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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
disease remains high [1]. Of all strokes, 87 % are ischemic,
10 % are intracerebral hemorrhage and 3 % are subarachnoid
hemorrhage strokes [1]. About 50 % of the ischemic strokes
are due to atherosclerotic disease, which is preferentially
located in the carotid artery [2].

Till now, the degree of luminal narrowing of the carotid
arteries, caused by atherosclerosis, has been the only image-
based risk factor for (recurrent) stroke that is used in thera-
peutic decision making. Large, randomized clinical trials (the
North American Symptomatic Carotid Endarterectomy Trial
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(NASCET) and the European Carotid Surgery Trial (ECST))
have established the imaging criteria for surgical treatment
in symptomatic patients. Carotid endarterectomy (CEA) is
indicated for symptomatic patients with high-grade stenosis
(>70 %) and in selected patients with recent symptoms and
moderate stenosis (50–69 %) [3–5]. 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 [6–8]. However, most patients with
a stenosis >70 % are asymptomatic and most symptomatic
patients have a carotid stenosis <70 %, which suggest that
other factors play an important role in the pathophysiolog-
ical 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 increase the
vulnerability of the plaque to rupture. Inflammation is
the hallmark of vulnerability and plaques with active
inflammation may be identified by extensive macrophage
infiltration. Plaques with a thin cap of <100 �m 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 [9]. Carotid plaque ulcerations on
digital subtraction angiography (DSA) have been associated
with plaque rupture [10] and with an increased risk of acute
recurrent ischemic events [11, 12]. 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 imag-
ing carotid arteries, since it accurately visualizes the vas-
cular lumen and its contours. However, DSA has several
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disadvantages: it is invasive, laborious, time intensive, and
expensive. Moreover, DSA requires skilled operators and
is therefore less readily available. More importantly, cere-
brovascular DSA has a non-negligible morbidity and mortal-
ity, with a complication rate of 0.4–12.2 % for neurological
deficits [13, 14]. These drawbacks and the increasing 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 resonance imaging (MRI), and
computed tomography (CT) not only enable grading of
carotid stenosis but also provide a window to the atheroscle-
rotic process in vivo [15]. They also allow for the quantifi-
cation 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. Further-
more, it provides a tool to monitor changes in atherosclerotic
plaque in response to secondary preventive therapies. The
development of new pharmaceutical 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 atherosclerotic 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 [16]. Further, stan-
dardized image acquisition 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 biolog-
ical effect and the clinical endpoints [16]. Quantification,
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 monitoring atherosclerosis in vivo. It
is a readily available and fast imaging technique causing
minimal inconvenience for the patient. Although CTA in-
volves potentially harmful ionizing radiation, the effective
dose during a diagnostic CTA is relatively low (1–5 mSv)
[17]. The increased acquisition speed of multidetector CT
angiography (MDCTA) reduces motion artifacts. Current
multidetector row CTA enables fast vascular imaging from
the aortic arch to the intracranial vessels. This enables si-
multaneous investigation of other vascular territories, which
makes that MDCTA can compete with other noninvasive
imaging techniques 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 Luminal Imaging Using CTA

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 table movement. Using
this technique noninvasive imaging of blood vessels became
widely 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.

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 mate-
rial. 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 en-
hancement pattern is determined by the injection volume,
the injection rate, and the iodine concentration in the contrast
material [18]. Timing of contrast bolus arrival should be such
that a maximum contrast density is achieved in the carotid
artery with a concomitant low contrast density in the neigh-
boring jugular vein. Use of a saline bolus chaser reduces the
amount of contrast material needed by 20–40 % and reduces
the extent of perivenous artifacts caused by a high contrast
density in the jugular vein [18]. Synchronization between
passage of the contrast bolus and data acquisition can be
achieved by real-time bolus tracking at the level of the as-
cending aorta. Moreover, a craniocaudal scan direction also
reduces contrast material-related perivenous artifacts [19].
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 contrast 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 occurs, 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
averaging may influence the appreciation of the real lumi-
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Fig. 11.1 Influence of window-level setting and convolution kernels
on the evaluation of lumen and plaque. 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

nal dimensions and therefore the accuracy of the stenosis
measurements. The extent of blooming also depends on the
convolution kernel 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 mea-
surements are most accurate [20]. 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–
1,000 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 improve the visual

differentiation between dense structures. Figure 11.1 illus-
trates the influence of window-level setting and convolution
kernels on the evaluation of the lumen.

In MDCTA images a challenge is formed by the artifacts
from extra luminal dense structures like dental material,
bone, and atherosclerotic calcifications which might obscure
a clear visualization of the lumen. Correct head positioning
with a slight tilt of the head and an upright 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 carotid
artery (Fig. 11.2). As described, convolution kernels and
window-level settings highly influence the appearance of
high density structures like calcifications. In addition, with
a fixed window-level setting, calcification volumes appear
smaller in higher kVp-settings [21].

From the cross-sectional source images, 2D or 3D image
reconstructions can be created which aid in the identifica-
tion and measurement of the maximal stenosis. Multiplanar
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Fig. 11.2 Influence of artifacts on MDCTA imaging. (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 introduc-
ing 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)

reconstructions (MPR) and curved planar reconstructions
(CPR) provide 2D images of any predefined plane and enable
accurate stenosis measurement. For creating a longitudinal
view of the artery, CPR has the advantage over MPR that
it corrects for vessel curvature outside of the plane. Shaded
surface display (SSD), volume rendering (VