger when
using lower kVp settings (De Weert et al., 2005).

For accurate differentiation of plaque components a high signal-to-noise ratio (SNR) is
necessary. Image noise depends mainly on the product of the tube current and rotation time
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(mAs), the tube voltage, and reconstruction kernel. Because the atherosclerotic plaque is a
relative small structure, a thin slice thickness and a small field-of-view are required. These
result in a decrease of SNR, which should be compensated by a higher radiation exposure.

High intraluminal contrast material density may influence the density measurements
in the plaque. Ex vivo studies in coronary arteries revealed that intraluminal attenuation
strongly affects the measured attenuation of the plaque (Cademartiri et al., 2005). This can be
explained not only by partial volume effects but also by the entrance of contrastmaterial in the
plaque via the vaso vasorum. It is unknown yet if this effect is also seen in the larger carotid
artery, but it underlines the necessity of standardized scan protocols, especially since carotid
plaque enhancement in CTA is thought to be associated with increased risk for neurological
events (Romero et al., 2009; Saba and Mallarini, 2011).

Another technical aspect influencing accurate differentiation of plaque components in
CTA is the convolution kernel used for reconstruction of the image dataset. The convolu-
tion kernels allow for influencing the image characteristics; a smooth algorithm will reduce
spatial resolution, image noise, and image contrast for tiny structures, whereas a sharp al-
gorithm has the opposite effect. Plaque characterization and quantification of the different
plaque components based on measurement of HU densities is thus highly influenced by the
convolution kernel used. Smooth kernels hamper the correct differentiation between tissues
with small differences in density, as is the case for lipid and fibrous tissue. In contrast, sharp
kernels not only increase contrast differentiation but also lead to an increase in calcium size
and low-intensity rings around calcifications (edge-enhancement artifacts), which hamper
further plaque interpretation. Intermediate reconstruction kernels turned out to allow opti-
mal plaque interpretation (De Weert et al., 2005).

The window-level setting also influences the visualization of the different plaque compo-
nents. Whereas a large window-width is used in luminography to differentiate lumen from
calcifications that border the lumen, a small window-width is necessary to enhance the small
differences in HU density inside the non-calcified plaque (Figure 2.1).

2.3.2 Diagnostic accuracy
Plaque surface morphology

The accuracy of DSA in the detection of plaque ulceration, as compared to macroscopic sur-
gical observations, has been found to be low (sensitivity 46% and sensitivity 74%) (Streifler
et al., 1994). CTA allows for analysis of the plaque surface (Figure 2.9) and the differentiation
between ulcerations and irregularities and has been demonstrated to perform better than
DSA (Randoux et al., 2001). A validation study, comparing single slice CTA with histological
specimens reported a sensitivity and specificity of 60% and 74%, respectively (Walker et al.,
2002). However, MDCTA has been found to have a high sensitivity and specificity (94% and
99%, respectively) in detecting plaque ulcerations compared to surgical observation (Saba
et al., 2007). Assessment of plaque ulceration onMDCTA is highly reproducible (κ >0.86) (De
Weert et al., 2009; Wintermark et al., 2008c).
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Figure 2.9: Cross-sectional images (upper panels) perpendicular to the central lumen line and mul-
tiplanar reformats (lower panels) of carotid bifurcations. (a) An atherosclerotic carotid plaque with a
smooth surface. (b) A plaque at the level of the carotid bifurcation with an ulceration. (c) An ulcerated
plaque with thrombus material that protrudes into the lumen.

Plaque composition

The first validation studies compared 3 mm single slice CT images with histological sections
from carotid endarterectomy specimens and did not show clear-cut results. Whereas two
studies reported that calcifications, lipid, and fibrous tissue could be differentiated based on
densitymeasurements (Estes et al., 1998; Oliver et al., 1999), another study concluded that sin-
gle slice CTwas not sufficiently robust to reliably characterize plaque composition andplaque
morphology (Walker et al., 2002). The introduction of multidetector CT enabled a more de-
tailed analysis of the atherosclerotic carotid plaque composition and the differentiation of
plaque components.

Several validation studies have been performed, in carotid arteries as well as in coronary
arteries. In coronary artery studies, intravascular ultrasound (IVUS) is used as a gold stan-
dard. In carotid artery studies, the availability of histological carotid plaque specimens from
carotid endarterectomy enables reliable validation against histology. An additional advan-
tage is that the characterization of the separate plaque components can be performed easier
and in more detail in the larger carotid arteries. In 2005, we performed an ex vivo valida-
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A B C D

Figure 2.10: Column A: axial MDCT images of a carotid artery with atherosclerotic plaque. Column
B: MDCT plaque composition based on HU differences. Column C+D: Corresponding histological
sections with Sirius Red (SR) and haematoxylin eosin (HE) staining, respectively. Blue regions in
the MDCT plaque composition images correspond well with lumen and calcifications on HE stained
histological sections (arrows). The red regions correspond well with the red collagen-rich regions in
the SR stained sections. Yellow regions correspond with the lipid core (i.e. lipid, hemorrhage and
necrotic debris) (arrowhead) regions on histology (the non-red regions on the SR stained sections
that are not calcified areas on the HE stained sections). (Reprinted with permission from de Weert
TT, Ouhlous M, Meijering E, et al (2006) In vivo characterization and quantification of atherosclerotic
carotid plaque components with multidetector computed tomography and histopathological correla-
tion. Arterioscler Thromb Vasc Biol 26 (10):2366-2372)

tion study, in which CEA specimens were scanned and the images were compared with the
histological slices (Figure 2.10). The CT value of lipid-rich regions differed significantly from
that of fibrous-rich regions (45± 21 HU versus 79± 20 HU, p<0.001). An ROC analysis re-
vealed 60 HU as the optimal cut-off point for differentiation between lipid and fibrous tissue,
with a sensitivity of 89% and a specificity of 93% (De Weert et al., 2005). The study was re-
peated in vivo, in which the CT values for lipid- and fibrous-rich tissue were 25± 19 HU and
88± 18 HU, respectively. Again an optimal threshold value of 60 HUwas found, with a sensi-
tivity and specificity of both 100% (DeWeert et al., 2006). Calcifications are easily detected on
CT images as high density structures and equivalent to coronary calcium scoring in electron
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beam CT, 130 HU is generally taken as a threshold for differentiating calcifications.
Wintermark and colleagues performed a validation study in which they compared in

vivo MDCTA images with histological sections for the non-calcified plaque components and
with ex vivo MDCTA images for the calcifications (Wintermark et al., 2008c). They found the
following scan-parameter dependent cut-off values, determined as the half way HU atten-
uation value between the average HU values of each plaque component: 39.5 HU between
lipid-rich necrotic core and connective tissue, 72.0 HU between connective tissue and hemor-
rhage, and 177.1 HU between hemorrhage and calcifications. They further compared the CT
classification with the histological classification of type of atherosclerotic plaque and stage of
lesion development according to the system derived from the AHA classification and found
an overall agreement of 72.6% (unweighted κ of 67.6%) (Wintermark et al., 2008c). The concor-
dance for calcifications was perfect, whereas the reliability of the identification of the noncal-
cified plaque components was limited due to overlap of the values between the soft compo-
nents. However, CTA showed good correlationwith histology for larger lipid cores and larger
hemorrhages. Further they demonstrated that CTA performed well in measuring fibrous cap
thickness (R2=0.77, p<0.001) (Wintermark et al., 2008c).

2.3.3 Quantification of plaque components
Calcifications in the vessel wall can easily be measured in a quantitative way. Agatston and
colleagues were the first to quantify coronary calcifications with electron beam CT (Agat-
ston et al., 1990). As a default, the threshold to differentiate calcification is >=130 HU in non-
contrast CT scans. Although the Agatston score as a quantification tool can be used in carotid
arteries, other scoring methods like a volume score are more frequently used (Kwee, 2010).
However, when CTA images are used, the threshold has to be higher in order to automati-
cally differentiate calcifications from the bordering luminal contrast. Another possibility is to
first delineate the inner and outer borders of the carotid plaque and subsequently discrimi-
nate calcifications using a threshold of 130 HUwithin the plaque. In this way, 3D volumetric
MDCTA datasets also allow for quantification of the soft plaque components.

Annotation of the luminal area can be done (semi)automatically based on thresholds that
separate the bright, contrast-filled lumen from the lower density plaque. However, calcifica-
tions bordering the lumen might be included in the lumen segmentation and therefore man-
ual correction is necessary. Using lumen and outer vessel wall contours, the plaque area can
be calculated by subtracting lumen area from total vessel area. Validation studies of plaque
area measurements with histology as gold standard are hampered by the fact that histolog-
ical preparation leads to shrinkage of the specimens. Nevertheless, strong correlations have
been found between ex vivo and in vivo MDCTA and histology for the assessment of plaque
area (R2 = 0.81 and R2 = 0.73, respectively) (De Weert et al., 2005, 2006). Intraobserver re-
producibility of plaque area measurements with MDCTA was good (coefficient of variation
of 8%) (De Weert et al., 2006).

The CT value thresholds in HU that differentiate between plaque components create the
opportunity to quantify plaque composition. The aforementioned in vivo validation study,
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comparing MDCTA images with histological specimens, showed that area measurements of
calcifications were overestimated by MDCTA; however the correlation with histology was
good (R2 = 0.74). The correlation between MDCTA and histology for fibrous area measure-
mentswas also good (R2 0.76) butwas poor for lipid (R2 0.24). Further investigation, however,
showed that this correlation improved in mildly calcified plaques and non-calcified plaques
(R2 = 0.77 and R2 = 0.81, respectively). The intraobserver variability of area measurements
of the different plaque components was low, with a coefficient of variation of 8%, 11%, and
15% for calcifications, fibrous tissue, and lipid, respectively (De Weert et al., 2006).

Plaque volume and plaque component volumes can be calculated by multiplying area
measurements with slice increment and the number of slices in the range of interest. In an in
vivo study in 56 patients, plaque volume andplaque component volumes could be assessed in
a reproducibleway. The difficulty of defining the transition of normalwall into atherosclerotic
plaque contributes highly to the interobserver variability. Consensus about the longitudinal
dimensions of the plaque improved the reproducibility of plaque volumes strongly (DeWeert
et al., 2008).

2.3.4 (Semi)automated plaque measurements
Manually assessing lumen and vessel contours is a time-consuming task and is highly influ-
enced by the window-level setting. Segmentation of the outer vessel wall and subsequent au-
tomated plaque characterization has received considerably less attention than luminal anal-
ysis.

The challenge of automated analysis of carotid atherosclerotic plaque lies in the difficulty
of defining the outer vesselwall. This is a challenging task due to the low and varying contrast
between the plaque and its surrounding soft tissue. Vukadinovic et al. developed a semiauto-
matedmethod to segment the outer vesselwall (Vukadinovic et al., 2010),which only required
clicking initialization points for lumen segmentation and clicking seed points for defining the
range of interest for plaque segmentation. The method uses a level-set framework for vessel
lumen segmentation (Manniesing et al., 2010), followed by classification of calcium objects
using a set of image features related to the appearance, shape, and size of bright objects in
the CTA data set. Subsequently, image voxels are identified as lying inside or outside the
vessel wall, using a same set of image features. Finally, the outer vessel wall is determined
by fitting an ellipsoid that utilizes the information from the calcium and inner/outer vessel
classification step. After generation of the inner and outer vessel wall contours, the plaque
components (lipid, fibrous tissues, and calcifications) are automatically differentiated based
on the aforementioned HU-thresholds. Figure 2.11 shows the results of (semi)automatically
generated plaque segmentations.

The method has been trained and tested on manually annotated MDCTA datasets of the
carotid arteries and validated against manually segmented carotid arteries. The average Dice
similarity index was 91%, which was comparable to the similarity index between two ob-
servers (Vukadinovic et al., 2010). Subsequently, the performance of this plaque segmentation
method in quantifying plaque volume and plaque component volumes was studied by com-
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Figure 2.11: (Semi-) automated segmentation of lumen and plaque is performed on axial images
within a predefined range. Contours of lumen and plaque are generated and can be manually ad-
justed if necessary. Within the plaque area (outer vessel wall contour minus lumen contour) the
plaque components are differentiated based on Hounsfield Units (lipids: <60 HU, fibrous 60-130 HU,
calcification <130 HU). The color overlay shows the different structures; lumen = red, lipid = yellow,
fibrous = green, calcification = white. This figure shows a CPR image of a carotid bifurcation on the
left and plaque segmentation on axial slices at three levels: (a) through the internal and external ca-
rotid artery, showing a large, mainly non-calcified atherosclerotic plaque in the internal carotid artery;
(b) through the distal common carotid artery just below the bifurcation on which an ulcerated surface
is visible and (c) through the common carotid artery at the level of the smallest vessel diameter.

paring measurement error of the automated method using manual contours as a reference
standard with the interobserver variability in manual annotations. The differences between
the automated method and the manual observers were comparable to the interobserver dif-
ferences (Vukadinovic et al., 2012).

Although the method is highly automated some observer interventions are still needed
and the outer vessel wall segmentations should still be checked manually for erroneous in
or exclusion of calcifications, and therewith over-segmentation or under-segmentation of the
plaque. Taken these manual interventions into account, the intraobserver and interobserver
reproducibility of the semiautomated method is better as compared to the reproducibility
of manual annotating, with intraclass correlation coefficients of 0.93/0.84 for plaque volume
and 0.86-1.00/0.76-0.99 for plaque component volumes (unpublished data).
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2.4 Applications of quantitative atherosclerotic
measures

MDCTA-based quantitative plaque measures have been used in several studies to investigate
atherosclerotic development. Rozie et al. investigated in a cross-sectional study the correla-
tion between cardiovascular risk factors and plaque volume and plaque composition. They
found that plaque volume and severity of stenosis were just moderately correlated, which
means that plaque volume could be an additional predictor for ischemic stroke. An increasing
plaque volume was associated with increased lipid and calcium proportion and a decreased
fibrous proportion.Age and smoking were independently related to plaque volume. Patients
with hypercholesterolemia had a significantly higher contribution of calcifications and a sig-
nificantly lower contribution of lipid in the atherosclerotic plaque (Rozie et al., 2009). Another
study investigated whether plaque features could be correlated with the presence of ulcera-
tions, which is thought to be a marker of plaque rupture (Lovett et al., 2004). It was demon-
strated that degree of stenosis, plaque volume, and the proportion of lipid-rich necrotic-core
were associated with the presence of carotid plaque ulcerations (Homburg et al., 2011). In an-
other cross-sectional study, carotid atherosclerotic plaque features were identified that were
significantly different in acute carotid stroke patients compared to non-stroke patients and on
the infarct side compared to the contralateral side in stroke patients. These features included
increased vessel wall, thinner fibrous caps, greater number of lipid cores, and their location
closer to the lumen. The number of calcium clusters was a protective factor (Wintermark et al.,
2008a).

Numerous studies report on the role of plaque calcifications in plaque stability. The find-
ings are not conclusive.A recent systemic review suggests that clinically symptomatic plaques
have a lower degree of calcifications than asymptomatic plaques (Kwee, 2010). The percent-
age calcification within a plaque of a stenosed artery, rather than the absolute volume seems
to be associated with plaque stability (Nandalur et al., 2007). This underscores why the (au-
tomated) quantification of the relative contribution of the plaque components might add to
the improvement of stroke risk prediction.

The MDCTA plaque imaging studies performed so far had a cross-sectional study de-
sign. The ability to quantify atherosclerotic features in vivo creates the potential to further
explore atherosclerotic plaque development by prospective, serial in vivo imaging of the ca-
rotid plaque (Figure 2.12). Currently, a prospective serial MDCTA plaque imaging study is
being performed,which investigates the temporal changes in plaque burden and plaque com-
position and its determinants in TIA and stroke patients.

2.5 Summary and future directions
Currently, MDCTA is a noninvasive imaging technique frequently used in clinical practice
for the assessment of carotid stenosis grading and is replacing the more invasive technique
of DSA. MDCTA can perfectly be combined with a native CT scan and a perfusion CT scan
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Figure 2.12: Serial plaque imaging in a 67 year old male patient (a+b) and a 62 year old male
patient (c). On the left, axial MDCTA images and the plaque color overlays of the baseline scan
and on the right the corresponding images of the follow-up scan. (a) Predominantly non-calcified
plaque at a level just above the bifurcation. At follow-up imaging after 6 years an ulceration is visible
(arrowhead). (b) Images from the same artery at a more distal site. (a+b) At follow-up imaging a
decrease in plaque volume and a change in plaque composition is demonstrated. (c) Internal carotid
artery demonstrating an increase in calcification of the vessel wall at follow-up (after 6 years).

of the brain in the evaluation of stroke patients.
Although plaque imaging is currently only used in research settings, the same MDCTA

data set might provide further clinically important information on the atherosclerotic plaque
burden, plaque surface morphology, and plaque composition for a more individualized risk
prediction. Large, prospective studies demonstrating significant associations between CTA-
based risk factors and (recurrent) events are yet lacking. Future research should focus on the
role of plaque measures in stroke risk prediction and on the use of MDCTA-based quantified
plaquemeasurements inmonitoring efficacy ofmedical therapy. Large -preferablymulticenter-
studies should pay attention to the standardization of data acquisition and postprocessing
across centers and imaging time points, since several technical parameters highly influence
quantification of plaque features as is broadly depicted in this chapter. More effort should
further be put in the development of robust, accurate, automated quantification of plaque
measures in order to minimize measurement variability.
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3.1 Introduction
Cardiovascular diseases account for 30% of all deaths worldwide (Abegunde et al., 2005).
Atherosclerosis, a disease of the vessel wall, is the major cause of cardiovascular diseases
such as stroke (Frostegård, 2005). Atherosclerosis may lead to stenosis (luminal narrowing),
but it is also possible for atherosclerotic plaque to build up without narrowing the lumen.
(Glagov et al., 1987) Cardiovascular imaging is an important means to monitor and quantify
the state of the vessel wall and lumen.

Manual lumen segmentation and stenosis quantification is laborious and suffers from
inter and intra rater variabilities (Scherl et al., 2007). Consequently much work has been per-
formed on (semi)-automated cardiovascular image processing, of which the majority focuses
on lumen quantification and assessment of the severity of luminal stenosis in various imaging
modalities.

In 2004, Kirbas and Quek (2004) published a review paper on vessel lumen segmentation
algorithms. More recently, an extensive review paper on the same subject was published by
Lesage et al. (2009). Both papers provide an overview of the currently published vessel seg-
mentation methods, categorized according to the technology (Kirbas and Quek, 2004) or the
combination ofmethod characteristics such as the used vessel models, image features and ex-
traction schemes (Lesage et al., 2009). However, as explicitly indicated by Lesage et al. (2009),
direct performance comparisons of different approaches are lacking because of the wide
range of applications, and more generally, because of the lack of standard image databases
and validation criteria for most vascular segmentation applications. Moreover, many of the
reviewed algorithms are not publicly available which hampers an objective and fair compar-
ison by third parties.

The goal of the framework described in this chapter is to provide a standardized evalu-
ation framework for carotid artery lumen segmentation and stenosis grading in Computed
Tomography Angiography (CTA). We focus on the carotid bifurcation (Figure 3.1), where the
Common Carotid Artery (CCA) splits into the External Carotid Artery (ECA) and Internal
Carotid Artery (ICA). The latter is one of the major blood supplying arteries to the brain. In
25% of all stroke patients, the stroke is caused by atherosclerotic disease in the carotid artery
bifurcation. As shown by the North American Symptomatic Carotid Endarterectomy Trial
(NASCET Collaborators, 1991) and the European Carotid Surgery Trial (ECST Collaborators,
1998) the stenosis grade is an important clinical measure in deciding whether or not to per-
form carotid endarterectomy (surgical procedure to remove the atherosclerotic plaque from
the vessel). Carotid endarterectomy is indicated in case of a stenosis of 50-99% (Rothwell et al.,
2003). So the accuracy of stenosis analysis influences clinical decision making. Traditionally
stenoses around the carotid bifurcation have been assessed with intra-arterial catheter angio-
graphy, i.e. Digital Subtraction Angiography (DSA), which is still considered the gold stan-
dard. DSA has a 0.3-1% risk of neurological deficits such as stroke (Waugh and Sacharias,
1992; Hankey et al., 1990b) which makes the use of less invasive diagnostic imaging prefer-
able. CTA is a good, less invasive alternative to DSA for the assessment of stenosis in the
carotid bifurcation (Binaghi et al., 2001; Koelemay et al., 2004).
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Besides the assessment of the stenosis caused by atherosclerotic plaque, imaging also al-
lows for the evaluation of the atherosclerotic plaque itself. Much research is currently focused
on the question whether specific plaque features like composition or morphology are asso-
ciated with an increased risk for clinical events. However, in current practice the degree of
stenosis is still the only biomarker which influences clinical decision making.

Besides CTA, MRI and US are able to visualize the plaque. Currently it is not clear which
technique is most suitable in providing clinical useful information on both stenosis and the
atherosclerotic plaque.

Our choice for lumen segmentation of the carotid bifurcation is motivated by the clinical
relevance of this structure. Additionally, the carotid is a medium sized vessel which makes
it suitable as a test case for a wide range of vessel segmentation algorithms, while still hav-
ing the typical challenges in segmenting diseased vessels, such as calcifications and severe
stenosis. Also the presence of a bifurcation and nearby bone and veins imposes additional
challenges on the segmentation. Moreover, lumen segmentation is a first step in the assess-
ment of stenosis, which is the clinical relevant parameter that is assessed in the CLS2009
framework.

The remainder of this chapter is organized as follows: in Section 3.2 previous work is
discussed, followed in Section 3.3 by a description of the CLS2009 framework for the seg-
mentation of the carotid artery lumen and its stenosis grading. Section 3.4 gives a description
of the first use of the framework during the MICCAI workshop, including a short descrip-
tion of the methods that were tested and the results of these methods as produced by the
framework. This is followed by some concluding remarks in Section 3.5.

3.2 Previous work
There is a growing number of initiatives that set up a publicly available data repository and
standardized evaluation framework. This demonstrates an increasing interest in standardized
evaluation and the possibility to compare methods to each other. In this section we give a few
examples and we briefly discuss some published lumen segmentations and stenosis grading
methods.

In the field of computer vision the following frameworks can be used: the Range Image
Segmentation Comparison (Hoover et al., 1996), the Retrospective Image Registration Evalu-
ation Project (West et al., 1997), the Berkeley Segmentation Dataset and Benchmark (Martin
et al., 2001), and the Middlebury Stereo Vision evaluation (Scharstein and Szeliski, 2002).

Several workshops involving the setup of an evaluation framework in the field of medical
imaging, have been organized at theMICCAI and SPIE conferences. Reports on some of these
frameworks have appeared recently (Heimann et al., 2009; Schaap et al., 2009; Niemeijer et al.,
2010; Ginneken et al., 2010). More initiatives can be found at the website http://www.grand-
challenge.org.

The carotid bifurcation segmentation and stenosis grading framework in CTA images
(CLS2009 framework) was initially presented at the 3D Segmentation in the Clinic: A Grand
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Challenge III workshop during the MICCAI 2009 conference in London. There are two chal-
lenges that are related to CLS2009: the Rotterdam Coronary Artery Algorithm Evaluation
Framework which does not address lumen segmentation, but centerline extraction and the
EXACT09 framework, which compares submitted segmentations of the airways to each other
and generates a reference standard from these submitted segmentations. In contrast to the
CLS2009 framework the EXACT09 framework does not have a gold standard obtained from
manual segmentations.

Some CTA vessel lumen segmentation methods have been evaluated on carotid arteries
around the bifurcation (Manniesing et al., 2007; Baltaxe Milwer et al., 2007; Cuisenaire et al.,
2008). All these methods use different evaluation measures, and different data sets. Man-
niesing reports a Dice similarity index (Dice, 1945) of 0.77 for 14 out of 20 carotid arteries
for which a path through the carotid lumen could be obtained. Algorithm parameters were
trained on a separate set of 10 CTAdatasets. Milwer reports a sensitivity of 0.85 and a positive
predictive value of 0.80 (equivalent to a Dice similarity of 0.82) on a set of 65 2D cross-sections
of 13 CTA datasets. The algorithm parameters were determined empirically. Cuisenaire per-
forms a visual assessment on failure or success by an expert and reports a 93 % success score
on extraction of six modeled head and neck vessels in 28 CTA datasets.

Results of semi-automatic stenosis grading methods for carotid arteries in CTA images
have been reported by Berg et al. (2005), Scherl et al. (2007) andWintermark et al. (2008b). The
level of automation varies, and only Scherl gives an extensive description of the lumen seg-
mentation and stenosis grading algorithm. Different evaluation measures are used, although
they all report an agreement measure, correlation (Berg), difference (Scherl), regression and
Bland Altman analysis (Wintermark), with DSA (Berg) or manual (Scherl and Wintermark)
measurements. Both Scherl and Wintermark use the minimal diameter as a quantity to mea-
sure the stenosis, but neither of them explicitly defines this measure. The number of included
patients for the evaluation differs widely: Berg uses 36 CTA datasets, Scherl 10, and Winter-
mark 125.
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Figure 3.1: Region around carotid bifurcation: (a) schematic depiction of the region of interest; (b) a
rendering of this region for one of the datasets; (c) visualization of a dataset with the three initializa-
tion points and the reference segmentation.
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3.3 Evaluation framework
TheCLS2009 framework comprises a publicly accessible data repository, a set of standardized
evaluation measures and an online evaluation system. This section starts with a description
of the segmentation tasks, followed by a description of the datasets and their acquisition
protocols. Next we describe the procedure that was used to generate manual segmentations
and stenosis gradings, followed by a description of the used procedure to merge the different
manual segmentations into a reference standard. The section concludes with the description
of the evaluation measures.

3.3.1 Lumen segmentation and stenosis grading
The evaluation framework focuses on the CCA and ICA (see Fig 3.1), the clinically most rele-
vant parts of the carotid bifurcation. A small part of the ECA is also included, to allow eval-
uation of the segmentation at the location where the ECA bifurcates from the ICA.

The segmentation task focuses on the lumen of the CCA, ICA and ECA around the carotid
bifurcation in a CTA dataset. The exact region of which the lumen must be segmented is
defined around the bifurcation slice, which is defined as the first (caudal to cranial) slice
where the lumen of the carotid artery appears as two separate lumens: the lumen of the ICA
and the lumen of the ECA. The segmentation must include the CCA, starting at least 20 mm
caudal of the bifurcation slice, the ICA, up to at least 40 mm cranial of the bifurcation slice,
and the ECA, up to between 10 and 20 mm cranial of the bifurcation slice, see also Figure 3.1.

The performance measures are computed in the region of interest. The bifurcation slice
is not revealed to the participants, who must ensure that their segmentation at least includes
this region. Our definition of the bifurcation slice and the region of interest should be suffi-
cient to determine a suitable region of interest for the segmentations.

The segmented lumen of the ECA should be cut between 10 and 20 mm cranial of the
bifurcation slice. To allow for some flexibility in cutting of the ECA lumen, the region around
the ECA between 10 and 20 mm cranial of the bifurcation slice is a “masked” region, where
the evaluation measures are not evaluated, see also Figure 3.1a.

The lumen segmentation must be represented as a partial volume segmentation, i.e. an
image where each voxel value represents the occupancy of the voxel by the vessel lumen: a
value of 0 means no lumen present, and a value of 1 means fully occupied with lumen.

The second use of the CLS2009 framework is the evaluation of stenosis gradings for the
ICA. Two stenosis grades must be determined for each ICA: an area-based and a diameter-
based stenosis grade.

We use the followingNASCET-like (NASCET Collaborators, 1991) definition for the area-
based stenosis grade Sa:

Sa = 100%×
(

1− am

ar

)
(3.1)

where am is the minimal cross-sectional area along the CCA and ICA, and ar the average
cross-sectional area over a distal reference part of the ICA. For the diameter-based stenosis
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Figure 3.2: Examples of our definition of the diameter of a cross sectional contour.

grade Sd we similarly use:

Sd = 100%×
(

1− dm

dr

)
(3.2)

where dm and dr are theminimal and average reference cross-sectional diameter respectively.
We define the diameter of a cross-section as the shortest straight line that divides the contour
in two equally-sized areas. Using this definition, the diameter of non circular or non elliptic
cross sections is well defined. See Figure 3.2 for examples of the diameter for several contour
shapes. The reference measure in Equation 3.1 and 3.2 should be based on a vessel section,
distal to the location of the stenosis and should reflect the normal luminal diameter or area.

We distinguish two categories for the lumen segmentation and the stenosis grading task:
a category for fully automatic methods, which do not require user interaction, and one for
semi-automatic methods where three initialization points may be used. To eliminate depen-
dency on these initialization points, they are incorporated in the available data repository.
The image data for both tasks (lumen segmentation and stenosis grading) is the same: the
CTA dataset (including header information such as voxel size and world coordinate system).
The three points are locatedwithin the carotid artery proximal and distal to the above defined
region of interest (see Figure 3.1c):

1. A point in the CCA, at the level of the cranial side of the thyroid gland.

2. A point in the ICA, just before the artery enters the skull base.

3. A point in the ECA, where the artery is close to the mandible.

3.3.2 CTA data
The dataset repository consists of 56 CTA datasets from three different medical centers: the
Erasmus MC (Rotterdam, The Netherlands), Hôpital Louis Pradel (Bron, France) and the
Hadassah Hebrew University Medical Centre (Jerusalem, Israel). All datasets were routinely
acquired CTA datasets of the carotid bifurcation. The medical center in which a dataset was
acquired is made known to the participants. Example slices of the datasets from the three
research centers are shown in Figure 3.3.
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Stenosis Stenosis Number of
category degree (%) datsets

0 0 12
1 0–30 10
2 30–50 6
3 50–70 10
4 70–99 18

Table 3.1: Distribution of the datasets over the 5 stenosis categories based on the reference stan-
dard.

Figure 3.3: Examples of a slice of the CTA datasets. From left to right a slice from Erasmus MC, the
Hadassah Hebrew University Medical Centre and Hôpital Louis Pradel.

The datasets were selected such that they contain a large range of stenosis degrees and all
stenosis categories (as listed in Table 3.1) contained an equal number of datasets. The initial
stenosis degrees were determined by visual inspection. Creating the reference standard and
measuring the stenosis based on lumen area slightly changed this distribution. The distribu-
tion, based on the measurements from the reference standard, is shown in Table 3.1.

The details of the scanning protocols for each of the medical centers are provided below.
The CTA scanning parameters are summarized in Table 3.2.

Erasmus MC protocol
TheCTAdata fromErasmusMCwas acquired on a 16-rowCT scanner (Sensation 16 - Siemens
Medical Solutions, Forchheim, Germany) with a standard scan protocol using the following
parameters: 120 kV, 180 mAs, collimation 16×0.75 mm, table feed per rotation 12 mm, pitch
1.0, rotation time 0.5 seconds and scan time 10–14 seconds. The CTA scan range is from the
ascending aorta to the intra cranial circulation (2 cm above the sella turcica). All patients re-
ceived 80 ml contrast material (Iodixanol 320 mg/ml, Visipaque Amersham Health, Little
Chalfont, UK), followed by 40 ml saline bolus chaser, both with an injection rate of 4 ml/sec.
Synchronization between the passage of contrast material and data acquisition was achieved
by real time bolus tracking at the level of the ascending aorta. The trigger threshold was set at



38 Chapter 3

EMC Hd LP

Scanner Sensation 16 Brilliance 64 Brilliance 64
In plane voxels 512×512 512×512 512×512
Slices 395–579 750 636–827
Pixel size (mm) 0.23–0.26 0.55 0.414–0.547
Z-spacing (mm) 0.6 0.5 0.45
Slice thick. 1 1 0.9
Kernel B30f B B

Table 3.2: Overview of scanning parameters of CTA datasets, EMC = Erasmus MC, Hd = Hadassah,
LP = Louis Pradel.

an increase in attenuation of 75 Hounsfield Units (HU) above baseline attenuation (approxi-
mately 150 HU in absolute value). Image reconstructions weremadewith in-plane pixel sizes
of 0.23–0.26×0.23–0.26 mm2, matrix size of 512×512 (real in-plane resolution 0.6×0.6 mm),
slice thickness of 1.0 mm, increment of 0.6 mm and with an intermediate reconstruction ker-
nel (B30f).

Hadassah protocol
The CTA data from the Hadassah Hebrew University Medical Centre was acquired on a
64-row CT scanner (Brilliance 64 – Philips Healthcare, Cleveland OH) with a standard scan
protocol using the following parameters: 120 kV, 251 mAs, collimation 64×0.625 mm, pitch
1.20, rotation time 0.75 seconds and scan time 7.30 seconds. The CTA scan range was from
the ascending aorta to the intra cranial circulation (2 cm above the sella turcica). All pa-
tients received 75 ml contrast material (Iopamiro, Bracco Diagnostics, Milano Italy), with an
injection rate of 3.5 ml/sec. Image reconstructions were made with in-plane pixel sizes of
0.55×0.55 mm2, matrix size of 512×512, slice thickness of 1.0 mm, increment of 0.5 mm and
with an intermediate reconstruction kernel (B).

Louis Pradel protocol
The CTA data of Hôpital Louis Pradel was acquired on a 64-row CT scanner (Brilliance 64
– Philips Healthcare, Cleveland OH) with a standard scan protocol using the following pa-
rameters: 120 kV, 300 mAs, collimation 52×1.5 mm, rotation time 0.35 seconds and scan time
10–14 seconds. The CTA scan range was from ascending aorta to the intra cranial circula-
tion (2 cm above the sella turcica). All patients received 80 ml contrast material (Iomeron
4000 mg/ml, BRACCO, Milano, Italy) followed by 40 ml saline bolus chaser, both with an
injection rate of 4 ml/sec. Synchronization between the passage of contrast material and data
acquisition was achieved by real time bolus tracking at the level of the ascending aorta. The
trigger threshold was set at an increase in attenuation of 75 HU above baseline attenuation.
Image reconstructions were made with in-plane pixel sizes of 0.414–0.547×0.45 mm2, matrix
size of 512×512 (real in-plane resolution 0.6×0.6 mm), slice thickness of 0.9 mm, increment
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Center Training Testing Total

Erasmus MC 9 27 36
Hadassah 3 7 10

Louis Pradel 3 7 10

Total (#) 15 41 56

Table 3.3: Datasets per center, and distribution over training and testing sets.

of 0.45 mm with an intermediate reconstruction kernel (B).

Datasets for training and testing
Fifteen of the 56 datasets are made available for training. The reference standard for these
training datasets is also available for download. The training datasets were chosen such that
they were equally distributed over the five stenosis categories. The reference standard of the
remaining 41 datasets is not made available for download. These datasets are used for test-
ing the performance of the algorithms. The distribution of the number of datasets over the
training and testing sets and over the different centers is shown in Table 3.3.

3.3.3 Reference standard
The reference standard was created by averaging three manual segmentations of the lumen
in the CTA datasets. This section describes the manual annotation process, the creation of
a partial volume representation from each observers’ annotations and the averaging of the
observers’ segmentations to obtain the reference standard.

Manual annotations
Three different observers annotated the carotid lumen boundary and graded the stenosis in
the ICA for each data set. Each contributing center performed the annotations on the data it
provided, thus the three observers for each of the three centers were different and there were
nine observers in total.

Themanual annotations for the lumen segmentation and stenosis gradingwere performed
with a custom made tool, based on MeVisLab (MeVis Research, Bremen, Germany). The an-
notation procedure was as follows:

1. The bifurcation point was identified and manually selected

2. Positions along the centerlines for both the ICA and ECA were clicked, starting in the
CCA, 20 mm caudal of the bifurcation slice, and extending to 40 mm cranial of the
bifurcation slice for the ICA and 20 mm cranial of the bifurcation slice for the ECA.
This way two centerlines were defined: CCA-ICA and CCA-ECA. The part in the CCA
thus was annotated twice.
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3. Resampled centerlineswere used to generate CurvedMulti Planar Reformatted images
(CMPRs), in which longitudinal contours were drawn for three different orientations
(each 60o apart) of the CMPRs. Figure 3.4 shows an example of one of the three orien-
tations with two longitudinal contours.

Figure 3.4: Example of two longitudinal contours drawn on a CMPR image.

4. Cross-sectional contours orthogonal to the centerline were created at 1 mm intervals
along the centerline. These contourswere created by fitting a Catmull-Rom spline (Cat-
mull and Rom, 1974) through the (six) positions where the cross-sectional plane inter-
sects the longitudinal contours. Figure 3.5 shows a visualization of a subset of these
contours together with the longitudinal contours, the centerline and a cross-sectional
image plane that is perpendicular to the centerline. The longitudinal contours of Fig-
ure 3.4 and 3.5 are the same.

The contours were edited and updated if they did not match the luminal boundaries.

The contours were drawn on a display with fixed window level settings (center = 176 HU,
width = 800 HU).

Observers’ contours processing
The contours of each observer were separately processed to obtain the partial volume seg-
mentations (see Figure 3.6):

1. The contours (both for the ICA and the ECA) were converted to partial volume seg-
mentations, using a Thin Plate Spline interpolation between the contour points (Turk
and O’Brien, 1999).

2. Signed distance maps (both for the ICA and the ECA) were generated from the partial
volume segmentations of the ICA and ECA.
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Figure 3.5: Example of two longitudinal contours (which correspond to the ones shown in Figure 3.4)
with cross-sectional contours that are spline interpolations of the six intersection points (light dots)
of longitudinal contours with the plane (shown image plane) that is perpendicular to the centerline
(dark dots between the two longitudinal contours).

3. The ICA and ECA signed distance maps were combined, where the resulting value
was the signed minimum absolute value if both distances had the same sign and the
minimum value if the distances differed in sign. Thus a voxel that is inside the vessel in
either the ICA or the ECA segmentation is also part of the vessel in the combined seg-
mentation and a voxel outside the vessel in both segmentations will get the minimum
distance of both distance maps. The result is a signed distance map for the complete
bifurcation.

4. The partial volume (pv) segmentations of the ICA and ECA were also combined by
taking the voxel-wise maximum to obtain the partial volume segmentation of the bi-
furcation. In this way we effectively combine the two parts, since at least the maximum
of both pv segmentations is part of the combined segmentation. This partial volume
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segmentation is used to rate the observer in the same way as the contestants’ segmen-
tations.

All signed distance maps used world distances in mm.

Combining observers’ lumen segmentations
The three segmentations of the observers were used to generate the data of the reference
standard: bifurcation slice number, evaluation region of interest and the lumen segmentation.

The bifurcation slice was computed by averaging the locations, as indicated by the ob-
servers. This slice, and the bounding boxes of the contours, were used to determine the region
of interest for the evaluation.

The region of interest was the bounding box of the contours, extended with 15 mm both
in x- and in y-direction. The z-range was determined from the reference bifurcation slice, and
ranged from 20 mm caudal of the bifurcation slice to 40 mm cranial of the bifurcation slice.

The lumen segmentation of the reference standard contains three representations: a
signed distancemap, a surface representation and a partial volume segmentation. It also con-
tains themask for the distal part of the ECA. These lumen representations and themaskwere
constructed in the following way:

1. The signed distance map was obtained by averaging the observers’ signed distance
maps, and subsequently performing a signed distance transform on the zero-level set.

2. The surface representation was obtained by determining the isosurface at zero of the
reference signed distance map, obtained in the previous step.

3. The partial volume representation was generated from the reference standard signed
distance map by interpolating the distance map on super-resolution, and determining
the fraction of subvoxels that have a negative distance (i.e. that were inside the lumen).

4. For the separate branches of the ICA and ECA average distances maps of the three
observers were created. These average maps of the two separate branches were used to
create themask of the distal part of the ECA. Thismask contains all voxels that satisfied
each of the following three criteria:

• the voxel is in the 10–20 mm range cranial of the bifurcation, and

• the ECA signed distance map value of the voxel is less than 2 mm, i.e. the voxel
is inside or close to the ECA, and

• the ECA signed distance map value is less than the ICA signed distance map
value, i.e. the voxel is closer to the ECA than to the ICA.
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Figure 3.6: Processing of observer annotations, left column shows a 3D visualization and right col-
umn a 2D visualization. From top to bottom: initial contours, partial volume from contours (left: iso-
surface at 0.5) and signed distance map from partial volume (left: isosurface at 0.0).
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Stenosis values
The ICA and CCA contours were used for stenosis grading. The ECA contours were not used
as atherosclerosis and luminal stenosis in this artery is of less clinical relevance. Graphs of
the contour area and diameter (see Section 3.3.1) along the centerline were created, based on
the corrected cross-sectional contours.

In the graphs, the longitudinal position of theminimal area or diameter could be selected,
after which a default reference segment was shown 20 mm distal to the selected stenosis and
10mm in length. The position and length of the reference segment could be manually edited,
subject to the constraint that the reference area should remain distal of the minimal area
location, and should not extend outside the segmented region, i.e. beyond 40 mm cranial of
the bifurcation slice. The stenosis grade was determined using the values from these graphs.
The three observer values for the stenosis were averaged to obtain the reference standard
stenosis values.

Initialisation points
The three initialization points for the semi-automatic methods (see Section 3.3.1) were anno-
tated by one of the observers.

3.3.4 Evaluation measures and ranking
Lumen segmentation
The partial volume lumen segmentations as supplied by a participant are evaluated using
the following three performance measures1:

• The Dice similarity index Dsi:

Dsi =
2×

∣∣∣pvr ∩ pvp

∣∣∣∣∣pvr
∣∣+ ∣∣∣pvp

∣∣∣ (3.3)

where pvr and pvp are the reference and a participant’s partial volumes respectively,
the intersection operation is the voxel-wise minimum operation, and |.| is the volume,
i.e. the integration of the voxel values over the complete image.

• The mean surface distance Dmsd:

Dmsd =
1
2
×
( ∫

Sr

∣∣sdmp
∣∣ ds

Ar
+

∫
Sp
|sdmr| ds

Ap

)
(3.4)

where
∣∣sdmp

∣∣ and |sdmr| are the absolute signed distance maps of the reference and
a participant’s segmentation respectively, Sr and Sp are the lumen boundary surfaces

1We used a fourth measure at the MICCAI Workshop: the root mean squared distance, which is in
between the other two distance measures. We decided to remove this fourth measure, as it did not add
valuable information.
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(isosurfaces of the signed distance map at the value 0) and Ai is the surface area of
surface Si, i.e. Ai =

∫
Si

ds.

• The Hausdorff2 distance Dhd:

Dhd = max

(
max
x∈Sr

∣∣sdmp(x)
∣∣ , max

x∈Sp
|sdmr(x)|

)
(3.5)

Both distance measures are symmetric, and all measures are only evaluated in the region of
interest that is specified in Section 3.3.1.

Stenosis grading
The stenosis grade error is defined as the absolute difference between the reference stan-
dard value and the value determined by a participant. Because revealing the (exact) error per
dataset also reveals the reference stenosis grades, the stenosis errors are not communicated
per dataset, but only per ensemble (training or testing). Providing the ranking per dataset
may potentially be used to determine the reference values by using multiple submissions.
Hence we also do not show the stenosis ranking per dataset. The final ranking, however, is
determined by averaging the (hidden) errors per dataset and stenosis grade (diameter and
area).

Stenosis grading is often performed after a lumen segmentation is obtained. Thus, we
developed a simple standard stenosis grading algorithm and applied it to all segmentation
results. The algorithm takes the partial volume lumen segmentation of the participants as
input and determines the desired stenosis measure. The algorithm first determines the vessel
surface. Based on this surface a center line is created using the vmtk package (Antiga and
Steinman, 2004). Along this centerline the vessel surface is cut at 1 mm intervals with a plane
perpendicular to the centerline using the default vtkCutter class (Schroeder et al., 2006). The
intersection points are then used to calculate the cross-sectional area andminimal diameter of
the vessel along the centerline. The resulting area and diameter curves are smoothed using a
Gaussian kernel with σ = 3mm. Theminimal value of these smoothed curves is found,which
is defined as the location of the stenosis. Using the found position, the degree of stenosis is
then determined from the un-smoothed curve using both theminimumvalue and the average
value of the reference area which is defined as 2 cm distal to the bifurcation and 1 cm long.

The stenosis values of this standard algorithm are determined for each submissionwhere
there is a successful lumen submission, but are not used in ranking the stenosis submissions.

Ranking
The evaluation measures lead to one performance value for each participant, for each dataset
and for each evaluation measure. Per dataset and per evaluation measure a ranking of the

2During the workshop we used the average instead of the maximum of the two maximum surface
distances. The Hausdorff distance gives similar rankings, but is considered to be more informative.
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participants is made, by ordering them from best to worst and giving a rank according to
their position in the list: 1 for the best submission and P for the worst (with P the number
of participants). If there are no results for a participant for a certain dataset the ranks for all
evaluation measures for that dataset are set to the highest value (P).

In this way, we obtain N × M rankings (for N datasets and M measures, with N = 41 for
testing, M = 3 for lumen segmentation and M = 2 for stenosis grading). The overall ranking
for a participant is obtained by averaging the ranks of all these N × M rankings.

We also report the average values of the evaluation measures per participant. The values
of evaluation measures for missing or failed datasets are not taken into account in this aver-
aging, so these values represent the results for the datasets that were successfully processed.
We also report the number of datasets on which a method was successful.

Availability of the framework

The evaluation framework is publicly available through the website: http://cls2009.bigr.nl.
All CTA datasets, the reference standard for the training set as well as binaries and source
code of the evaluation software can be downloaded from this website. This software is the
same as which is used by the framework to evaluate the submitted results with the testing
data. Participants can use it together with the training set reference standard to determine the
evaluation measures without using the website. The framework provides the possibility to
submit results. The evaluation measures will be determined for submitted results and, after
confirmation by the registrant, included in the ranking of all the methods. The website also
provides the possibility to create custom queries on the datasets based on the research center
and stenosis grading.

3.4 MICCAI workshop
The evaluation framework was used in a competition setup at the MICCAI 2009 workshop
3D Segmentation in the Clinic: A Grand Challenge III. Around 100 groups from academia and
industry were invited by e-mail to participate in the workshop. Thirty-one teams registered
at the website, 21 of which sent in the data confidentiality form, whichwas required to down-
load the data, 13 teams downloaded the data and 9 teams submitted results. For the lumen
segmentation, there was one submission from a commercial company, which did not partic-
ipate in the workshop. Eight teams participated in the category for semi-automatic methods
and one team submitted results of a fully automatic method. Only three teams submitted
results for the stenosis grading, none of these methods were fully automatic.

The set of testing CTA datasets was divided in two parts for the workshop: a set to be
processed prior to the workshop (31 datasets), and an on-site set to be processed by the par-
ticipants during the morning session of the workshop (10 datasets). The results presented
here are the aggregate results over all 41 datasets of the test set. Each team had the opportu-
nity to resend a submission after theworkshop to eliminate practical problems (e.g. erroneous
file format submissions) during the on-site competition.
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3.4.1 Evaluated algorithms
Below we provide a very brief description of the algorithms involved in the MICCAI work-
shop challenge. For a more extensive description we refer to the respective papers that are
available through the workshop issue of the Midas Journal (Hameeteman et al., 2009a,b).

Krissian and Arencibia-García

The algorithm by Krissian and Arencibia-García (2009) is divided into two main steps: first,
two minimal cost paths are tracked between the CCA and both the ECA and the ICA. The
cost functions are based on a multi-scale vesselness response. Second, after detecting the
junction position and cutting or extending the paths based on the requested lengths, a level
set segmentation is initialized as a thin tube around the computed paths and evolves until
reaching the vessel wall or a maximal evolution time.

Freiman et al.

The algorithm by Freiman et al. (2009) uses a two-phase graph-based energy minimization
approach. Its inputs are start and end seed points inside the vessel. The two-step graph-based
energy minimization method starts by computing the weighted shortest path between the
vessel seed endpoints based on local image and seed intensities and vessel path geometric
characteristics. It then automatically defines a region of interest from the shortest path and
the estimated vessel radius, and extracts the vessels boundaries by minimizing the energy on
a corresponding graph cut.

Zuluaga et al.

The algorithm by Zuluaga et al. (2009) consists of two stages: intensity-based preprocessing
and model-based lumen delineation. The intensity-based preprocessing contains denoising
by a Dual Tree ComplexWavelet Transform filter (Doré and Cheriet, 2009), pre-segmentation
using typical HU ranges refined by a Fuzzy C-means classifier, enhancement using gradient
magnitudes and an exponential functionwithin the pre-segmented regions. Themodel-based
delineation extracts one centerline per seed-point by use of an elastic model and multi-scale
eigen-analysis of the inertia matrix (Orkisz et al., 2008), which is followed by a distance-based
identification of the bifurcation and surface pruning along the centerlines.

Wong et al.

The algorithm byWong et al. (2009) first generates a rough centerline using a vesselness mea-
sure and Minimal Cost Path search. This centerline is then simplified and used as initializa-
tion of an algorithm to find the principal curve (Kégl et al., 2000). This algorithm uses a 1D
intensity model and results in a centerline with associated vessel radii. By assuming circular
lumen cross-sections, both the segmentation and stenosis grading can then be determined.
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Cuisenaire
The algorithm by Cuisenaire (2009) is a fully automated method that segments not only the
carotid bifurcation but also the vessels from the aortic arch to the circle of Willis (COW), as
well as the external branch and the vertebral arteries (Cuisenaire et al., 2008). The centerline of
each vessel is first extracted using a local adaptive fastmarching algorithm that is both seeded
and constrained by an anatomical model. These constraints are adapted to the individual
patient using both registration of the brain and segmentation of the brain and spine. Seeds
are automatically placed in the COW and the lower part of the neck. The vessel lumen is
segmented using 3D active objects initialized as a tube around the centerline.

Florez Valencia et al.
In the algorithm of Flórez Valencia et al. (2009) the lumen is modeled by right generalized
cylinders (RGC) with piece-wise constant parameters (Azencot and Orkisz, 2003). Their pa-
rameters are identified from planar contours extracted along the minimal paths between the
end-points. The contours are extracted by use of 2D Fast Marching. Identification of the pa-
rameters (observations) is based on a geometrical analogy with piece-wise helical curves
(axis) and on Fourier series decomposition of the contours (surface). Consistency from one
piece to another is managed by a Kalman optimal estimator (Flórez Valencia et al., 2006).

Gülsün and Tek
The algorithm by Gülsün and Tek (2009) uses graph-cuts optimization technique together
with centerline models for segmenting the carotid arteries. It first detects the centerline rep-
resentations between user placed seed points. This centerline extraction algorithm is based
on a minimal path detection method which operates on a medialness map. The lumen of
carotid arteries is then extracted by a graph-cut optimization technique using the detected
centerlines as input.

Mille et al.
The algorithm byMille et al. (2009) is based on an extension of the minimal path method that
models the vessel as a centerline and boundary. This is done by adding one dimension for
the local radius around the centerline. The crucial step is the definition of the local metrics to
minimize. The tubular structure of the vessels is exploited by designing an anisotropic met-
ric. This metric is well oriented along the direction of the vessel, admits higher velocity on
the centerline, and provides a good estimate of the vessel radius. In order to deal with caro-
tid stenosis or occlusions, the segmentation is refined using a region-based level set method
derived from the Chan-Vese model (Chan and Vese, 2001).

3.4.2 Workshop results
Table 3.4 shows the average results and ranking for all lumen evaluation measures, for both
the automatic and semi-automatic algorithms. The ’Total success’ column shows the number
of datasets over which the average values were calculated (see Section 3.3.4). The only fully
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(a) (b) (c)

Figure 3.7: Visual impression of reference standard (light line) and user segmentations (shaded
area) with different Dice measures: (a) 94.5, example from M.A. Gülsün and H. Tek, (b) 88.4, example
from O. Cuisenaire and (c) 88.1, example from L. Florez Valencia et al .

Observer AB BC CA Average

Dice 0.92 0.91 0.91 0.92
Msd 0.18 0.20 0.19 0.19

Hausdorff 1.23 1.39 1.41 1.34

Table 3.5: Lumen measure of the three observers with respect to each other.

automatic method submitted by Cuisenaire has similar distance and Dice measures as the
teamofGülsün andTek, but because it is only successful in 33 of the 41 datasets (the automatic
method to find the bifurcation apparently did notwork in eight of the cases) it is ranked lower
than the team of Gülsün and Tek and the team of Krissian and Arencibia-García.

The table also contains the results of the observers, which have been scored in the same
ways as the other participants. Observer A is the overall best observer (for each of the three
clinical sites), Observer C is the overall worst observer, and Observer B is the remaining ob-
server.

Figure 3.7 gives a visual impression of the relation between the Dice measure and the
segmentation quality. The figure shows a CMPR image of a region around a calcified bifurca-
tion overlaid with three different segmentations. The Dice measures are calculated over the
whole evaluation region and not just at the shown region.

We also determined the overlap anddistancemeasures of the three observerswith respect
to each other. Together with their averages, which is the inter-observer variability, they are
shown in Table 3.5. To make these inter-observer measures better comparable to the results
of the participants, we only determined them on the test data.

These results show that protocolized manual carotid artery lumen segmentation in CTA
can be performed with an average precision of around 0.19 mm, which is smaller than the
voxel size. TheDice andMsd of the observerswith respect to each other are comparable to the
results of the best semi-automatic method by M.A. Gülsün and H. Tek. Only the Hausdorff
distance of the last mentioned method is substantially worse. The method of Cuisenaire also
shows comparable results, but this fully automatic method fails on eight cases, which makes
comparison less straightforward as these may be the more difficult cases.
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Method name Stenosis Category

None 0-30 30-50 50-70 70-99

Observer A 2.58 2.73 2.57 2.50 2.96
Observer B 3.58 3.30 3.43 3.12 2.88
Observer C 3.62 3.63 3.19 3.88 3.33

M.A. Gülsün and H. Tek 6.08 5.90 5.09 5.62 5.33
K. Krissian et al. 7.46 6.03 6.38 6.29 7.12

O. Cuisenaire 7.12 6.50 6.71 8.54 7.83
J. Mille et al. 8.62 8.47 9.81 8.42 8.62

M. Freiman et al. 8.46 8.87 8.95 9.00 9.42
W.C.K. Wong et al. 9.50 10.2 9.52 8.75 8.79
M.A. Zuluaga et al. 8.62 9.83 9.57 9.46 9.75

L. Florez Valencia et al. 10.8 10.7 11.3 10.6 10.3

Table 3.6: The average rank of all the methods specified for the different stenosis categories.

Table 3.4 shows a substantial difference in the distance measures between the best three
methods and the others. This can be explained by the fact that some of those other methods
use a circular or elliptic model for the vessel cross-sectional area (Mille et al., 2009; Zuluaga
et al., 2009;Wong et al., 2009), whereas the best three methods are based on graph cut (Gülsün
and Tek, 2009), level set (Krissian and Arencibia-García, 2009) and active surface (Cuisenaire,
2009) algorithms respectively and do not have such hard vessel model constraints. Since the
segmented vessel contains a bifurcation, the cross-sectional area is expected to deviate from
the circular model, which makes methods that use such a model less successful. The lower
scores of Florez Valencia et al. can be explained by failures in the initialization of the fast
marching contour extraction. This initialization is based on the extraction of a centerline,
which is not robust enough in the presence of complex lesions.

Note that the results of Zuluaga et al. in Table 3.4 reveal that the procedure to calculate
the ranks (as described in Section 3.3.4) makes it possible for method A to have better average
measures than method B, while still having a worse average rank. If e.g. for a certain dataset
the measures of all methods are approximately the same, this may lead to much higher rank
for method A compared to method B although their measures do not differ much.

Table 3.6 lists the average ranking for lumen segmentation in each of the stenosis cate-
gories. It shows that the top three rankedmethods perform consistently best over the various
categories.

Table 3.7 shows the average stenosis results on the test set. The ranking of these methods
does not change for the different stenosis categories.

The difference in stenosis grading performance between the observers and the partici-
pants is large when compared to the results of the lumen segmentation. This could be ex-
plained by the fact that the teams that participated in the stenosis grading competition have
a relatively large error in the lumen segmentation. As the stenosis grades are determined
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from lumen segmentations, inaccurate segmentationsmay lead to inaccurate stenosis grades.
This is also confirmed by looking at the standard stenosis grading in relation to the lumen
measures. Table 3.8 provides the correlation between the lumen measures and the standard
stenosis measures and Figure 3.8 shows a scatter plot of the area based standard stenosis er-
ror and the Hausdorff distance of the used segmentation. As can be seen there is a strong
correlation between the Hausdorff lumen distance and the error in both the diameter and
area based stenosis measures. The correlation between the standard stenosis measures and
the other lumenmeasures (Dice andMsd) is less strong. This can be explained by noting that
both Dice andMsd are averages over the whole segmentation while a good stenosis measure
requires a good segmentation on one specific location: the location of the stenosis. A large
segmentation error on this location hardly influences the Dice andMsd, while it will directly
influence on both the Hausdorff distance and the stenosis measures.

Note that in the standard stenosis algorithm, the orientation of the centerline determines
the cross-sectional planes from which the area and minimal diameter are calculated. Thus
the calculated measures highly depend on the extracted centerline. These standard center-
lines are defined using the radius of the maximum inscribed sphere. Some of the submitted
methods extract a centerline as an intermediate result, which may be a better centerline for
stenosis measurement than the one extracted by the standard stenosis algorithm.
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Figure 3.8: Average area based standard stenosis error with respect to the average Hausdorff dis-
tance for all methods. The line shows a linear regression fit. The Pearson correlation coefficient is
0.97.
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Stenosis measure Dice Msd Hausdorff Total rank

diam -0.87 0.78 0.97 0.93
area -0.87 0.79 0.97 0.92

Table 3.8: Pearson correlation coefficient between the standard stenosis measures and the lumen
measures.

3.5 General discussion and conclusion

We presented an evaluation framework for carotid lumen segmentation and stenosis grading
and made this framework publicly available via the website http://cls2009.bigr.nl.

The evaluation framework focuses on the effectiveness of lumen segmentation and steno-
sis gradings. Another important aspect for getting a novel technology accepted in daily clin-
ical routine is efficiency. We decided not to take the computational costs into account in our
framework. Themain reasons are the lack of a standard performance parameter, and the vari-
ety of hardware and software platforms that is being used by the various groups participating
in the challenge. Additionally, several research groups do not optimize their algorithms on
computational costs, and performance estimates on current hardware and software platforms
will be outdated soon because of rapid developments and increases in computational power.
However, to get an indication in the computational expenses associated with the compared
algorithms, we asked the current users to provide us with a rough estimate of the computa-
tional time for the processing of one dataset. Those values are listed in Table 3.4.

The framework we presented contains data from three medical centers and two different
CT scanner vendors (Siemens Healthcare and Philips Healthcare), which prevents bias of the
algorithms towards a specific scanner or acquisition protocol. However, other CT vendors
(e.g. GE Healthcare, Toshiba Medical Systems) are still lacking, and thus the variety of the
CTA datasets could still be improved. If other clinical centers want to contribute CTA data to
our framework we will support them. From the current participants, only Wong et al. (2009)
uses the provided scanner information to resample the image data of Erasmus MC.

Quantitative evaluation of medical imaging algorithms is essential for progress in the
field of medical imaging. An objective, unbiased comparison of quantitative results is only
feasible if the same evaluation measures are used, and if the datasets used in the evaluation
are similar. We intend to contribute with our framework to the growing need for quantitative
evaluations of medical image processing techniques. New lumen segmentation and stenosis
grading algorithms can be evaluated using the described framework.

The framework proved to be an effective tool in the comparison of vessel lumen segmen-
tation and stenosis grading techniques at the 2009 MICCAI workshop 3D Segmentation in the
Clinic: A Grand Challenge III, and is available for new evaluations of lumen segmentation and
stenosis grading algorithms.
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4.1 Introduction
The prevalence of cardiovascular diseases is rising and heart disease is the leading cause of
death in the western world, claiming approximately one out of every five lives (Roger et al.,
2011). Atherosclerosis, a disease of the vessel wall, is the primary cause of cardiovascular
disease. Atherosclerotic wall thickening in the carotid arteries can cause a narrowing or total
occlusion of the lumen. Atherosclerotic plaque that does not cause occlusion may still lead to
clinical events because of rupture and development of thromboembolism, which may subse-
quently lead to cerebral ischemia (Glagov et al., 1987). Consequently, much research is aimed
at finding parameters that describe the plaque, andwhich can be used to improve risk stratifi-
cation and formonitoring the progression of atherosclerotic disease. One of those parameters
is the size of the plaque and its relation to the size of the vessel.

Magnetic Resonance Imaging (MRI) is an important means to monitor and quantify the
state of the vessel wall and lumen. Several studies have shown the possibility to visualize the
vessel lumen and outer wall on MRI (Dehnavi et al., 2007; Takaya et al., 2006; Varghese et al.,
2005; Zhang et al., 2003; Kang et al., 2000; Yuan et al., 1998). Annotation of both the lumen bor-
der and the outer vessel wall is a laborious task. Therefore, several researchers have proposed
automatic wall segmentation methods e.g. (Yuan et al., 1999; Van ’t Klooster et al., 2012). Al-
though calculating the volume of the vessel wall is straightforward once a segmentation is
made, a comparison between automatic and manual wall volume measurements has, to the
best of our knowledge, not yet been done.

In this chapter we present an automatic method tomeasure carotidwall volume fromMR
images. The contribution is five-fold:

1. The automatic method combines a deformable model approach (Van ’t Klooster et al.,
2012) with a learning-based postprocessing step, in which systematic segmentation er-
rors of the deformable model fitting are corrected. The idea behind this segmentation
correction was developed by Wang et al. (2011). However, whereas the method de-
scribed by Wang et al. (2011) was designed for brain structure segmentation, we mod-
ified it such that it can handle vessel-shaped structures.

2. An intensity inhomogeneity correction method is designed to compensate for the non-
uniform sensitivity pattern of the RF surface coils.

3. A training set of eight subjects with manual annotations is used to exhaustively opti-
mize a number of algorithm parameters.

4. The final algorithm is evaluated on a different set of 19 subjects, and the automatic re-
sults are compared with manual vessel wall volume measurements and inter-observer
variability.

5. All image data used in this study together with the manual and automatic measure-
ments are made available through the website http://ergocar.bigr.nl.
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The remainder of this chapter is organized as follows. Firstly, Section 4.2 explains the
deformable model fitting and learning-based segmentation correction, and the wall volume
quantification. Section 4.3 describes the image data and the preprocessing steps. Section 4.4
describes the experiments that were conducted to optimize the parameters of the method
and to evaluate the wall volume quantification. The results of the experiments are given in
Section 4.5. Discussion and conclusion are given in Sections 4.6 and 4.7 respectively.

4.2 Methods
4.2.1 Deformable model fitting
The method described by Van ’t Klooster et al. (2012) was used to create an initial segmen-
tation of the lumen and outer wall. This method requires a MR Angiography (MRA) image
and a Black Blood (BB) image. TheMRA image is used to obtain a robust initial segmentation
of the carotid lumen. This segmentation is copied to the BB image and based on this initial-
ization, the lumen and outer wall are segmented. The MRA and BB images are assumed to
be co-registered (see Section 4.3.3). The only required user input consists of two initialization
points. Based on these, the method fully automatically fits a deformable surface model of the
lumen and the outer wall to the image data. Below, a brief description of this method is given
which is summarized in Figure 4.1. For further details we refer to Van ’t Klooster et al. (2012).

Themethod startswith a two-point initialization: one in the common carotid artery (CCA)
and one in the internal carotid artery (ICA). These twopoints are used to initialize awavefront
propagation (De Koning et al., 2003) in the MRA image which results in an approximate cen-
terline with an associated lumen diameter estimate (white contour in frame 1 of Figure 4.1)
at each centerline position. This centerline together with the diameters is used to initialize a
NURBS surface (De Koning et al., 2003) (suface mesh in frame 2). The method then performs
an optimization step in which the boundaries of the NURBS surface are more precisely fit to
the lumen boundaries in theMRA image by searching for the maximum gradient magnitude
in an intensity profile with a specified length (dLMRA) perpendicular to the lumen surface
(frame 3 shows the location of a profile and frame 4 the corresponding intensities along the
profile; frame 5 shows an update of the initial contour). Only those edges are selected which
have a high value (bright) inside the model and a low value (dark) outside the model. This
optimization step is performed for a given number of iterations (nLMRA).

The lumen NURBS surface found in the MRA image is used to initialize the lumen seg-
mentation in the BB image (frame 6). Here, the same optimization of the surface fit to the
lumen boundary is performed as in the MRA image (frame 7 and 8), using again a specified
length (dLBB) of the intensity profile and number of iteration steps (nLBB). The edge direction
in this step is set from dark inside the model to bright outside the model.

The estimated lumen surface is expanded and used to initialize the search for the outer
wall. This is done in the same manner as for the BB lumen segmentation, by searching for
the maximum gradient magnitude in an intensity profile with a specified length (dWBB) for a
number of iterations (nWBB). For this segmentation step, the edge direction is set from bright
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Figure 4.1: Graphical summary of the deformable model fitting method. An MRA segmentation
based on wavefront propagation (1) is used to initialize a NURBS surface (2), which is fit to the
lumen boundary by searching for a maximum gradient magnitude (4) along an intensity profile (3).
The resulting segmentation is used as initialization in the BB image (6) where it is optimized (7,8) in
the same manner as is done in the MRA image.

inside the model to dark outside the model.

4.2.2 Learning-based correction of systematic errors
Using a deformable model to acquire an automatic segmentation limits the precision of the
final segmentation to the flexibility of the used (NURBS)model. In areaswhere there is a sud-
den change in the shape of the vessel, this may lead to errors. Also, the deformable model
approach described in the previous section was originally designed and optimized for one
particular set of images. To compensate for the limitation of the deformable model and to
adjust for the differences in image characteristics when using a different scanner, surface coil,
and/or different MR acquisition parameter settings, we propose to use a postprocessing step
in which the segmentation is tailored to a new set of images. The idea behind this method
was developed by Wang et al. (2011). We will refer to this method as the Learning-Based
Segmentation Correction (LBSC) method. As the LBSCmethodwas designed for brain struc-
ture segmentation, we modified it to be able to handle vessel structures. We will refer to this
modified method as the Learning-Based Vessel Segmentation Correction (LBVSC) method.

The LBSCmethod uses a ground truth segmentation (in our case manual annotations) to
train a classifier that modifies a binary segmentation made by a host segmentation method
(in our case the result from the deformablemodel fitting described in Section 4.2.1). The LBSC
method classifies all voxels in a region of interest (ROI), which is created by dilating the host
segmentation. For each voxel, a feature vector is computed, consisting of:
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• all image values in a 5x5x5 neighborhood of the voxel in the MR image (125 features)

• all values in a 5x5x5 neighborhood of the voxel in the host segmentation (125 features)

• x, y and z coordinate of the voxel relative to the center of mass of the host segmentation
(3 features)

• product of the neighborhood and coordinate features (3 ∗ (125 + 125) features)

This leads to a total of 1003 features. The LBSC method trains a classifier on the difference
between the host segmentation and themanual annotation. It thus learns to correct the errors
made by the host segmentation. AdaBoost is chosen as classifier, which combines manyweak
classifiers (regression stumps) into a single strong classifier (Freund and Schapire, 1997). The
AdaBoost classifier has previously been shown to be successful in the context of medical
image segmentation (Tu et al., 2007; Morra et al., 2008).

For our application, a number of modifications are proposed: We use the signed distance
to the host segmentation’s border and the z-index as spatial features. Since the carotid artery
is roughly perpendicular to the transversal plane, this latter feature is an approximation of
the position along the centerline. For elongated structures like vessels, these two spatial fea-
tures seem more appropriate than the distance to the center of mass. In addition to these
spatial features we used the intensity of the BB image and its gradient magnitude. Instead
of using a 5x5x5 neighborhood we used a 7x7x3 neighborhood. The effect of this neighbor-
hood size, ( f Lx × f Ly × f Lz and f Wx × f Wy × f Wz for the lumen and outer wall feature
neighborhood respectively) on the segmentation accuracy was determined experimentally
(see Section 4.4.2). Thus the two spatial features of the LBVSC method are:

• signed distance to the boundary host segmentation (1 feature)

• relative z-index (1 feature)

The 441 appearance features are the 7x7x3 neighborhood voxels of:

• the host segmentation (i.e. 0 or 1) (147 features)

• the BB image (147 features)

• the gradient magnitude of the BB image (147 features)

Similar to the LBSC method we also used the product of the spatial and appearance features
as additional features (2 ∗ (147+ 147+ 147)) = 882, leading to a total of 2+ 441+ 882 = 1325
features.

Since most errors in the host segmentation are near the boundary of the segmentation,
our LBVSCmethod only classifies the voxels within a ROI around this boundary. This region
is defined by a morphological dilation minus an erosion of the binary host segmentation
using a spherical kernel with radius rLdilation and rLerosion for the lumen and rWdilation and
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rWerosion for the outer wall segmentation. The binary host segmentation of the outer wall
includes the lumen area.

When the classifier is trained on the difference between the host segmentation and the
manual annotation (as in the original LBSC method), only the voxels that are not correctly
segmented in the host segmentation get a negative label. If the host segmentation has large
overlap with the manual annotation, this leads to many positive samples and only a few neg-
ative samples. To prevent this unequal class sizes we trained the AdaBoost classifier directly
on the label from the manual annotation, which leads to a better balance between the classes.
To make the classification tractable, only half of the randomly selected voxels within the ROI
are used as samples.

Whereas the output of the deformable model fitting described in Section 4.2.1 is smooth,
the output of the LBVSCmethod may have holes or isolated voxels. Therefore a morphologi-
cal closing with a kernel radius of 2 voxels is applied to the output of the LBVSCmethod and
isolated voxels are removed using connected components analysis.

4.2.3 Vessel wall volume quantification
The vessel wall volume Vwall is quantified in a region of 25 mm in the transversal direction
centered at the bifurcation. The bifurcation point is manually annotated and defined as the
first transversal plane on which two separate lumens (one of the ICA and one of the External
Carotid Artery (ECA) ) are visible. In cases where part of the evaluation region falls outside
the scan range, the evaluation region is restricted by the image boundaries.

Application of the LBVSC method results in a binary mask for the lumen and the outer
wall. The difference of these two masks is defined as the vessel wall. The vessel wall volume
is computed by voxel counting and multiplying the result with the volume of one voxel.

Besides the volume, a clinically used parameter to quantify the vessel wall Vwall is the
Normalized Wall Index (NWI) which is defined as:

NWI =
Vwall

Vlumen + Vwall
(4.1)

where Vlumen is the volume of the vessel lumen. Bigger plaques thus lead to a higher NWI.

4.3 Data specific preprocessing
4.3.1 Data description
The image data of this study is taken from a prospective, population-based study among
subjects aged 45 years and older. This study has been described in detail elsewhere (Hofman
et al., 2011). All participants having amaximum intima-media thickness of more than 2.5 mm
(determined using Ultra Sound (Van den Bouwhuijsen et al., 2011)) in at least one carotid
artery were invited for a carotid MRI exam. In total, 1072 participants were scanned.

MRI of the carotid arterieswas performed on a 1.5-TMR scanner (Signa Excite, GEHealth-
care, Milwalkee, USA) with a bilateral phased-array surface coil. To reduce motion artifacts,
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(a) BB (b) PC (c) PCMag

Figure 4.2: Example slice near the bifurcation of the three different MR sequences used in this study.

subjects were stabilized in a custom-designed head holder. The total scanning timewas about
30 minutes in which i.a. the following sequences were acquired (see Van den Bouwhuijsen
et al. (2011) for acquisition details):

• Proton density weighted Fast Spin Echo Black-blood (BB)

• Phase Contrast sequence which consists of an image showing flow in any direction
(PC), a magnitude image (PCMag) and 3 images for the flow in the x, y and z direction.

The PC is used as MRA image for the deformable model fitting (see Section 4.2.1) and the
PCMag image is used to register the PC image to the BB image (see Section 4.3.3). Figure 4.2
shows an example slice of each of these MR sequences.

4.3.2 Inhomogeneity correction
The bilateral phased-array surface coils cause severe intensity inhomogeneitywithin the neck.
The sensitivity near the skin is much higher than in the middle of the neck. Figure 4.3c shows
a typical example of the intensity profile across the neck in a BB image. Many popular inten-
sity inhomogeneity correction methods have strong assumptions on the distribution of the
modeled bias field. For example, N3 (Sled et al., 1998) and N4 (Tustison et al., 2010) assume
the distribution of the bias field intensities to be log-normal. Other methods like the one pro-
posed by Brinkmann et al. (1998) and Cohen et al. (2000) assume a slowly varying bias field.
These methods do not result in a satisfactory correction of the intensity inhomogeneities in
the case of phased-array surface coils. The method proposed by Salvado et al. (2006), called
Local Entropy Minimization with a bicubic Spline model (LEMS), was designed to deal with
inhomogeneities caused by phased array surface coils.

The original LEMS method was designed for 2D images. To ensure a smooth bias field
across slices, we extended the method to 3D with the following modifications.
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LEMS tries to identify the voxels that do not have any signal as they cannot be used to
estimate the bias field. We estimated the background voxels using the whole 3D image. Fur-
thermore, the 2D slice based estimation of the bias field is smoothed in the slice direction
using Gaussian blurring with a σ of 3 slices.

This way a spatially smooth bias field is obtained as can be seen in Figure 4.4.
Because the LEMS method uses a multiplicative bias field model, the correction is per-

formed by dividing the original image by the estimated bias field. This can lead to very large
intensity values in the corrected image in regions where the estimated bias field has small
values. The registration between the BB and MRA image (see Section 4.3.3) is hampered by a
few extremely high intensity values within the image, therefore the highest 1% of the inten-
sities of the corrected image are clamped. Figure 4.3a and 4.3b show an example of the BB
image before and after inhomogeneity correction, respectively, and the effect of the correction
on the intensity profile can be seen in Figure 4.3c.

4.3.3 Registration
As stated in Section 4.3.1, the complete MRI exam takes approximately 30 min. Although the
position of the head of the subjects is stabilized using a head-holder, they still have the ability
to move their body, which can cause twisting of the neck. Moreover, cardiac and breathing
motion can also lead to displacement of the arteries in the neck. This motion leads to small
mis-registrations between the different sequences. The lumen and vessel wall segmentation
method described in Section 4.2.1 requires a registered BB and MRA image. We perform an
intensity-based registration method to align the images. The PC image contains very little
anatomical information as can be seen in Figure 4.2b and is therefore not very well suited for
an intensity based registration. The PCMag image (shown in Figure 4.2c) which is simulta-
neously acquired with the PC image contains much more anatomical information. Therefore
the PCMag image was registered to the BB image and the resulting deformation was applied

(a) (b) (c)

Figure 4.3: Example of the intensity inhomogeneities caused by a surface coil (a), the same image
after applying the LEMS method (b) and the intensity profiles of the red line in the original (black,
dashed line) and the corrected (gray, solid line) image (c).
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(a) original (b) LEMS (c) LEMS 3D (d) Bias field (e) 3D Bias field

Figure 4.4: Inhomogeneity correction using LEMS and smoothing the estimated correct field. Sagital slice of
(a) the original BB image, (b) after correction using standard LEMS, (c) using LEMS with smoothed bias field,
(d) estimated bias field of the standard LEMS method and (e) estimated bias field with smoothing in the slice
direction.

to the PC image.
The registration first performs a rigid registration step to compensate for global displace-

ments. Because the BB image and the PCMag image contain different anatomical regions, a
mask was used for both the fixed and the moving image to indicate the regions where there
should be overlapping information. The rigid registration was followed by a B-Spline regis-
tration (Rueckert et al., 1999) using mutual information as similarity metric (Thévenaz and
Unser, 2000). For the optimization we used an adaptive stochastic gradient descent optimizer
(Klein et al., 2009). The registrationwas performed in amulti-resolution frameworkwith three
resolution levels and was achieved using the ITK (Ibanez et al., 2005) based registration tool-
box elastix (Klein et al., 2010).

4.4 Experiments
For the experiments, 27 subjects were randomly selected from the full database. This eval-
uation set was split in a training set of 8 subjects and a test set of 19 subjects. The training
set was used to optimize the parameters of the deformable model fitting (dLMRA, nLMRA,
dLBB, nLBB, dWBB and nWBB) and the LBVSCmethod (rLdilation, rLerosion, rWdilation, rWerosion,
f Lx × f Ly × f Lz and f Wx × f Wy × f Wz). The test set was used to evaluate the vessel wall
volume and NWI quantification.
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4.4.1 Manual annotations
On the complete set of 27 subjects the lumen and outer wall of both the left and the right
carotid artery were annotated manually by observer 1 (ob1). On the test set observer 2 (ob2)
performed the same annotations. The manual annotation started with an accurate definition
of the centerline, after which longitudinal contours along this centerline were drawn in a
curved planar reformatted image for both the lumen and the outer wall. These longitudinal
contours were used to create cross-sectional contours perpendicular to the centerline. The
cross-sectional contours were then adjusted to fit the lumen and the outer wall. More details
on the annotation process can be found in Chapter 3. Themanual annotationswere converted
into binarymasks for calculating theDice (Dice, 1945) overlap coefficient and using themasks
in the LBVSC step. Themask generationwas achieved by fitting a surface through the contour
points using variational interpolation (Heckel et al., 2011) and voxelizing this closed surface.
The mask of the outer wall contains everything within the outer wall including the lumen.

Themanual annotations of the ICA do not incorporate the external part in the bifurcation
region. Because the automatic method does not differentiate between ICA and ECA in the
bifurcation region, the automatic segmentation may cover a larger part of the lumen area
within the bifurcation region. This larger automatic segmentation is not wrong, but would
result in errors during the evaluation because the manual ground truth does not contain the
ECA. To make sure that this does not influence the evaluation results, the ECA region of the
bifurcation was masked out and no evaluation was done in that region.

4.4.2 Parameter optimization
Surface distance
Since there is no ground truth definition in the MRA sequence, the values of profile length
dLMRA and the number of iterations nLMRA were chosen such that the resulting segmentation
visually provided a good initialization for the BB lumen segmentation.

For the parameter optimization of the deformable model fitting in the BB image, a dis-
tance measure was computed between the NURBS surface and the manual contours. First,
the surface was intersected with the MPR plane (perpendicular to the centerline) in which
the contours were drawn. This created a contour for the automatic segmentation. Then the
symmetric average Euclidean distance between the manual and automatic contours was cal-
culated. This distance was calculated for all manual contours and the average was computed
for each carotid. The average over all carotid segmentations in the training set (denoted by
δLsurface and δWsurface for the lumen and outer wall segmentation, respectively) was used as
optimization objective.

The dLBB, nLBB, dWBB and nWBB parameters were selected by an exhaustive search, mini-
mizing δLsurface and δWsurface. First the lumen parameters were optimized and then the outer
wall parameters. The value of dLBB was optimized between 5 and 25mm in steps of 2mm. The
number of iterations nLBB was optimized over the following set: {5,10,15,25,50,75,100,150}.
The outer wall parameter dWBB was optimized between 5 and 15 mm in steps of 2 mm and
nWBB over the following set: {0,1,2,3,5,7,10,25,50,75}. Each combination of profile length and
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number of iterations was tested, leading to 88 lumen experiments and 60 outer wall experi-
ments.

Learning-based vessel segmentation correction

The influence of the neighborhood size of the features, f Lx × f Ly × f Lz and f Wx × f Wy ×
f Wz, on the resulting segmentation was determined for the following values: 3x3x3, 5x5x3,
5x5x5, 7x7x3, 7x7x5, 7x7x7, 9x9x3, 9x9x5, 9x9x7, 9x9x9. For each of these feature neighbor-
hoods the optimal combination of rLdilation and rLerosion, and rWdilation and rWerosion was
determined. These LBVSC parameters were optimized with respect to the Dice overlap of the
resulting segmentation with the manual segmentation. For each combination of neighbor-
hood size dilation and erosion radius, a new classifier was trained. As the training of each
classifier took several hours, performing cross-validation on the training set would take too
much time. Therefore each classifier was trained on the complete training set and the eval-
uation of the resulting segmentation was also performed on the complete training set. This
may lead to an overestimation of the performance of the LBVSC method. This is of minor
importance, since these experiments are only meant to optimize the dilation and erosion pa-
rameters, and the true performance will be evaluated on the test set (see Section 4.5.3). The
dilation and erosion radii were varied over the interval [0, 9] mm in steps of 1 mm. The Ad-
aBoost classifier was trained using 400 iterations.

4.4.3 Evaluation on test set
The algorithmwas evaluated on the 38 carotids of the 19 datasets in the test set. We evaluated
the final segmentation of the lumen and the outer wall by calculating the Dice coefficient for
each. This evaluation was done both without the segmentation correction step, and applying
the original LBVC method and our modification, the LBVSC method. The significance of the
difference caused by applying the segmentation correctionmethodswas tested using a paired
t-test.

The vessel wall volumes and NWI from the manual annotations were computed in the
same way as for the automatic segmentation (see Section 4.2.3). This was done for both ob-
servers that annotated the test set.

Themanual and automaticwall volumeswere compared by calculating the average differ-
ence between the two volumes, the average difference of the NWI and the standard deviation
of these two difference measures. Also the Pearson and intra-class correlation (Shrout and
Fleiss, 1979) coefficient were calculated.

In these evaluations on the test set both observers were compared to each other and to
the automatic method.

The influence of the number of training sets for the LBVSC method was determined by
increasing this number from 10 until 18 in steps of 2. Because for the eight datasets in the
training set no manual segmentations of the second observer was available, we only used
the manual annotations of the first observer for evaluation. For each training set size (10, 12,
14, 16 and 18 datasets) 10 different random selections of the 38 data sets were made and the
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dLBB (mm)
5 7 9 11 13 15 17 19 21 23 25

nL
BB

5 0.84 0.77 0.73 0.70 0.69 0.69 0.71 0.90 0.91 0.92 0.93
10 0.76 0.62 0.54 0.51 0.50 0.50 0.51 0.72 0.73 0.74 0.74
15 0.70 0.54 0.46 0.44 0.43 0.43 0.45 0.66 0.66 0.66 0.67
25 0.65 0.47 0.40 0.39 0.39 0.39 0.42 0.63 0.63 0.64 0.65
50 0.70 0.53 0.49 0.46 0.45 0.43 0.46 0.52 0.63 0.71 0.87
75 0.68 0.52 0.48 0.45 0.46 0.45 0.48 0.56 0.78 0.82 0.94
100 0.67 0.50 0.48 0.45 0.46 0.47 0.49 0.59 0.78 0.92 0.96
150 0.65 0.50 0.47 0.45 0.47 0.47 0.51 0.64 0.80 1.30 0.96

Table 4.1: Average surface distance δLsurface for the various settings of profile length dLBB and the
number of iterations nLBB used in the BB lumen segmentation. The minimum value is shown in bold
font.

results of these 10 experiments were averaged. Just as in the other evaluations on the test set
we calculated the Dice coefficient between the automatic segmentation of the lumen and the
outer wall.

4.5 Results
4.5.1 Parameter optimization
The PC MRA images used in this study have a lower contrast compared to the TOF images
used in (Van ’t Klooster et al., 2012). Especially in the bifurcation area the optimization of the
MRA lumen surface generated a small or “half moon” shaped vessel surface leading to a bad
initialization for the BB lumen segmentation. To handle this problem we drastically reduced
the number of iterations, nLMRA, to 1 and kept the profile length dLMRA to the minimum of
5 voxels. This gives the NURBS surface less freedom to adjust and results in a more circular
cross-section of the segmented lumen.

Table 4.1 and 4.2 show the results of the optimization experiments for the lumen and
outer wall parameters respectively. The bold cell indicates the optimal value, i.e the minimal
average surface distance δLsurface and δWsurface. We did not perform any experiments using
a profile length of less than 5 mm as this would require the estimation of a gradient on less
than 3 voxels.

Learning-based vessel segmentation correction
Figure 4.5 shows for each neighborhood size the maximumDice overlap (optained with opti-
mum settings of the erosion and dilation parameters, which may be different for each neigh-
borhood size). As can be seen from Figure 4.5 the influence of the feature neighborhood size
on the segmentation accuracy is relatively small for both lumen and outerwall. As the compu-
tational costs increase significantly with a growing feature neighborhood we chose a neigh-
borhood size of 7x7x3, which is computationally feasible and accounts for the anisotropic
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dWBB (mm)
5 7 9 11 13 15

nW
BB

0 0.54 0.54 0.54 0.54 0.54 0.54
1 0.52 0.51 0.50 0.50 0.50 0.50
2 0.51 0.50 0.49 0.49 0.49 0.49
3 0.49 0.49 0.50 0.54 0.58 0.62
5 0.48 0.50 0.57 0.67 0.75 0.84
7 0.49 0.53 0.66 0.81 0.93 1.05
10 0.51 0.61 0.82 1.02 1.19 1.34
25 0.62 0.90 1.27 1.59 1.87 2.11
50 0.74 1.12 1.55 1.95 2.28 2.57
75 0.81 1.23 1.69 2.11 2.50 2.83

Table 4.2: Average surface distance δWsurface for the various settings of the profile length dWBB and
the number of iterations nWBB used in the BB outer wall segmentation. The minimum value is shown
in bold font.

voxel size.
Table 4.3 and 4.4 show the Dice overlap values for the 7x7x3 feature neighborhood size

for different combinations of dilation and erosion radii, rLdilation, rLerosion, and rWdilation
and rWerosion for the lumen and outer wall, respectively. The maximum Dice coefficients
are shown in bold font. The values for a dilation and erosion with zero radius show the
Dice overlap without applying the LBVSCmethod. The tables for the other feature neighbor-
hood sizes can be found on the website http://ergocar.bigr.nl. In both Table 4.3 and 4.4 the

rLerosion (voxels)
0 1 2 3 4 5 6 7 8 9

rL
di

la
ti

on
(v
ox

el
s)

0 78.9 80.4 80.6 80.8 80.8 80.8 80.8 80.7 80.8 80.8
1 85.1 84.7 85.0 85.2 85.2 85.2 85.2 85.2 85.1 85.1
2 86.2 85.7 86.0 86.1 86.1 86.2 86.1 86.2 86.2 86.2
3 87.2 86.8 87.1 87.1 87.1 87.2 87.2 87.2 87.2 87.2
4 88.2 87.9 88.1 88.0 88.1 88.1 88.0 88.1 88.2 88.2
5 88.6 88.5 88.8 89.1 88.9 89.1 88.8 88.9 88.8 88.8
6 88.8 88.3 88.9 88.6 88.7 88.6 88.7 88.9 89.0 89.0
7 88.8 88.0 88.3 88.7 88.6 88.9 88.8 88.7 88.9 88.9
8 88.5 87.7 88.2 88.5 88.3 88.5 88.5 88.5 88.5 88.5
9 88.2 87.6 87.9 88.0 88.1 88.1 88.3 88.2 88.1 88.0

Table 4.3: Average lumen Dice overlap values of the final segmentation for various sizes of the region
around the host segmentation border which is defined by the dilation rLdilation and erosion rLerosion
radius. The maximum value is in bold font. The value for zero dilation and erosion is the Dice overlap
value for the uncorrected segmentation.

value for zero dilation and erosion is the smallest. On the training set the LBVSCmethod im-
proved the segmentation result of the deformable model fitting: with any setting of rLdilation,
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Figure 4.5: Influence of the feature neighborhood size on the final Dice overlap with the manual
segmentation for (a) the lumen and (b) the outer wall.

rLerosion, rWdilation and rWerosion the results was better than rLdilation = rLerosion = 0 or
rWdilation = rWerosion = 0.

4.5.2 Optimal parameters
Table 4.5 summarizes the optimal method parameters for both the lumen and the outer wall
segmentation.

4.5.3 Evaluation on test set
The average Dice similarity coefficients for the lumen and outer wall are listed in Table 4.6.
The average Dice overlap between the automatic segmentation and both observers is com-
parable to the Dice between the two observers. The overlap with the first observer is higher,
which is expected as the automatic method was trained using the segmentations of this ob-
server. The LBSC method only improved the outer wall segmentation of the observer on
which it was trained. There was no significant difference for the lumen segmentation. The
LBVSC method significantly increased the average lumen overlap for observer 1 whereas it
remained the same for observer 2. For the outer wall the LBVSC method has a positive effect
on the Dice overlap with respect to both observers.

The difference in effect of the LBVSCmethod between the training (Table 4.3 and 4.4) and
test set (Table 4.6) is explained by the fact that in the former the training set was used to both
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rWerosion (voxels)
0 1 2 3 4 5 6 7 8 9

rW
di

la
ti

on
(v
ox

el
s)

0 81.3 82.2 82.3 82.4 82.3 82.3 82.4 82.3 82.4 82.4
1 85.5 85.6 85.5 85.5 85.5 85.6 85.5 85.6 85.5 85.4
2 86.4 86.4 86.4 86.4 86.4 86.4 86.4 86.4 86.5 86.4
3 87.2 87.3 87.3 87.3 87.3 87.3 87.3 87.3 87.1 87.3
4 87.8 87.9 88.0 87.9 87.9 87.9 88.0 87.9 87.9 88.0
5 88.3 88.3 88.3 88.2 88.3 88.3 88.3 88.3 88.3 88.2
6 88.2 88.2 88.1 88.2 88.2 88.1 88.3 88.3 88.1 88.1
7 87.8 87.9 87.9 87.9 87.9 87.9 88.1 88.0 88.0 88.1
8 87.8 87.7 87.4 87.8 87.7 87.9 87.9 87.6 87.7 87.5

Table 4.4: Average outer wall Dice overlap values of the final segmentation for various sizes of the
region around the host segmentation border which is defined by the dilation rWdilation and erosion
rWerosion radius. The maximum value is in bold font. The value for zero dilation and erosion is the
Dice overlap value for the uncorrected segmentation.

Lumen Outer wall

parameter value parameter value

nLMRA 1 nWBB 5
dLMRA 5 dWBB 5
nLBB 25 f Wx × f Wy × f Wz 7× 7× 3
dLBB 13 rWdilation 5
f Lx × f Ly × f Lz 7× 7× 3 rWerosion 7
rLdilation 5
rLerosion 5

Table 4.5: Optimal lumen and outer wall method parameters

train the classifier of the LBVSC method and measure the effect of the LBVSC method on the
Dice overlap of the resulting segmentation (see also Section 4.4.2).

Figure 4.6 gives a visual impression of the effect of the LBVSC method on the outer wall
segmentation. The LBVSCmethod (the dashedwhite contour) here clearly improved the seg-
mentation of the deformable model fittingmethod (the solid white contour): it is closer to the
manual annotation (solid black contour).

In Figure 4.7 the scatter plots of the volume and NWI measurements by observer 1, ob-
server 2 and the automatic method are shown. The two large markers in the volume mea-
surements indicate two outliers where observer 1 and observer 2 disagree. Figure 4.8 gives
an example slice of these outliers where observer 1 and 2 disagreed. The contours shown in
Figure 4.8 are the manual annotations of the outer wall for both observers. It is obvious from
these segmentations that in this dataset it is very hard to determine the location of the outer
vessel wall and both observers made a different choice on what to include in the vessel wall.
In the subsequent analysis we removed these outliers.
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ob1-ob2 0.90 0.90 – 0.90 – 0.90 0.90 – 0.90 –
ob1-auto 0.83 0.84 0.45 0.86 0.03 0.85 0.86 0.02 0.87 < 0.01
ob2-auto 0.84 0.83 0.64 0.84 0.86 0.83 0.85 0.11 0.86 0.01

Table 4.6: Dice overlap between the different measurements of the test set without segmentation
correction and using the LBSC and LBVSC method.

Figure 4.6: Two examples of the effect of the LBVSC method on the outer wall segmentation. The
black solid line is the annotation by observer 1, the white solid line is the segmentation from the
deformable model fitting method, the dashed white line is the segmentation after applying the LBVSC
method.

Table 4.7 gives the average vessel wall volume and NWImeasurements of both observers
and the automatic method without applying the segmentation correction and with the LBSC
and LBVSC method. As can be seen, the automatic segmentation slightly overestimated the
vessel wall volumewhen compared to observer 1 and underestimated the volumewhen com-
pared to observer 2. Observer 2 on average made larger volumemeasurements than observer
1. The average vessel wall volume of the automatic method is between the volumes estimated
by observer 1 and observer 2, but was on average closer to observer 1 on which it was trained.
The p-values of the differences between the automatic method with and without the LBVSC
method are 0.0005 and 0.1 for Vwall and NWI respectively.
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Figure 4.7: Scatter plot of the volume measurements (left column) and normalized wall index (right
column) for observer 1 vs. observer 2 (top row), observer 1 vs. automatic method (middle row) and
observer 2 vs. automatic method (bottom row). In the volume measurement graphs two outliers
are present and shown with filled round markers. These outliers are not shown in the NWI graphs
because they would stretch the scale too much.
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Figure 4.8: Example slice from the two outlier datasets. The solid contour is from observer 1 and the
dashed contour from observer 2.

ob1 ob2 No correction LBSC LBVSC

Vwall (ml) 0.80± 0.21 1.1± 0.20 0.78± 0.13 0.83± 0.11 0.89± 0.17
NWI (ml/ml) 0.48± 0.05 0.59± 0.05 0.51± 0.05 0.51± 0.05 0.54± 0.08

Table 4.7: Average ± standard deviation of vessel wall volume (ml) and normalized wall index mea-
surements (ml/ml).

Table 4.8 shows the differences, Pearson and intra-class correlations of the volume and
NWI measurements. The average difference in the wall volume measurements of the auto-
matic method with respect to both observers is smaller than the average difference between
the observers. Although the Pearson correlation coefficient of the volume measurements be-
tween the observers and the automatic method is not as good as the correlation between the
two observers, the intra-class correlation with both observers is better than (observer 1) or
almost the same as (observer 2) between the two observers.

Looking at the clinically used NWI, the average difference between the measurements of
automatic method and both observers is again smaller than the average difference between
the two observers. Also the correlation coefficients between the automatic method and both
observers are better than or almost the same as the correlations between the measurements
of the two observers.

Table 4.9 shows the Dice overlap between the manual segmentation of the first observer
and the automatic method for different size of the training set. The table show that increasing
the size of the training set leads to a small increase in overlap.
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Vwall NWI

∆Vwall (ml) Pearson icc ∆NWI (ml/ml) Pearson icc

ob2 - ob1 0.30± 0.19 0.83 0.58 0.10± 0.04 0.51 0.32
auto - ob1 0.08± 0.20 0.51 0.62 0.05± 0.07 0.50 0.52
auto - ob2 −0.21± 0.15 0.57 0.57 −0.05± 0.07 0.54 0.56

Table 4.8: The average volume differences, the Pearson and intra-class correlation coefficients of
the volume and NWI measurements between the two observers and the automatic method.

Number of training sets 10 12 14 16 18

Dice lumen 0.84 0.84 0.84 0.85 0.86
Dice outer wall 0.85 0.84 0.84 0.85 0.86

Table 4.9: Influence of the number of training sets used for training the LBVSC method on the Dice
overlap of the lumen and the outer wall, and the NWI

4.6 Discussion
The interobserver measurements presented in this study show that the systematic difference
between the outer vessel wall annotations of two observer can be considerable (see the scatter
plots in Figure 4.7). As we do not have manual annotations of the second observer on the
training set, it is impossible to train the automatic method on both observers, or generate a
new reference standard based on the combined annotations of these two observers without
compromising the size of the test set. However, the annotation protocol for both observers
was the same and the variation between the two observers can also be expected in clinical
practice.

The method described in this paper was designed in order to analyze the MRI data ac-
quired in the context of a population study. This population study uses a 1.5 T MRI scanner
and a BB sequence which may not be the best possible sequence for imaging the vessel wall.
Despite these limitations the described automatic method performs comparable to the ob-
servers. In future research it would be interesting to study the effect of different acquisition
settings (1.5T vs. 3T, different MR sequences, the use of a head stabilizer) on the vessel wall
quantification. The evaluation described in this study was performed on 19 subjects. For the
future we plan a quantification of the vessel wall volume and normalized wall index on all
1072 subjects that participated in this study. Manual measurements on this number of sub-
jects becomes infeasible.

The deformable model fitting method enforces a NURBS model on the lumen and wall
boundary, and uses a single image feature (the maximum gradient magnitude) to fit the
model. For the lumen border this is an adequate image feature. The gradient of the outer
wall is less strong, which makes the application of this image feature less successful. The LB-
VSCmethod is not limited to the use of a single image feature, but instead usesmany features
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to classify the outer wall voxels. This explains the difference in effect of the LBVSC method
on the lumen and outer wall segmentation.

As long as there is a training set onwhich the LBVSC can be trained, themethoddescribed
in this chapter can easily be adapted to other images, acquired on a higher field MR scanner
or using different protocols. If there is a training set consisting of a ground truth definition of
multiple observers, these could be combined using existing methods like consensus reading
or STAPLE (Warfield et al., 2004), but they can also be used to train multiple classifiers and
combine these classifiers into a single stronger classifier using methods described in e.g. (Tax
et al., 2000).

4.7 Conclusion
In conclusion, we presented a method that can automatically quantify the wall volume and
normalized wall index of the carotid artery in a region around the bifurcation. The method
consists of a deformable model fitting step and a learning-based correction of systematic er-
rors. Intensity inhomogeneities in the MR images were reduced using a 3D-extended version
of the LEMS method. The parameters of both the deformable model fitting and the LBVSC
method have been optimized by extensive experiments using the manual annotations of a
single observer on a training set. Evaluation was performed with respect to annotations of
two observers on a separate test set. Our experiments justify the conclusion that the auto-
matic method performs comparably to the manual annotations in terms of wall volume and
normalized wall index measurements and can therefore be used to replace the manual mea-
surements.

All image data, annotations and results from this study are made available through the
website http://ergocar.bigr.nl. We challenge every one to improve our automatic vessel wall
volume and normalize wall index measurements on these datasets and publish their results.
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5.1 Introduction
Atherosclerosis of the carotid artery bifurcation is related to cerebral ischemia. Atheroscle-
rosis may lead to luminal stenosis with subsequent hemodynamic consequences. In early
stages of the disease, atherosclerotic plaque builds up without lumen narrowing. This may
also lead to ischemic events due to plaque rupture with thromboembolisation in the intracra-
nial circulation (Glagov et al., 1987). Consequently, much research is currently focused on
finding parameters that describe atherosclerotic plaque rupture risk in order to improve pre-
diction and treatment selection. Arterial wall elasticity is one of the parameters associated
with the accumulation of atherosclerotic plaque (Christensen and Neubauer, 1988; Newman
et al., 1971). Wall elasticity can be described by the distensibility, a measure of the stiffness
of a vessel with respect to the distending pressure. The aim of this study is to investigate
the feasibility of manual and automatic measurements of carotid artery distensibility on 4D
Computed Tomography Angiography (CTA), to facilitate further research on this biomarkers
for atherosclerosis.

The vessel distensibility D is defined (Laurent et al., 2006) as the maximum change in
cross-sectional area, relative to the pressure change, scaled by the minimum area:

D =
∆A

Amin∆p
(5.1)

To compute this, cross-sectional area change over the cardiac cycle has to bemeasured. Image-
based distensibility measurements thus require imaging over the complete cardiac cycle. Tra-
ditionally, arterial stiffness is assessed by acquiring a 2D ultrasound image sequence parallel
to the centerline of the carotid artery(Van Popele et al., 2001; Pannier et al., 2002) and subse-
quently measuring the minimum and maximum vessel wall distances of a region of interest
during one or more heart cycles. Assuming a circular cross-section, the lumen area is then
calculated or the area parameters in Equation 5.1 are replaced by diameters.

Several studies have demonstrated the feasibility of distensibility measurement in large
vessels like the aortic arch and abdominal aorta, using ECG-gated CTA (Weber et al., 2009;
Ganten et al., 2008; Zhang et al., 2007). An advantage of CTA over ultrasound is that the true
cross-sectional area can be measured precisely, and thus non-circular cross-sections can be
accounted for. All these studies used a Multi Planar Reformatted (MPR) image containing
the cross-section of the investigated vessel. On these MPR images the lumen was segmented
manually on each time frame of the cardiac cycle and voxel counting was used to derive the
lumen area.

Manual distensibility measurements become more difficult for smaller vessels, because
the annotation error becomes largerwith respect to the change in cross-sectional area. Disten-
sibility measurements on the carotid artery, a vessel much smaller than the aorta, may there-
fore require an automatic method with more consistent and reproducible measurements. In
this chapter the feasibility to determine the carotid artery distensibility is investigated using
both manual measurements, and a new automatic method.

A number of (semi) automatic methods for quantifying vessel wall deformations have
been published (Lalande et al., 2002; Krug et al., 2003; Lorenzo-Valdès et al., 2004; Jackson
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et al., 2009; Zhao et al., 2009; Xiong and Taylor, 2010; Biesdorf et al., 2011; Schwartz et al.,
2012). Except for Jackson et al. (2009) all these methods have been evaluated on the aorta.
Most methods use only 2D image information (Lalande et al., 2002; Krug et al., 2003; Lorenzo-
Valdès et al., 2004; Jackson et al., 2009) or have been evaluated on other image modalities than
CTA (Lalande et al., 2002; Krug et al., 2003; Lorenzo-Valdès et al., 2004; Jackson et al., 2009;
Zhao et al., 2009).

Lalande et al. (2002); Krug et al. (2003) and Jackson et al. (2009) perform a segmentation
of the aortic lumen in all time frames of a 2D image. The distention is then quantified by cal-
culating the area of the segmentation for each time frame. Lalande et al. (2002) compare the
compliance based onmanual measurements to their automatic method and compare healthy
subjects to Marfan syndrome patients, while Jackson et al. (2009) evaluate only the repro-
ducibility of the method on clinical data.

Both Lorenzo-Valdès et al. (2004) and Schwartz et al. (2012) use a combination of segmen-
tation in the first time point and registration of the subsequent time points to analyze the
vessel deformation. Lorenzo-Valdès et al. (2004) use a 2D analysis but combine all 2D time
point images into a single 3D image which is used in the registration. The area change over
the heart cycle is then calculated by integrating the determinant of the Jacobianwithin aman-
ually segmented area of the first time point. Schwartz et al. (2012) perform an independent
registration of all time points to the first time point and do not quantify the distensibility, but
only visualize the effect of stent grafting on the deformations of the vessel.

Zhao et al. (2009) take a different approach by performing a 4D graph cut segmentation
which is initialized by combining 3D fast-marching based segmentations of each time frame.
For the analysis of the deformations over the heart cycle a statistical shape model is con-
structed. The shape and motion parameters of this model are then used by a support vector
machine classifier to distinguish healthy subjects from connective tissue disorder patients.
Distensibility nor compliance was quantified in this study.

Both Xiong and Taylor (2010) and Biesdorf et al. (2011) use 4D ECG-gated CTA images.
Xiong and Taylor (2010) use geodesic active contours to create a segmentation in each frame
of the sequence. These segmentations are then used to determine the stress tensor from
Cauchy’s momentum equation, which describes the deformation of the aorta. Using this
model, errors made by the segmentation are reduced. They only report the Young modu-
lus which is used in the model to describe the elasticity of the aorta. Biesdorf et al. (2011) fit
an elliptical model to the lumen cross-section of the first time frame. The cross-sections of the
subsequent time frames are then determined using a Kalman filter.

Our work has three important contributions. First, we demonstrate that manual annota-
tion of the carotid lumen for distensibility measurements is not sufficiently precise. Second,
we present and evaluate an automatic method for computing distensibility in the carotid
artery from CTA. Third, we make the data on which this study is based, both 4D CTA image
data and their associated clinical descriptions, available through our website
().

We first describe the automaticmethod in Section 5.2, followed in Section 5.3 by a descrip-
tion of the data, the manual method, and the experiments to evaluate both the manual and



80 Chapter 5

A

Sheet1 Chart 3

0

0.001

0.002

0.003

0.004

0.005

0.006

0.007

0.008

0.009

0.01

0 10 20 30 40 50 60 70 80

Position along centerline

D
is

te
ns

ib
ili

ty

C

32%

B

64% 100%

Figure 5.1: (A) Visualization of the lumen surface, the centerline (dark balls), the lumen contours in
black and the contours from which the distensibility is determined (light contours). (B) Deformations
found using the registration on the plane indicated in (A). The deformations are shown for 32%, 64%
and 100% of the RR-interval. The dark solid contour shows the contour of the first cardiac phase, the
dashed white contour indicates the deformed contour of the shown cardiac phase. The deformations
in (B) are amplified by a factor 10 for illustration purposes. The orange [TODO change color] area at
64% RR-interval shows the determined area change for that time point. (C) Calculated distensibility
measures for all positions along the centerline. The horizontal axis corresponds to the positions along
the the centerline shown in (A) and the masked areas correspond to the measurements at the light
contours in (A).

automatic method. Results follow in Section 5.4 and we end with a discussion in Section 5.5
and conclusion in Section 5.6.

5.2 Automatic method
The automatic method consists of a segmentation method, which generates a surface model
of the lumen in the first cardiac phase, and an elastic registration method, which finds the
deformation of this lumen surface over all cardiac phases. Using the deformation, the lumen
area for each phase can be calculated from which the distensibility can be derived. These
steps are explained in more detail below and are illustrated in Figure 5.1.

Themethod starts with annotating three points xi, in the common carotid arteries (CCA),
in the internal carotid arteries (ICA) and in the external carotid artery (ECA), respectively.
Using these three seed points a region of interest (ROI) is defined on which all subsequent
processing is performed. To align all time points of the ROI image to the first time point, an
elastic registration procedure is performed. After alignment, all time points are averaged to
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obtain an image with improved signal to noise ratio (Inrd):

Inrd =
1
N

N−1

∑
t=0

I0t (5.2)

where the summation is over all time points N and I0t is the resulting image of the registration
of time point t to the first time point. The lumen is segmented on Inrd and the lumen area over
time is derived from the registration result.

5.2.1 Segmentation
To create a surface model of the lumen, a levelset based segmentation method (Manniesing
et al., 2010) is applied to the noise reduced 3D image Inrd, where the three seed points xi
are used to initialize the algorithm. The noise reduced image Inrd is used because the lumen
segmentation is more stable on this image (see Section 5.3.1 for an example slice). A potential
disadvantage of this could be the blurring caused by registration errors. In Section 5.3.6 we
therefore evaluate the sensitivity of the method to increased amounts of blurring.

The centerline is found by fitting spheres in the obtained surfacemodel using theVascular
Modeling Toolkit (Antiga and Steinman, 2004). Cross-sectional contours are generated at 0.5
mm intervals along the centerline by intersecting the plane perpendicular to the centerline
with the lumen surface (Figure 5.1A).

5.2.2 Registration
Registration of the images at different time points is achieved using the registration toolbox
elastix (Klein et al., 2010). For each datasetwe performboth a set of 3D registrations inwhich
all time points are independently registered to the first time point, and a 4D registration in
which all time points are registered simultaneously. A cubic B-splinemodel is used to param-
eterize the deformation field (Rueckert et al., 1999). In the 4D technique also the deformation
in the time dimension is modeled using a cyclic B-spline resulting in smooth deformations
over time (Metz et al., 2011). Because we expect smooth area changes during the cardiac cycle,
the 4D registration method is expected to perform better as it imposes these smooth defor-
mations and is more robust against the image noise (Metz et al., 2011). The spatial distance
between control points of the B-spline grid is set to 5.0 mm. For the 4D registration method
a the control point spacing in the time dimension is set to 1 time point. The influence of this
control point spacing in the temporal dimension on themeasured distensibility is determined
experimentally. The 3D registration technique uses the sum of squared intensity differences
as a similarity metric. The 4D registration technique minimizes the variance of the intensities
over the time dimension. For the optimization we use an adaptive stochastic gradient descent
optimizer (Klein et al., 2009). Registration is performed in a multi-resolution framework with
3 resolution levels. The registration yields a deformation T0t, between the first time point (0)
and each other time point (t) within the RR-interval (Figure 5.1B).
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5.2.3 Distensibility quantification
The change in cross-sectional area of the vessel at a certain centerline position for all cardiac
phases is determined from the contours at the first cardiac phase and the deformation field
using Gauss’ integral theorem (Arfken and Weber, 2005):

∆A =
∫∫

Ω
∇ · T0t dΩ =

∫
∂Ω

T0t · n dr (5.3)

where ∂Ω is the contour around the undeformed lumen area Ω of the first time point and n
is the normal to this contour. Using this approach, the area changes within the plane of the
contour are calculated (n is in this plane and thus T0t · n is the projection of T0t on the cross-
sectional plane) for all time points with respect to the first time point. From the resulting
area time curve the distensibility is determined using Equation 5.1 (Figure 5.1C). We then
define the distensibility of the CCA and ICA as the average distensibility measurements over
sections of 3.5 mm along the centerline (light contours in Figure 5.1A).

5.2.4 Relation to previous work
Using a combination of segmentation and registration to determine the deformations over
time was also pursued by Lorenzo-Valdès et al. (2004) and Schwartz et al. (2012). Schwartz
et al. (2012) do not report any quantification results. In contrast to Lorenzo-Valdès et al. (2004)
who analyze 2D cine MR images of the aorta, we consider 3D ECG-gated CTA of the carotid
artery. In the case of the carotid artery, 3D information is especially important as the whole
artery moves during a heart cycle. Lorenzo-Valdès et al. (2004) use a 3D (x,y,t) to 2D registra-
tion to ensure a coherent registration over time. However, the cyclic behavior of the motion
is not exploited in that model. Our 4D registration method models the deformation of the
whole heart cycle as a cyclic B-spline transform (see Section 5.2.2). Furthermore, we use a dif-
ferent method (see Section 5.2.3) to calculate the area change from the registration result. The
segmentation of the first time point, which is done manually in Lorenzo-Valdès et al. (2004),
only requires two initialization points in our method.

5.3 Experiments
The feasibility of manual carotid distensibility measurements was evaluated using inter ob-
servermeasurements. The performance of the automaticmethodwas assessed by comparison
to manual annotations and using synthetically deformed CTA data. Next to this, we quantify
the influence of spatial blurring (caused by registration errors and the CTA reconstruction
kernel) and temporal blurring (caused by the 4D reconstruction) on the automatic method.
We also compared manual and automatic measurements by investigating the relation with
cardiovascular risk factors. Below we first describe the CTA data, and subsequently we de-
scribe the experimental setup in more detail.
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(a) (b)

Figure 5.2: Example slice of the first time point (a) before and (b) after averaging over time.

5.3.1 Data
We acquired 81 4D CTA datasets of patients (mean age 65 ± 9; 48 male, 33 female) with
ischemic cerebrovascular symptoms who underwent CTA of the carotid arteries for clini-
cal workup. Scanning was performed on a 64-slice dual-source multi-detector CT scanner
(Siemens, SOMATOMDefinition, Forchheim, Germany). The ECG-gated CTA data was used
to reconstruct multiphase 4D datasets at 8% steps of the cardiac RR interval (the interval
between two R waves of the ECG signal), resulting in a time series of 13 3D CTA images
per patient for one heart beat. The scan range was 40 mm and image reconstructions were
made with a 12 cm field of view, a matrix size of 512x512, a slice thickness of 1.0 mm and
an intermediate (B31f) reconstruction kernel. The resulting image had a (x,y,z) resolution of
0.2x0.2x0.5 mm. All patients received 80 ml contrast material followed by 40 ml saline bolus
chaser. Figure 5.2a shows an example slice of the image in the first time point and in Fig-
ure 5.2b the same slice is shown after averaging over time (Inrd, see Section 5.2 ). A clinical
expert excluded both carotids of five patients because of insufficient image quality and one
carotid artery of another patient because of the presence of a carotid stent.

Blood pressure was measured using an arm cuff during two episodes of continuous mea-
surements. The average of these two measurements was calculated and brachial pulse pres-
sure (∆p) was calculated as the difference betweenmean systolic andmean diastolic pressure.

5.3.2 Manual measurements
Manual measurement was performed on the first 38 CTA datasets that were available. One
patient had an occluded carotid artery and another patient had two internal carotid arteries
with significant juxtaluminal calcifications, which hampered luminal measurements. Thus
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76 CCA and 73 ICA were analyzed. Using a custom made tool based on MeVisLab (MeVis
Research, Bremen, Germany) a centerline through the CCA and ICA was drawn in the first
cardiac phase for both the left and right carotid artery. Along this centerlineMPR images per-
pendicular to the centerlinewere created using trilinear interpolation, yielding cross-sections
of the carotid artery at different positions along the centerline. The same centerline was used
for all 13 cardiac phases. A contour of the lumen area was drawn at two locations along the
carotid artery, proximal to the bifurcation in the CCA and approximately 1 cm distal to the
bifurcation in the ICA. For every cardiac phase a contour of the lumen area was drawn at
the same positions along the centerline. The contours were defined by seed points through
which a spline was fitted. The observers could add asmany seed points to the contour as they
thought were needed to position the contour exactly on the lumen border. The positions of
the seed points were not limited to the voxel centers, so the observers were able to draw the
contours with subvoxel precision. The cross-sectional area was calculated directly from the
drawn contours (Gelder, 1995). In the previous studies on the aorta (Zhang et al., 2007; Gan-
ten et al., 2008; Weber et al., 2009) the area was calculated using voxel counting. Calculation
of the cross-sectional area from the drawn contours then leads to the curve of the lumen area
during one heart cycle. Using Equation 5.1 the distensibility was then determined.

A second observer annotated the lumen border in the same MPR images. This second
annotation was performed on a subset of 10 randomly selected patients for both the left and
the right CCA and ICA. As each dataset contains 13 time points, this results in 520 pairs of
areameasurements and 40 pairs of area changemeasurements. Both observers used the same
centerline to generate the MPR images and drew the contour at the same position along the
centerline. In this way the precision of the contour drawing can be estimated.

Interobserver variability in lumenmeasurements was assessed using Bland-Altman anal-
ysis on both the individual area measurements and the maximum area change measured by
both observers for each dataset.

5.3.3 Synthetic deformations

To assess the accuracy of the automatic 3D and 4D algorithms, a synthetic deformation was
applied to the CTA images and the area change of a circular contour was calculated from
both registration results. This experiment was performed on the same 38 datasets for which
manual measurements were made. This set was split into two sets, containing the left and
right carotid artery respectively.

The 3D test sets were created by using the first time point of the 4D data sets and scaling
these 3D datasets in the axial plane using Lanczos resampling (Turkowski, 1990). In this way
we approximate an expansion of the blood vessel. The scaling factor was set to 1

0.9 which is
consistent with the expected area change (Zhang et al., 2007; Ganten et al., 2008). The scaled
datasets were then registered to the original datasets using the 3D registration method.

To construct the 4D test sets (for the 4D registration method), the scaling factor was
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changed over the time points according to the following formula:

S(t) =
1

1− 0.1 sin2(π t
13 )

(5.4)

where S is the scaling factor and t ∈ [0, 12] indicates the time frame. Thus the first time frame
is not scaled and half way the cardiac cycle the scaling S(t = 6) is the same as for the 3D test
images ( 1

0.9 ). This time frame (t = 6) was used to evaluate the 4D method. Each time frame
was scaled individually.

Because the true area change is known, the error in the area change for each of the analysis
methods can be calculated:

Er = dAr − dAtrue

= (Ar − A0)− (S2 ∗ A0 − A0)

= Ar − S2 ∗ A0 (5.5)

Here Er is the error in the area change, dAr is the area change calculated from the registration,
dAtrue is the true area change, Ar is the area calculated from the registration result, A0 is the
area of the initial contour and S is the scaling factor from Equation 5.4. For the 4D registration
Er was calculated for various control point spacings in the temporal dimension.

The 3D and 4D registration based method were compared using a paired t-test.

5.3.4 Comparison of automatic and manual measurements
The area curves resulting from the manual and automatic method were compared for all 38
datasets for which manual measurements were performed. To ensure a fair comparison we
used themanual contour of the first time point for the automaticmeasurements instead of the
surface contours of the segmentation. For the automaticmeasurements in this experiment the
averaging over the 3.5 mm section is omitted, since the manual distensibility measurements
are also based on one contour only.

The carotid lumen cross-sectional areas of different patients can differ by a factor of more
than four. To be able to compare the area curves of different patients, the area curves were
normalized by dividing each curve by its mean area over the complete cardiac cycle. Also
the curve peak position for each patient can be different due to a different vascular geometry
or distance to the heart, which causes the ECG trigger during scanning. To compensate for
these peak position differences, all curves were temporarily aligned by synchronizing the
position of theirmaximumvalue. From the normalized curves themean curve and the curves
representing mean ± the standard deviation were calculated.

The smoothness of the area curves was assessed by inspecting the absolute value of the
second order derivative of the normalized area curves.

The correlation between manual and automatic measurements was calculated using the
Pearson correlation coefficient.



86 Chapter 5

5.3.5 Control point spacing in the t-dimension
As the 4D registration method models the transformation over time using a B-spline, the
spacing between the control points in the time dimension has a direct influence on the ability
of the registration to capture the morphological changes of the carotid artery during a heart
cycle. To assess the influence of the temporal control point spacing on the measured disten-
sibility we performed an experiment in which we varied this spacing over the following set:
{1, 2, 3, 4} time points which corresponds to {8, 16, 24, 32} % of the RR-interval.

5.3.6 Influence of spatial and temporal blurring
The segmentation of the vessel lumen is performed in a time averaged image after motion
compensation using the estimated transformation. This time averaging results in an image
with improved SNR, but may also introduce blurring of the lumen border due to registration
errors. Furthermore, the used reconstruction kernel (B31f) causes some spatial blurring. To
estimate this effect the noise reduced image (Inrd) was blurred using a Gaussian kernel with
a sigma of 0.5, 1, 2 and 3 voxels. On this blurred image the lumen was segmented and the
distensibility calculated the result of which was compared to the measurements using the
non-blurred image.

The 4D ECG-gated CTA reconstruction results in 13 time point images over the cardiac
cycle. In cases where there is rapid movement of the carotid artery during a heart beat, this
may introduce some blurring. To estimate the effect of temporal blurring, the 4D image was
blurred in the time dimension using a Gaussian kernel with a sigma of 0.5, 1, 2 and 3 time
points, corresponding to 4, 8, 16 and 24% of the RR-interval. After this temporal blurring the
distensibility was calculated and compared to the measurements based on the non-blurred
image.

5.3.7 Relation with cardiovascular risk factors
From literature the distensibility is expected to be lower for patients suffering from hyper-
tension (Laurent et al., 1994; Liang et al., 2001). Therefore, we tested whether this association
could be reproduced by themanual and automatic measurements. Results of manual and au-
tomatic distensibility measurements per location (Left/Right; Common/Internal) were com-
pared between patients with and without the following general cardiovascular risk factors:
diabetes, hypercholesterol, hypertension and smoking. The medians of both patient groups
were calculated and the 95% confidence intervals for this median were calculated using the
Hodges-Lehmann estimator (Deshpande et al., 1995). To determine whether the medians dif-
fered significantly, the Mann-Whitney U test with a p-value threshold for significance of 0.05
was used. Although we test 16 relations, this p-value is justified as we only want to test if the
manual and automatic measurements can reproduce known relations. If the aim of this ex-
periments was to find unknown associations of the carotid distensibility, the p-value should
be corrected for multiple comparisons. This experiment was only performed using the man-
ual measurements and the 4D registration method. The significant associations found by the
automatic method were also verified on a larger dataset.



Carotid artery distensibility measurement 87

5.4 Results
5.4.1 Manual measurements
In Figure 5.3 the Bland-Altman plot for manual area measurements is shown. The mean area
difference (observer 1 - observer 2) between the two observers is−2.4 mm2 (p < 0.01)which
means that on average the cross-sectional areas annotated by the second observer are larger.
The limits of agreement are −13 mm2 and 8.8 mm2.
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Figure 5.3: Bland-Altman plot of the area measurements on 10 datasets with 13 time points. On the
horizontal axis the average area of both observers is shown, the vertical axis shows the difference
between both observers in a single area measurement and the dashed lines show the limits of
agreement.

Figure 5.3 shows the variation between two observers in measuring a single lumen cross-
sectional area. For each patient there are 52 points (left and right, common and internal caro-
tid artery, 13 time points) that are not statistically independent, which causes the clustering
in the Bland-Altman plot.

The Bland-Altman plot of the area change ∆A for both observers is shown in Figure 5.4.
Here the limits of agreement are −4.8 mm2 and 3.4 mm2. The average area change that was
measured by Observer 1 was 5.1 mm2 and Observer 2 found an average change of 5.8 mm2

(p=0.03). As can be seen from these graphs, the measured area change (2− 8 mm2) is within
the range of the interobserver variability in measuring lumen area.

5.4.2 Synthetic deformations
Using the synthetically deformed images, we calculated the difference between the expected
area change due to the applied scaling and the area change calculated from a circular contour
and the deformation field from the registration.
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Figure 5.4: Bland-Altman plot of the area change measured by the two observers. On the horizontal
axis the average of the area change measured by both observers is shown, the vertical axis shows
the difference between the area change measured by both observers and the dashed lines shows
the limits of agreement.

control point Left Right
spacing (mm2) (mm2)

1 −0.26± 0.34 −0.25± 0.23
2 −0.25± 0.23 −0.24± 0.23
3 −0.33± 0.33 −0.32± 0.32
4 −0.75± 0.48 −0.74± 0.48

3D −0.86± 0.17 −0.83± 0.15

Table 5.1: Average area measurement errors over all time points for the 3D registration and for for
various B-Spline control point spacings in the time dimension of the 4D registration.

Table 5.1 shows the errors in the area measurements for the 3D registration and for dif-
ferent B-spline control point spacings in the time dimension of the 4D registration. The area
measurement errors shown in Table 5.1 for a control point spacing of one time point (8% RR-
interval) do not differ statistically significantly from the optimal setting of two time points (16
%RR-interval). To minimize the temporal smoothing (see also Section 5.4.4) a control point
spacing of 1 time point was used for the 4D registration method.

The algorithms based on 3D and on 4D registration both underestimate the lumen area
change. However the error is well below the expected area change of 5.6 mm2 (Beaussier et al.,
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Figure 5.5: Normalized area graphs (top row) and the absolute value of their second order derivative
(bottom row) of (a,d) manual measurements, (b,e) automatic measurements using 3D registration
and (c,f) 4D registration. The solid lines show the mean curves, the dotted lines represent the mean
+/- the standard deviation.

2008)1, which is an indication that this method can be used to estimate the area change. The
p-value of the difference between the errors based on the 3D and the 4D method (paired
t-test) was 0.005.

5.4.3 Comparison of automatic and manual measurements
Figure 5.5 shows on the top row a plot of the normalized area curves for the manual mea-
surements, the automatic method using 3D registration, and the automatic method using
4D registration, respectively. The solid line shows the mean curve, the dotted lines show the
mean ± the standard deviation. As can be seen from this figure, the 4D registration based
automatic measurements show less variation around the mean curve than manual measure-
ments. The bottom row of Figure 5.5 shows the magnitude of the second order derivative of

1The reported CCA mean diameter is 7.857± 0.922mm and the reported diameter change is 0.456±
0.167mm.
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the normalized area curves. From these curves it is clear that the curves of the manual mea-
surements have the highest absolute value and the largest standard deviation while using
4D registration leads to the smallest absolute value of the second order derivative. Thus on
average the manual measurements are the most irregular and using 4D registration results
in the smoothest curves.

Figure 5.6a, 5.6b and 5.6c show the scatter plots of the manual vs. the automatic disten-
sibility measurements for the 3D and 4D method and for the 3D vs. the 4D method respec-
tively. The average Pearson correlation coefficient between manual and automatic distensi-
bility measurements was 0.62 for the 3Dmethod and 0.64 for the 4Dmethod. The correlation
coefficient between the 3D and the 4D method was 0.90.

Because the 4D method produced slightly smaller errors in the synthetic deformation
experiments (Section 5.4.2) and also results in smoother curves, we choose the 4D registration
method for the subsequent experiments.

5.4.4 Control point spacing in the t-dimension
In Figure 5.7 the boxplots of themeasured distensibility for various values of the control point
spacing in the t-dimension of the 4D registration method are shown. Increasing the control
point spacing in the t-dimension leads to smoother transformations over time which result
in smaller distensibility values. For the subsequent experiments we chose a control point
spacing of 8% of the RR-interval. This way the smoothing in the time dimension is minimal.

5.4.5 Influence of spatial and temporal blurring
Table 5.2 shows the effect of spatial and temporal blurring on the measured distensibility.
The shown values are the average differences Da, the average absolute difference Dabs, the
relative difference Drel :

Da =
1
N ∑

i
(Di0 −Diσ)

Dabs =
1
N ∑

i
|Di0 −Diσ|

Drel =
1
N ∑

i
(
|Di0 −Diσ|
Di0

)

and the Pearson correlation coefficient between Di0 and Diσ, where N is the number of mea-
surements, Di0 is the distensibility of the ith image measured using the non-blurred image
and Diσ is the distensibility measured on the ith image blurred with a Gaussian kernel. As
the blurring increases, the difference to the measurements based on the non-blurred image
becomes larger. However, the expected movement and registration errors are small and the
influence of blurring for small values of σ is very small.



Carotid artery distensibility measurement 91

0 20 40 60 80 100
0

20

40

60

Manual (MPa)-1)

A
ut

om
at

ic
(3

D
)(

M
P

a)
-1

Manual vs. automatic (3D) distensibility measurements

CCA Left
CCA Right
ICA Left
ICA Right

(a)

0 20 40 60 80 100
0

20

40

60

Manual (MPa)-1)

A
ut

om
at

ic
(3

D
)(

M
P

a)
-1

Manual vs. automatic (4D) distensibility measurements

CCA Left
CCA Right
ICA Left
ICA Right

(b)

0 10 20 30 40 50 60
0

20

40

60

Automatic (3D) (MPa)-1)

A
ut

om
at

ic
(4

D
)(

M
P

a)
-1

3D vs. 4D automatic distensibility measurements

CCA Left
CCA Right
ICA Left
ICA Right

(c)

Figure 5.6: Scatterplot of the distensibility measurements of (a) manual and 3D method, (b) manual
and 4D method and (c) 3D and 4D method.
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Figure 5.7: Influence of the control point spacing of the 4D registration method in the t-dimension on
the measured distensibility of (a) the CCA and (b) the ICA.

5.4.6 Relation with cardiovascular risk factors

In Table 5.3 themedian distensibility values and their 95% confidence intervals for bothman-
ual and automatic measurements are provided for patients with (gray rows) andwithout cer-
tain cardiovascular risk factors. For the manual measurements, the distensibility of the right
ICA for patients who smoke or have smoked was significantly increased (p=0.012). However,
the difference between the left and the right (for which no difference between smokers and
non smokers was found) is not significant (p=0.6 and p=0.8 for smokers and non smokers
respectively). The automatic measurements indicated a lower distensibility of both the right
and left CCA for patients suffering from hypertension (p=0.0014 and p=0.0011 for the right
and left CCA, respectively).

Table 5.3 shows the results on the 38 datasets for which both manual and automatic mea-
surements were available. Because an additional 38 CTA datasets were available for the auto-
matic method, we repeated measurements on this larger set. For the complete set (n=76) the
median distensibility for patients with and without hypertension was 22 (20− 25) (MPa)−1

and 29 (25 − 35) (MPa)−1 for the left (p=0.018) and 23 (19 − 27) (MPa)−1 and 29 (25 −
33) (MPa)−1 for the right CCA (p=0.024), respectively. All other differences in distensibility
remained insignificant.

For each risk factor listed in Table 5.3, the whole group of 38 patients was divided be-
tween patients with and without one specific risk factor. This means that the patients in the
’normal group’ may very well suffer from one of the other cardiovascular risk factors, which
can explain the range of distensibility measurements in the normal groups.
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5.5 Discussion
We investigated the feasibility to determine carotid artery distensibility on 4D CTA using
manualmeasurements and a new registration based automaticmethod. Beaussier et al. (2008)
reported a mean diameter in the CCA of 7.875± 0.922mm with a diameter change of 0.456±
0.167mm. Assuming a circular cross-section, the resulting mean area change is 5.6 mm2. As
can be seen from the Bland-Altman plots in Figure 5.4, this expected area change is smaller
than the limits within which the manual area change measurements of the two observers
agree. This indicates that manual assessment of the carotid artery distensibility is a difficult
task, if feasible at all. This can also be seen in Figure 5.5a which shows a large spread in the
normalized graphs, due to measurement errors. This interobserver variability is also noted
in the study by Ganten et al. (2008) on the aortic distensibility measurements although they
do not show any numbers to confirm this. The corresponding automatic measurements (Fig-
ure 5.5c) show less variation. Note that this decreased variation in the curves is not due to
smoothing caused by the automatic method, because the area changes within one heart cycle
of a single patient are still captured.

The large variation in the manual measurements shown in Figure 5.3 and 5.4 also ex-
plains the poor correlation with the automatic measurements. This variation may be caused
by the fact that the same centerline was used to create the MPRs on all time points. Therefore
translations of the carotid artery along the centerline will result in measurements at different
physical positions throughout the cardiac cycle. This procedure, however, was also pursued
in previous studies on CTA distensibility measurements (Zhang et al., 2007; Ganten et al.,
2008;Weber et al., 2009; Xiong and Taylor, 2010; Biesdorf et al., 2011). The online available sup-
plemental material and the movies on the website show the deformation of a carotid artery
during one heart cycle which confirms this longitudinal movement. Drawing a centerline at
each time point of the RR-interval and creating newMPR images at manually selected corre-
sponding positions could improve the manual procedure but would also make it much more
time consuming.

The conclusion that manual lumen annotations are not sufficiently precise to derive dis-
tensibility, leaves us with the lack of a good reference standard for evaluating our automatic
method. US measurements can neither provide a good reference standard as they assume a
circular vessel cross-section, which is not valid in the investigated bifurcation area. To cope
with the lack of a reference standard other evaluation methods should be considered. One of
these evaluation methods was to use synthetic deformations, in which the true distensibility
is known. Although the deformation sizes in our synthetic experiments are realistic the noise
realization in both the static and deformed images is the same (they come from the same
image). In real practice the noise distribution will be the same for the whole time series of
the cardiac cycle (same scanning protocol) but the noise realizations will be different. The
synthetic method can still be used to provide an indication of algorithm performance and
for algorithm comparison. The experiments using synthetic deformations show that the au-
tomatic measurements slightly underestimate the lumen area. This error however is smaller
than the desired precision.
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Comparing the 4D and 3D registration method we can see that the 4D method produced
slightly smaller errors for the experiments using synthetic deformations although the differ-
ence is small. The correlation between the 4D method and the manual measurements is a bit
higher, but as noted above, the manual measurements are not sufficiently precise to be used
as reference standard. The standard variation of the curves for the 4Dmethod is smaller (Fig-
ure 5.5b and 5.5c) and the area curves are more smooth (Figure 5.5e and 5.5f). We therefore
conclude that the 4D registration method is the preferred method for the automatic disten-
sibility measurements.We investigated the influence of spatial (caused by registration errors
and the reconstruction kernel) and temporal (caused by the 4D reconstruction) blurring on
the measured distensibility. This influence is small for the relevant blurring scale.

We used a second experiment to evaluate the automatic measurements without using
the manually defined reference standard. In this experiment we investigated if the auto-
maticmeasurements could reproduce known associations of themeasureddistensibilitywith
general cardiovascular risk factors. The manual measurements show an association between
smoking and the distensibility of the right CCA. However, the distribution of these disten-
sibility values is very skewed as can be seen in Table 5.3. The automatic method shows a
significant reduction in carotid artery distensibility for patients suffering from hypertension
compared to normotensive patients. This relation is consistently found for both the left and
right CCA. This relation was not found for the manual measurements. The fact that this ob-
served relation between the cardiovascular risk factors is consistent with literature (Laurent
et al., 1994; Liang et al., 2001) supports our conclusion that automatic measurement is more
reliable than manual measurement.

5.5.1 Availability of the data
All CTA datasets and the related patient information used in this study are made available
through our website (http://ctadist.bigr.nl). Of each patient a 4D CTA image and a descrip-
tion containing the following parameters are available: sex, age, systolic BP, diastolic BP, di-
abetes, hypercholesterolemia, hypertension, smoking. This data can be used to verify our
results or to design a new improved method. For the first 20 subjects also animations are
provided of the movement of the carotid artery during a single heart cycle.

5.6 Conclusion
In conclusion, we presented and evaluated two automatic methods for measuring the carotid
artery distensibility in 4DCTAdata, and evaluated the feasibility ofmanually performing the
same measurements. Our experiments demonstrated that measuring distensibility based on
manual lumen annotations is not sufficiently precise, as the variance in the area change mea-
surements is of the same order of magnitude as the expected distensibility area changes. In
contrast, the automatic methods show good performance on synthetic data, and were able to
reproduce known relationswith cardiovascular risk factors, demonstrating that distensibility
measurement using our automatic method is feasible.
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6.1 Introduction
There is an increase in the prevalence of cardiovascular diseases (CVD), and currently it is
the leading cause of death in the western world (Roger et al., 2011). Atherosclerosis, a disease
of the vessel wall, is the primary cause of cardiovascular disease. Thickening of the vessel
wall due to atherosclerosis may lead to narrowing of the lumen which in turn decreases the
blood and oxygen supply proximal to the stenotic region. In the case of the carotid artery this
may lead to cerebral ischemic events. Finding parameters that can predict the formation of
atherosclerotic plaque is therefore of the utmost importance.

Arterial wall elasticity is considered as biomarker for plaque formation as it is associated
with accumulation of atherosclerotic plaque (Newman et al., 1971; Christensen andNeubauer,
1988). The elasticity of the carotid artery can be described by the well established cross-
sectional measure distensibility (D), but also by a measure in the direction of the blood flow,
the longitudinal deformation (L). The vessel distensibility D is defined (Laurent et al., 2006)
as the maximum change in cross-sectional area during a heart cycle, relative to the pressure
change, scaled by theminimumarea.L describes a shearing deformation of the intima-media
complex with regard to the adventitia tissues. These vessel wall layers have been shown to
undergo a distinct, cyclic and reproducible deformation during the cardiac cycle (Persson
et al., 2003).

Traditionally, D is assessed by acquiring a 2D (B or M-mode) ultrasound (US) image se-
quence parallel to the centerline of the carotid artery (Van Popele et al., 2001; Pannier et al.,
2002) and subsequentlymeasuring theminimum andmaximum vessel wall distances during
one or more heart cycles. Assuming a circular cross-section, the required area measures are
then calculated. Several studies have demonstrated the feasibility of distensibility measure-
ment in large vessels like the aortic arch and abdominal aorta, using ECG-gated CTA (Weber
et al., 2009; Ganten et al., 2008; Zhang et al., 2007). An advantage of CTA over ultrasound is
that the true cross-sectional area can bemeasured, and thus non-circular cross-sections can be
accounted for. In Chapter 5 we introduced an automated method to measure the carotid dis-
tensibility on 4D ECG-gated Computed Tomography Angiography (CTA) images. This study
also showed there is a statistically significant relation between the presence of hypertension
and the measured distensibility.

In recent years B-mode US imaging has also been used to investigate L (Ahlgren et al.,
2009, 2012; Zahnd et al., 2011) and has been shown to be associated with the presence of car-
diovascular risk factors (Ahlgren et al., 2009, 2012; Zahnd et al., 2011). Also it has been shown
to be an independent marker from traditional risk markers and providing a better screen-
ing potential for very early-stage atherosclerosis, i.e. before there is plaque formation (Zahnd
et al., 2012). Therefore, despite the fact that L has gained little attention yet, it constitutes a
relevant and complementary risk marker that could improve the characterization of vascular
health.

In this study, we aim to investigate the relation between D and L, and their relation with
four cardiovascular risk factors in a study group of patients with ischemic cerebrovascular
symptoms. To the best of our knowledge, this is the first study to assess L in CTA imaging.
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CTA imaging seems a well-suited modality for assessing L, as the 3D representation permits
to simultaneously assess L over the entire circumference of the lumen.

The remainder of this paper is organized as follows: Section 6.2 provides the characteris-
tics of the study population and image acquisition protocol, describes themethod tomeasure
the D and L, and explains the statistical analysis. The results of the analysis are presented in
Section 6.3. The paper closes with a discussion in Section 6.4.

6.2 Materials and methods
6.2.1 Image acquisition
After Institutional ReviewBoard approval, 81 4DCTAdatasets of patientswith ischemic cere-
brovascular symptoms who underwent CTA of the carotid arteries for clinical workup were
acquired. Selection of patients was based on the availability of Dual-sourcemulti-detector CT
(DSCT) scanning equipment for this research protocol. All patients (mean age 65 ± 9 y.o.; 48
male, 33 female) gave written informed consent. Scanning was performed on a 64-slice Dual-
source multi-detector CT (DSCT) scanner (Siemens, SOMATOMDefinition, Forchheim, Ger-
many). First, a non-gated DSCT Angiography (DSCTA) of the carotid arteries was performed
which ranged from the aortic arch to the circle of Willis followed by an ECG-gated DSCTA.
The ECG-gated DSCTA had a scan range of 40 mm. Scan parameters were: 120 kVp, 150
mAs/rotation, collimation 32× 0.6 mm with double sampling in the longitudinal direction,
table feed 3.8 - 7.7mm/rotation, pitch 0.2 - 0.4, in which the pitch and table feedwere variable
by heart rate. All patients received 80 ml contrast material (Iodixanol 320 mg/ml, Visipaque,
Amersham Health, Little Chalfont, UK), followed by 40 ml saline bolus chaser, each at an
injection rate of 4 ml/sec. The ECG-gated DSCTA data was used to reconstruct multiphase
4D datasets at 8% steps of the cardiac RR interval, resulting in 13 3D CTA images per patient.
Image reconstructions were made with a 12 cm field of view, a matrix size of 512× 512 (real
in-plane resolution equals 0.4× 0.4 mm2), a slice thickness of 1.0 mm, a reconstruction incre-
ment of 0.6 mm and an intermediate (B31f) reconstruction kernel. We excluded six patients
because of insufficient image quality and one patient because of the presence of a carotid
stent. Blood pressure was measured using an arm cuff during two episodes of continuous
measurements. The average of these two measurements was registered and brachial pulse
pressure (∆P) was calculated as the difference between mean systolic and mean diastolic
pressure.

We obtained clinical measures and information on risk factors and medication during
the patient’s visit at the outpatient clinic. Subjects were categorized as ever or never smok-
ing. Hypertension was defined as systolic blood pressure over 140 mm Hg and/or diastolic
blood pressure over 90 mm Hg during two episodes of at least 15 minutes of continuous
non-invasive blood pressure measurement and/or treatment with antihypertensive medica-
tion. Blood-pressure-lowering drugs comprised ACE-inhibitors, calcium-antagonists, beta-
blockers, and diuretics. Hypercholesterolemia was defined as fasting cholesterol over 5.0
mmol/l, and/or use of cholesterol-lowering drugs. Diabetes was defined as fasting serum
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glucose levels over 7.9 mmol/l, nonfasting serum glucose levels over 11.0 mmol/l, or use of
antidiabetic medication.

6.2.2 Measurement method
In this section the definitions of D and L are given as well as a description of the method to
measure those quantities on 4D CTA data.

The carotid artery distensibility D is defined (Laurent et al., 2006) as:

D =
∆A

Amin∆P
(6.1)

where ∆A is difference between the maximal and minimal cross-sectional area during one
heart cycle, Amin is the minimal cross-sectional area and ∆P is the pulse pressure. D is aver-
aged over a section of 3.5 mm.

The distensibility measurement of the carotid artery on 4D CTA is based on the method
introduced in Chapter 5. This method was extended to also enable assessment of L. Below
follows a short description of the original method followed by the modifications. For details
about the original method we refer to Chapter 5.

The deformations of the carotid artery during a heart cycle are obtained by combining a
4D registration method (Metz et al., 2011) and a levelset based segmentation method (Man-
niesing et al., 2010). The 4D registration aligns all cardiac phases of the 4D image and also
finds the displacement between these phases. The registered images are combined to create a
single 3D image with improved signal-to-noise (SNR) ratio. On this 3D image the carotid lu-
men border is found by the segmentation method. This segmentation method requires only
two seed points to create a complete surface model of the lumen: one in the Common Caro-
tid Artery (CCA) and one in the Internal Carotid Artery (ICA). The VMTK package (Antiga
and Steinman, 2004) is then used to robustly find the centerline of the vessel. Cross-sectional
planes perpendicular to this centerline are then created at an interval of 0.5mm. The deforma-
tions within the cross-sectional plane are calculated from the displacements as determined
by the registration, and the plane normal vector. These deformations lead to theminimal area
and maximum area change over a single heart cycle. Together with the pulse pressure, these
measurements lead to an estimate of the distensibility of the carotid artery for each position
along the centerline.

While the definition ofD iswell established, there is no standardmeasure forL. Therefore
we define ameasure analogous toD (see Figure 6.1 for a visualization of this definition). First
we compute L(x, t) for every position x along the centerline and for all cardiac phases t:

L(x, t) =
1

N∆P

N

∑
i=1

(Ti(x, t)− T ′
i (x, t)) · n(x) (6.2)

the summation is over the N points of a discretized cross-sectional contour (inner circle in
Figure 6.1), ∆P is the pulse pressure, T i is the displacement at position i on the contour with
respect to the first phase of the cardiac cycle (arrows of the inner circle in Figure 6.1), T ′i
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Figure 6.1: Visualization of the movement of the lumen border (inner circle of arrows) and the refer-
ence movement (outer circle of arrows) of an expanded (visualized by the lines connecting the two
arrow sets) contour. The dots indicate the artery centerline. The shown plane is perpendicular to
this centerline. The arrow in the middle of the lumen is the unit normal vector perpendicular to the
cross-sectional plane. (vectors are scaled by a factor two for illustration purposes).

is the displacement (outer circle arrows in Figure 6.1) of a reference position (outer circle
in Figure 6.1) and n is a unit vector in the direction of the centerline (arrow in the center
of Figure 6.1). To obtain the reference positions, the analyzed lumen contour is expanded
by 10 mm. For each centerline position x we take the difference between the maximum and
minimum value of L(x, t) over a complete heart cycle and average this difference value over
a section of 3.5 mm (seven contours at intervals of 0.5 mm along the centerline):

L =
1
7

7

∑
i=1

(max
t

(L(xi, t))−min
t
(L(xi, t))) (6.3)

where max and min are taken over all cardiac phases t. This measure thus reflects the move-
ment of the lumen artery per pressure unit (mm/MPa) with respect to its surrounding tissue
in the direction of the centerline during one heart cycle.

For each patient fourmeasurement aremade of bothD andL: proximal to the bifurcation
in the right and left CCA, and approximately 1 cm distal to the bifurcation in the right and
left ICA. Both CCA as well as both ICA measurements are averaged, resulting in two D and
Lmeasurements per patient.

6.2.3 Statistical Analysis
The correlation between the CCA and ICA measurements and between D and L is investi-
gated using the Pearson correlation coefficient. For D and L also the scatter plots of both the
CCA and ICA measurements are made.

In order to assess the relation ofD and Lwith cardiovascular risk factors, a general linear
model (Mardia et al., 1979) is applied. For the aorta the elasticity is known to be decreasing
with age, and differs between male and female (Rose et al., 2010; Natoli et al., 2005; Waddell
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Absent Present

Risk factor | ~ age ∆P | ~ age ∆P

Diabetes 31 19 64.0 55± 13 12 11 63.3 61± 14
Hypercholesterolemia 11 5 65.3 55± 14 32 25 63.4 57± 14
Hypertension 20 12 62.7 52± 11 23 18 64.6 61± 15
Smoking 9 14 67.1 56± 10 34 16 62.3 57± 15

Table 6.1: Distribution of the patients over the the two groups (Absent and Present) for the different
risk factors, as well as mean age and pulse pressure in mm Hg ± standard deviation.

et al., 2001). Because we expect the same effect for the carotid artery, we use the age and sex of
patients as covariates in our analysis. In a first experiment we use a basic model considering
only age and sex as covariates. In a second experiment we apply an extendedmodel in which
all other risk factors are used as covariates, besides age and sex.

To test the normality assumption a visual inspection of the measurement histograms is
performed followed by a Shapiro-Wilk test (Shapiro and Wilk, 1965) and if necessary the
distribution is normalized through an appropriate data transformation. For both the D and
L, outliers are identified based on the outlier labeling rule (Hoaglin and Iglewicz, 1987). The
measurements of a patient are removed if theCCAand/or ICAmeasurement falls outside the
interval [Q1− 2.2(Q3−Q1), Q3+ 2.2(Q3−Q1)], where Q1 and Q3 are the higher end of the
first and third quartile respectively. The descriptive power of the predictors in the extended
model is tested by inspection of the scatter plots and the Pearson correlation coefficients ofD
and L vs. their predicted values D̂ and L̂ for both the CCA and ICA measurements.

All statistical analyses are carried out using SPSS version 20.

6.3 Results
According to the Shapiro-Wilk test the outcome measures D and L are not normally dis-
tributed. To normalize the distribution of the measurements the logarithm (base 10) is taken.
Based on the outlier labeling rule the measurements of one patient are removed. Table 6.1
shows how the patient group is distributed over the different risk factors. In Table 6.2 the
means and standard deviations of the original CCA and ICA measurements are shown for
each of the risk factors while ignoring the other risk factors. The log transformed measure-
ments are shown in Table 6.3. The Pearson correlation coefficients of log(D) and log(L) for the
CCA and ICAmeasurements are given in Table 6.4. Figure 6.2 visualizes the relation between
log(D) and log(L) for the CCA and ICA.

The left side of Table 6.5 shows the p-values from the basic model. In these tests there
are two statistically significant (p < 0.05) results for the log(D) measurements of the CCA.
There is a statistically significant difference in mean log(D) for patients suffering from dia-
betes and/or hypertension. FromTable 6.2we can see thatD in theCCA is smaller for patients
with these risk factors. The right side of Table 6.5 shows the p-values for the extendedmodel.
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D (1/MPa) L (mm/MPa)

Absent Present Absent Present

Risk factor µ σ µ σ µ σ µ σ

C
C
A

Diabetes 26 11 23 14 42 41 35 18
Hypercholesterolemia 24 16 25 11 43 49 39 31
Hypertension 29 14 22 10 50 49 32 15
Smoking 23.0 8.2 26 14 40 43 39 32

IC
A

Diabetes 14.0 8.7 14.4 6.4 48 25 51 35
Hypercholesterolemia 13.0 6.5 14.5 8.4 44 25 50 29
Hypertension 15.3 7.9 13.3 8.1 51 25 48 31
Smoking 11.9 5.1 15.2 8.9 38 12 54 32

Table 6.2: Means (µ) and standard deviations (σ) of D and L measurements in the CCA and ICA
for the two groups of each of the risk factors (Absent and Present).

log(D) (−log(MPa)) log(L) (log(mm/MPa))

Absent Present Absent Present

Risk factor µ σ µ σ µ σ µ σ

C
C
A

Diabetes 1.38 0.17 1.29 0.25 1.50 0.30 1.49 0.24
Hypercholesterolemia 1.31 0.25 1.36 0.19 1.49 0.32 1.50 0.27
Hypertension 1.42 0.19 1.30 0.19 1.56 0.32 1.45 0.23
Smoking 1.34 0.15 1.35 0.22 1.49 0.26 1.50 0.29

IC
A

Diabetes 1.08 0.23 1.12 0.21 1.63 0.23 1.63 0.24
Hypercholesterolemia 1.08 0.18 1.10 0.23 1.57 0.26 1.64 0.22
Hypertension 1.14 0.19 1.06 0.23 1.66 0.22 1.61 0.24
Smoking 1.04 0.17 1.12 0.23 1.56 0.15 1.66 0.26

Table 6.3: Means (µ) and standard deviations (σ) of log(D) and log(L) measurements in the CCA
and ICA for the two groups of each of the risk factors (Absent and Present).

With this extended model only the result for the D measurement of the CCA in relation to
the presence of hypertension remains statistically significant.

Figure 6.3 shows a scatter plot of the predicted versus the measured elasticity parame-
ters and their Pearson correlation coefficients, using the extended model for prediction of
measurements based on cardiovascular risk factors, age and sex.
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1. 2. 3. 4.

1. log(D) CCA 1.0
2. log(D) ICA 0.53 1.0
3. log(L) CCA 0.55 0.35 1.0
4. log(L) ICA 0.46 0.48 0.38 1.0

Table 6.4: Pearson correlation coefficients between the log(D) and log(L) measurements of the CCA
and ICA.
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Figure 6.2: Scatterplot of log(L) in (log(mm/MPa)) vs. log(D) in −log(MPa) for the (a) CCA and
(b) ICA.

6.4 Discussion
In this paper we presented a method to measure the carotid artery wall elasticity in the ra-
dial and longitudinal direction, i.e. the distensibility (D) and longitudinal deformation (L).
Both these measures were calculated in an automated fashion from 4D ECG gated CTA im-
ages. We investigated the relation between D and L and between both measures and four
cardiovascular risk factors.

The mean measured L in the study population as shown in Table 6.2 was comparable to
the average fromprevious studies (Ahlgren et al., 2009, 2012; Zahnd et al., 2011, 2012). There is
a moderate correlation between the D and Lmeasurements (R2 ≈ 0.5). The moderate corre-
lation betweenD and L supports previous work showing that L is an independent predictor
for atherosclerosis (Zahnd et al., 2012).

We found a statistically significant relation between hypertension and the distensibility of
the common carotid artery: patients suffering from hypertension on average have a reduced
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Basic model Extended model

log(D) log(L) log(D) log(L)

risk factor CCA ICA CCA ICA CCA ICA CCA ICA

Diabetes 0.044 0.60 0.71 0.97 0.14 0.43 0.92 0.93
Hypercholesterolemia 0.51 0.84 0.89 0.37 0.088 0.49 0.66 0.20
Hypertension 0.014 0.21 0.10 0.49 0.016 0.095 0.10 0.22
Smoking 0.89 0.56 0.88 0.19 0.67 0.52 0.91 0.14

Table 6.5: Significance values for the basic and extended model. The statistically significant (p<0.05)
values are shown in bold font.

distensibility, i.e. they have stiffer vessels. This association confirms the results that were re-
ported in Chapter 5, where the statistical analysis was based on multiple Mann-Whitney-U
tests, not correcting for multiple comparisons, age and sex. In the current work we used age
and sex as covariates and also tested if the association hold when using all remaining risk
factors as covariates.

Although not statistically significant in our population, inspecting the mean values in
Table 6.2 reveals that there may be a small effect of CCA hypertension in relation to L. In
Table 6.5 this relation also has the smallest p-value of all test for L for both the basic and
extended model.

The capability of the total model to predictD and L is shown in Figure 6.3. From this fig-
ure it can be concluded thatD is better predictable from the used cardiovascular risk factors,
age and sex than L. Also the correlation of D and D̂ is larger for the CCA than for the ICA.

The patients in this study all had ischemic cerebrovascular symptoms, therefore the con-
clusions may not generalize to another population. This makes it difficult to compare the
results of this study to previous studies in which a difference in L for patients with andwith-
out diabetes was found (Zahnd et al., 2011). The “control” group for the non-diabetic patients
in our study were not healthy subjects, which may be the cause of no statistically significant
difference in mean L between the groups.

Another cause of the discrepancy with Zahnd et al. (2011) may be the use of CTA vs. US.
The order of magnitude of the assessed longitudinal deformation has been reported to be one
millimeter, estimated in vivowith high accuracy inUSB-mode imaging using an experimental
setup (Cinthio et al., 2005) as well as on a larger clinical database (Zahnd et al., 2013). The
resolution of the CTA images was 0.4× 0.4× 1.0 mm3 which is much coarser than what can
be achieved using B-mode US, where the pixel size is usually around 30 µm2. The lower
resolution of the CTA images as compared to the US makes it much harder to capture small
deformations described by L.

For smaller vessels, the magnitude of D and L also becomes smaller, and it is more diffi-
cult to quantify them. This may explain the lack of statistically significant results for all ICA
measurements as this artery is smaller than the CCA.
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Figure 6.3: Scatterplot of log(D̂) vs. log(D) in −log(MPa) on the top row and log(L̂) vs. log(L) in
(log(mm/MPa)) on the bottom row for the CCA (left column) and ICA (right column), respectively.

The method to measure D described in this study may be used to perform automated
measurements to assess the carotid artery elasticity. The results from this study also suggest
that a higher spatial resolution is required to assessL, which can be achievedusingUS. Future
work should focus on comparison of CTA and US to investigate which modality results in
more accurate elasticity measurements.

In conclusion, we presented a method to measure the distensibility and longitudinal de-
formations of the carotid artery onCTA image. The study described in this paper confirms the
previously found relation between hypertension and carotid artery distensibility in a more
thorough statistical analysis. For the longitudinal deformations we measured values that are
comparable to those reported in previous studies with US, but we could not confirm, in our
population, previously reported associations with cardiovascular risk factors.
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Summary and discussion
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7.1 Summary

Medical imaging techniques such as magnetic resonance imaging (MRI) and computed to-
mography (CT) play an important role in the diagnosis and treatment of cardiovascular dis-
ease. Extraction of quantitativemeasures, which are related to the presence or state of the dis-
ease, is important to optimally exploit the information that is present in the image. Objective
analysis of MRI and CT images can be achiefed efficiently by using automated analysis tech-
niques. Relevant quantitative measures derived from images are called quantitative imaging
biomarkers (QIBs). In this thesis we present and evaluate several methods to measures QIBs
related to atherosclerosis of the carotid artery.

The first QIB that is considered in this thesis is lumenal stenosis. In Chapter 2 the state-
of-the-art CT angiography (CTA) techniques are described. Using CTA blood vessels can
be imaged. From these images the degree of stenosis and the increase of the wall volume
caused by atherosclerosis can be determined using (semi)automated analysis software. This
enables studying different disease stages without any surgical intervention. In Chapter 3 an
evaluation framework that allows a standardized, objective and quantitative comparison of
carotid artery lumen segmentation and stenosis grading algorithms is presented. The basis
of such a freamework is a representative set of imaging data with an accurate estimate of
the QIB to be extracted (reference standard). We described the data repository comprising
56 multi-center, multi-vendor CTA datasets, the creation of the reference standard and the
evaluation measures. This framework has been introduced at the MICCAI 2009 workshop
3D Segmentation in the Clinic: A Grand Challenge III. We compared the results of eight teams
that participated in this challenge. These results show that automated segmentation of the
vessel lumen is possible with a precision that is comparable to manual annotation. Although
(semi)automated stenosis grading is a logical next step after lumen segmentation, this step is
seldomly made. The results of the three teams that submitted semi-automated stenosis grad-
ing showed that manual measurements is still muchmore precise. The framework is open for
new submissions through the website http://cls2009.bigr.nl. To date 14 teams have submit-
ted lumen segmentation results and three teams have submitted stenosis grading results. In
Chapter 4wepresented and evaluated amethod for carotid vesselwall volume quantification
on MRI data. The method for lumen and outer wall segmentation combines two segmenta-
tion techniques: one based on “deformable models” and a correction step based on pattern
recognition techniques. After selecting two initialization points, the vessel wall volume in a
region around the bifurcation is automatically determined. The method was trained on eight
datasets (16 carotids) from a population based study in the elderly. For this training set one
observer manually annotated both the lumen and outer wall. Evaluation was performed on
a separate set of 19 datasets (38 carotids) from the same study for which two observers made
manual annotations. On the test set Wall volume and normalized wall index measurements
resulting from the manual annotations were compared to the automatic measurements. Our
experiments show that the results of the automated method are comparable to the manual
measurements. All image data and annotations used in this study together with themeasure-
ments are publicly available through the website .
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In Chapter 5 the focus shifted to carotid artery distensibility, a measure for the elasticity
of the vessel wall. In this chapter we investigated the feasibility of measuring carotid artery
distensibility on 4D CTA. We investigated this for both manual measurements (38 images)
and using automated methods (76 images). On a subset (10 images) of the manual measure-
ments a second observer performed manual measurements. The inter-observer variability
was assessed using a Bland-Altman analysis. Since the inter-observer variability was very
large, we concluded that the distensibility cannot reliably measured using manual annota-
tion. We compared two versions of the automatic method: one using 3D registration and one
using a 4D registration method. The latter resulted in more smooth deformations over time.
The automatic method was evaluated using a synthetic deformation and by investigating
whether known relations with cardiovascular risk factors could be reproduced. The relation
between the distensibility and cardiovascular risk factors was tested with aMann-Whitney U
test. Automatic measurements revealed an association with hypertension whereas the man-
ualmeasurements did not. This relation has also been found in previous studies.We conclude
that carotid artery distensibility measurements should be performed automatically and that
the method described in this chapter is suitable for that. All CTA datasets and related clin-
ical data used in this study can be downloaded from our website (http://ctadist.bigr.nl). In
Chapter 6 we further analyzed the relation between cardiovascular risk factors and carotid
artery wall elasticity. Besides the distensibility, in this Chapter we investigated the longitu-
dinal deformation. For the measurements of this deformation in the direction of the center-
line we also presented an automated method. The relation with the following cardiovascular
risk factors was analyzed: diabetes, hypercholesterolemia, hypertension and smoking. Tradi-
tionally, both the distensibility and the longitudinal deformations are measured using ultra-
sound. In this study we investigated the possibility to measure these quantities using CTA
imaging data. CTA images have the advantage that they allow fully three-dimensional mea-
surements. We analyzed the distensibility and longitudinal deformations in 81 patients with
ischemic cerebrovascular symptoms, and investigated their relation with the four mentioned
cardiovascular risk factors. For each risk factor, statistical analyses were performed with a
general linear model, using i) a basic model considering only age and sex as covariates, and
ii) an extendedmodel considering age, sex, and the other risk factors as covariates.We found a
moderate correlation between the distensibility and the longitudinal deformations of around
0.5. The average distensibility was 24± 1 (MPa)−1 (mean ± standard deviation) in the CCA
and 14.2± 0.9 (MPa)−1 in the ICA. The longitudinal deformations were 40± 35 mm/MPa
in the common carotid artery and 49± 28 mm/MPa in the internal carotid artery. We found
a statistically significant decrease in the mean distensibility of the common carotid artery
for patients suffering from hypertension. This relation remained significant after correction
for age, sex and the other three investigated risk factors. No significant associations of the
longitudinal deformations with any of the cardiovascular risk factors were found.
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7.2 Discussion
The purpose of the research presented in this thesis was to develop and evaluated methods
for the automatedmeasurement of QIBs for atherosclerosis of the carotid artery in order to re-
duce the required manual labor and eliminate the inter- and intra-observer variability. While
not fully automatic, the methods presented in this thesis require only two or three mouse
clicks. Manual measurements of the presented quantitative imaging biomarkers would re-
quire drawing many (i.e. tens to hundreds) contours. The limited amount of user interaction
makes the presented methods suitable for large scale analysis and makes the introduction
of these QIBs in epidemiological studies and clinical trails feasible. Such large studies would
enable further evaluation of the diagnostic value of the measured imaging biomarkers.

The evaluations presented in this thesis show that automatedmeasurement can approach
or even exceed the precision of the manual measurements. The best lumen segmentation
method discussed in Chapter 3 has a Dice coefficient which is larger and a mean surface
distance which is smaller than the average variation between the three manual annotations.
The results from Chapter 5 show that the variation in manual annotations is too large to be
able to measure the subtle changes in cross-sectional area of the carotid during a heart cycle.
As shown in this chapter the automated method appears to be able to capture these small
deformations.

All studies described in this thesis had a cross-sectional setup. To study the value of the
presented QIBs for e.g. the prediction of the progression of carotid artery atherosclerosis a
longitudinal study design would be required. Except for the imaging data of the evaluation
framework presented in Chapter 3 all study populations presented in this thesis were single
center and single vendor. Multi-center and multi-vendor experiments would be required to
be able to port these methods into clinically usable products.

One of the key characteristics of scientific research is reproducibility. If a scientific exper-
iment is not repeatable it is not differentiable frommiracles or legends Ibanez and Schroeder
(2010). This reproducibility should first of all be possible for the researcher himself. For re-
search fields in which the implementation of a scientific method plays an important role in
gathering the results, maintaining a well organized source code repository is essential to be
able to achieve this reproducibility. In principle the publication of a method in a scientific
journal should suffice for the reader to make his own implementation. But to reproduce the
presented results also the data is needed. Researchers in the field of biomedical image pro-
cessing often are not the owner for the data on which they develop their algorithms, but
sharing of data should be advocated as much as possible Johnson et al. (2006).

The data used in the studies presented in this thesis have been made publicly available
through variouswebsites. This enables other researcher to reproduce our results and encloses
an invitation to improve on them, and to compare with the results of other methods.
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Samenvatting

Medische beeldvormende technieken, zoals magnetic resonance imaging (MRI) en
computed tomography (CT), spelen een belangrijke rol in de diagnose en behan-
deling van cardiovasculaire aandoeningen. Het extraheren van kwantitatieve gege-
vens uit deze beelden, die iets zeggen over de aanwezigheid en ernst van de ziekte,
is belangrijk voor het optimaal benutten van de informatie die in deze beelddata be-
schikbaar is. De analyse van MRI- en CT-beelden kan objectief en efficiënt worden
uitgevoerd door deze te automatiseren. Relevante kwantitatieve parameters die uit
beelddata worden verkregen, worden ook wel “Quantitative Imaging Biomarkers”
(QIBs) genoemd. In dit proefschrift beschrijven en evalueren we een aantal metho-
den voor het extraheren van QIBs die gerelateerd zijn aan atherosclerose van de
halsslagader (arteria carotis of kortweg carotis).

Allereerst behandelen we de vernauwing van het lumen, de stenosegraad. In
Hoofdstuk 2 beschrijven we de huidige state-of-the-art in CT angiography (CTA)
technieken. Met behulp van CTA kunnen bloedvaten worden afgebeeld. Uit deze
beelden kan daarna de stenosegraad en de door atherosclerose veroorzaakte vaat-
wandverdikking (plaque) bepaald worden met behulp van (semi-) automatische
analysesoftware. Dit maakt het mogelijk de verschillende stadia van de atheroscle-
rose in het bloedvat te volgen zonder dat daarvoor een chirurgische ingreep no-
dig is. In Hoofdstuk 3 is een evaluatiesysteem beschreven voor de gestandaardi-
seerde, objectieve en kwantitatieve vergelijking van methodes voor lumensegmen-
tatie en stenosegraadmetingen van de carotis. De basis van zo’n evaluatiesysteem
is een set representatieve beelddata, waarin de te bepalen QIB nauwkeurig bekend
is (referentiestandaard). In dit hoofdstuk beschrijven we de database met beelddata
-bestaande uit 56 CTA-datasets- en de manier waarop de referentiestandaard is ver-
kregen. De CTA-data zijn verzameld bij verschillendemedische centra en verkregen
met behulp van scanners van verschillende fabrikanten. Dit evaluatiesysteem is in
2009 geïntroduceerd tijdens de MICCAI-workshop 3D Segmentation in the Clinic: A
Grand Challenge III. We vergelijken de resultaten van acht teams die aan deze work-
shop deelnamen. De resultaten laten zien dat met automatische lumensegmentatie
een vergelijkbare precisie kanworden bereikt alsmet handmatige annotatie.Hoewel
de (semi-)automatische kwantificatie van de stenosegraad een logische vervolgstap
op lumensegmentatie is, blijkt deze stap nog niet vaak gemaakt te worden. De re-
sultaten van de drie teams die een semi-automatische stenosegraadmeting hebben
geëvalueerd, laten zien dat de handmatige metingen veel nauwkeuriger zijn. Het
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evaluatiesysteem staat open voor nieuwe inzendingen en is beschikbaar via deweb-
site http://cls2009.bigr.nl. Op dit moment hebben 14 teams resultaten ingestuurd
voor de lumensegmentatie en drie teams voor de stenosegraadmetingen.

In Hoofdstuk 4 is een methode gepresenteerd en geëvalueerd voor de kwantifi-
catie van het vaatwandvolume van de carotis in MRI data. De gepresenteerde me-
thode voor lumen- en buitenwandsegmentatie combineert twee segmentatietech-
nieken: een techniek gebaseerd op “deformable models” en een correctiestap door
middel van patroonherkenningstechnieken. Na het initialiseren van het algoritme
met twee punten, wordt het vaatwandvolume in een gebied rond de bifurcatie au-
tomatisch bepaald. De methode is getraind op acht datasets (16 carotiden) uit een
populatiestudie onder ouderen. Deze trainingsset is door een waarnemer manueel
geannoteerd. De evaluatie is gebaseerd op een aparte set van 19 datasets (38 ca-
rotiden) uit dezelfde populatiestudie. Voor deze evaluatieset zijn door twee waar-
nemers handmatige annotaties gemaakt. Voor de evaluatieset zijn het vaatwand-
volume en de genormaliseerde vaatwandindex (verhouding tussen het lumen- en
vaatwandvolume) van de handmatige annotaties vergeleken met de automatische
metingen. Onze experimenten tonen aan dat de automatische metingen vergelijk-
baar zijn met de handmatige metingen. Alle beelddata en annotaties uit deze studie
zijn samen met de meetresultaten publiekelijk beschikbaar via de website .

InHoofdstuk 5 gaat de aandacht naar de distensibiliteit van de carotis, eenmaat
voor de elasticiteit van de vaatwand. In dit hoofdstuk hebben we de mogelijkheden
onderzocht om de distensibiliteit van de carotis te meten op vierdimensionale (4D)
CTA-beelddata. We hebben dit onderzocht zowel voor handmatige metingen (38
beelden) als voor een nieuwe automatischemethode (76 beelden). Op een deelverza-
meling (10 beelden) van de handmatige metingen heeft een tweede waarnemer ook
metingen verricht. De variatie tussen deze twee handmatige metingen (interwaar-
nemervariatie) is beoordeeld met behulp van een Bland-Altmananalyse. Uit deze
analyse bleek dat de precisie van de handmatige metingen te laag is om de distensi-
biliteit te kunnen meten. Twee automatische methodes zijn met elkaar vergeleken:
één gebaseerd op 3D-registratie en één gebaseerd op 4D-registratie. De 4D-methode
resulteerde in een veel gelijkmatiger deformatiepatroon in de tijd. De automatische
methode is geëvalueerd door gebruik te maken van synthetische deformaties en
door te onderzoeken of de methode bekende relaties tussen de distensibiliteit en
cardiovasculaire risicofactoren kon reproduceren. Deze relatie tussen distensibili-
teit en cardiovasculaire risicofactoren is onderzocht met een Mann-Whitneytoets.
De automatische distensibiliteitsmetingen bleken geassocieerd te zijnmet hyperten-
sie, terwijl de handmatigemetingen deze associatie niet hadden. Dit verband tussen
distensibiliteit en hypertensie is ook in andere studies gevonden. Onze conclusie is
dat distensibiliteitsmetingen voor de carotis met behulp van een automatische me-
thode dienen te worden uitgevoerd en dat de methode die in dit hoofdstuk wordt
beschreven daarvoor kan worden gebruikt. Alle CTA-datasets en de bijbehorende
klinische data die in deze studie zijn gebruikt, kunnen worden gedownload van de
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website http://ctadist.bigr.nl.
InHoofdsuk 6wordt de analyse van de relatie tussen cardiovasculaire risicofac-

toren en de elasticiteit van de carotis vervolgd. Behalve naar distensibiliteit wordt in
dit hoofdstuk gekeken naar de longitudinale deformatie. Voor de meting van deze
deformatie langs de vaatwandwordt ook een automatischemethode gepresenteerd.
De relatie met de volgende cardiovasculaire risicofactoren hebbenwe geanalyseerd:
diabetes, hypercholesterolemie, hypertensie en roken. Doorgaans wordt zowel de
distensibiliteit als de longitudinale deformatie gemetenmet behulp van echoscopie.
In deze studie hebbenwedemogelijkheden onderzocht ombeide grootheden teme-
ten met CTA-beelddata. CTA maakt het mogelijk volledig driedimensionale metin-
gen te verrichten.Wehebbendedistensibiliteit en longitudinale deformatie geanaly-
seerd voor 81 patiëntenmet ischemische cerebrovasculaire symptomen en de relatie
tussen deze metingen en de vier cardiovasculaire risicofactoren onderzocht. Voor
elke van de genoemde risicofactoren zijn twee statische analyses gedaan met een
General Linear Model: i) met een basis model waarin alleen leeftijd en geslacht als
covarianten zijn meegenomen, en ii) met een uitgebreid model waarin leeftijd, ge-
slacht en de andere risicofactoren als covarianten zijn meegenomen. We hebben een
matige correlatie tussen de distensibiliteit en longitudinale deformatie gevonden
van ongeveer 0.5. De gemiddelde distensibiliteit was 24± 1 (MPa)−1 (gemiddelde
± standaard deviatie) voor de carotis (communis) en 14.2± 0.9 (MPa)−1 voor de in-
terne carotis. De longitudinale deformaties waren respectievelijk 40± 35 mm/MPa
en 49± 28 mm/MPa. De groottes van deze waarden komen overeen met de bevin-
dingen uit eerdere op echoscopie gebaseerde studies. We vonden een statisch sig-
nificante daling van de distensibiliteit in de carotis communis voor patiënten met
hypertensie. Deze relatie bleef significant na de correctie voor leeftijd, geslacht en de
drie andere cardiovasculaire risicofactoren. Voor de longitudinale deformatie heb-
ben we geen significante associaties gevonden.

Samenvattend, hebben we in dit proefschrift de geautomatiseerde analyse van
de volgende vier aan atherosclerose van de carotis gerelateerdeQIBs onderzocht: de
stenosegraad, het vaatwandvolume, de distensibiliteit en de longitudinale deforma-
tie. Voor de laatste drie hebben we nieuwe geautomatiseerde methodes gepresen-
teerd en de nauwkeurigheid ervan geëvalueerd. Alle beelddata die in de gepresen-
teerde studies zijn gebruikt, hebben we online beschikbaar gemaakt. Dit maakt ver-
dere evaluatie en vergelijking met andere methodes mogelijk. Voor de lumenseg-
mentatie en stenosegraadmetingen hebben we daarnaast een online evaluatiesys-
teem opgezet. De gepresenteerde evaluaties laten zien dat MRI-vaatwandmetingen
en 4D-CTA-distensibiliteitsmetingen met behulp van de gepresenteerde geautoma-
tiseerde methodes kunnen worden verricht.
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Dankwoord

Aan de uitvoering van een muziekstuk gaat vaak een intensieve individuele voor-
bereiding vooraf. Iedereen oefent zijn eigen partij tot ze perfect klinkt, waarna een
dirigent die individuele bijdragen tot één geheel maakt en laat uitmonden in een
gezamenlijk kunstwerk. Het behalen van een doctorsgraad is eigenlijk het omge-
keerde. Tijdens het onderzoek zijn er heel veel mensen betrokken bij het discussi-
ëren over de onderzoeksvraag, het verzamelen van de benodigde data, het imple-
menteren van een algoritme en het schrijven van het artikel. Naarmate het einde van
het promotieonderzoek nadert, wordt het aantal deelnemers aan dat project gestaag
minder, tot je uiteindelijk in je eentje al het gedane werk moet verdedigen tegenover
de promotiecommissie.Maar hoewel er op het titelblad vanmijn proefschrift slechts
één naam prijkt, heb ik dit project natuurlijk niet alleen uitgevoerd. Graag wil ik ie-
dereen bedanken die op de een of andere manier aan de totstandkoming van dit
proefschrift heeft bijgedragen. Een aantal mensen wil ik hieronder in het bijzonder
bedanken.

Wiro, bedankt voor de mogelijkheden die je me hebt geboden. De positieve per-
spectieven en vertrouwen in de goede resultaten die ongetwijfeld op de genomen
keuzes zouden volgen, werkten sterk stimulerend. De ontspannen, maar gedreven
manier waarop jij de groep leidt zijn inspirerend en geven vertrouwen. Toen jij een
paar jaar geleden een ballonnetje opliet over het starten van een bedrijf dat onder-
zoekssoftware geschikt zou moeten maken voor klinisch gebruik, was ik meteen
enthousiast. Het heeft vervolgens nog lang geduurd, maar het bestaan van Quantib
is nu een feit en ik verheug me op de verdere samenwerking.

Stefan, je bent mijn copromotor, maar ik heb eigenlijk geen idee wanner je die
status gekregen hebt. Op een gegeven moment was je het gewoon. Ik heb veel be-
wondering voor je oog voor detail en je zeer nauwgezette lezing vanmijn papers die
na jouw commentaar de status van concept zelden te boven kwamen. Dat ze toch
gepubliceerd zijn, komt doordat je ook wist te motiveren. Ik moest me volgens jou
vaak maar “even kwaad maken” en dan was er weer een compleet nieuwe versie.
Commentaar van jou was ook zelden te weerleggen. Je had heel vaak gelijk. Be-
dankt voor je betrokkenheid en ik zie uit naar een verdere samenwerking rondom
elastix.

Theo, jij hebt me de eerste beginselen van OO geleerd en mijn kennis van C++
en STL verdiept. Je was altijd bereid mee te denken over programmeerproblemen,
onderzoeksopzetten en koffieapparaten en alle (niet)lineaire combinaties die daar-
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van te maken zijn. Ik kijk met veel plezier terug op de organisatie van de MICCAI
Carotide Challenge die ik samen met jou gedaan heb. Het was veel werk, maar ge-
lukkig konden we ook veel gebruiken van de Coronary Challenge die je samen met
Coert en Michiel had georganiseerd.

Als onderzoek je niet motiveert moet je niet gaan promoveren, maar bij BIGR is
de verleiding groot er alleen al vanwege de collega’s te gaan werken. Coert, Fedde,
Michiel en Renske, jullie zijn het langst mijn naaste collega’s geweest. Lang waren
jullie ook de sociale basis van de groep en werden bijna alle “buiten-BIGR-events”
door jullie georganiseerd. Ik denk met heel veel plezier terug aan alle borrels, eten-
tjes, de rodeklaversmiley, koffiesessies, jongleeroefeningen en filmavonden.

Coert en Renske, jullie zijn de meest constante factor in mijn carriëre tot nu toe.
We hebben veel samen beleefd en ik vind het fantastisch die collegiale band binnen
Quantib te kunnen voortzetten. Het is een eer jullie als paranimfen te hebben.

Toen ik voor het eerst bij BIGR kwam had de groep meer stafleden dan promo-
vendi en studenten bij elkaar en was er nog geen stuctureel ruimtetekort. Ik kreeg
een plek in een kamer aan de zuidkant van het gebouw, met uitzicht op de Maas.
Als een van de weinigen binnen BIGR heb ik mijn eerste kamer niet (hoeven te) ver-
laten. Al mijn kamergenoten moesten dat wel. Het aantal kamergenoten dat ik had
varieerde tussen de nul en vier. Ik begon bij Coert en Michiel op de kamer en nadat
die de veroverde ruimte op de 23e verdieping gingen verdedigen nam ik die taak
voor opme voor ‘mijn’ kamer. Deze periode van rust en eenzaamheid diende ook als
tussenperiode naar een lange tijd waarin ik slechts vrouwelijke kamergenoten had.
Achtereenvolgens kwamen en gingen Lejla, Danijela, Azadeh en Karin. De laatste
maanden kwam er weer een nieuw soort dynamiek in de kamer met het zuidelijk
temperament van Gerardo, Francesco en Jean-Marie. Iedereen bedankt voor zijn of
haar bijdrage aan de prettige sfeer die er altijd in Ee2108 aanwezig was.

Veel onderzoek van BIGR gebeurt in samenwerking met de afdeling Radiologie
en Epidemiologie. In het bijzonder heb ik in dit verband de samenwerking met Aad
van der Lugt gewaardeerd. Aad, jij hebt het vermogen de kliniek, het medisch on-
derzoek en het meer technische onderzoek binnen BIGR te combineren en daarin
veel werk voor elkaar te krijgen. Sietske, bedankt voor de samenwerking binnen de
distensibility studie en de challenge. Marjon, bedankt voor het challengewerk en de
samenwerking voor het boekhoofdstuk. Marianne bedankt voor het vele werk dat
jij voor de vaatwandstudie hebt gedaan.

Een van de vaste sociale activiteiten van BIGR was het jaarlijkse midweekweek-
end. De organisatie daarvan samen met Hortense en Esben was een leuke erva-
ring. Het gewenste avonturenpark viel helaas niet binnen het budget, maar een koe
melken en boter maken waren een grappig alternatief voor studeerkamerstedelin-
gen. Conferenties zijn behalve inspirerend op wetenschappelijk gebied ook altijd
een mooie gelegenheid om een ander land te verkennen. Nora, de parkentocht na
de SPIE conferentie in San Diego samen met Lauge en Pechin was een grote beleve-
nis waaraan ik met veel genoegen terugdenk. Een conferentiebezoek met daaraan
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verbonden stedentrip wordt aanzienlijk vergemakkelijkt als je een gids hebt. Mar-
cel, als vaste bezoeker van de RSNA wist jij die massale conferentie klein te krijgen
en heb je me wegwijs gemaakt in Chicago. Bedankt voor de gezelligheid. En zo zou
ik door kunnen gaan met de combinaties van ECR met Wenen, de MICCAI met
Londen en ISBI met Rotterdam. Allemaal mooie ervaringen.

Hui, we did a lot of work together and your urge for results is admirable. It’s an
honour to be your paranymph. Guillaume, thanks for the cooperation on my last
paper.

Petra en Desiree, zonder jullie support en reminders zou dit proefschrift nog een
tijd op zich laten wachten. Bedankt voor alle ondersteuning.

Ellen, onze relatie is vrijwel even oud als mijn promotieonderzoek. Jij hebt me
altijd de steun geboden die ik nodig had, ook al betekende dat soms dat je me we-
kenlang ’s avonds en in de weekeinden moest missen. Je hielp me te focussen, doel-
gericht te werken en wist mij te stimuleren verder te gaan als het onderzoek niet
de gewenste resultaten gaf. Het is goed dat dit promotieonderzoek wordt afgerond,
maar een lange toekomst samen met jou is het mooiste dat ik me kan wensen.
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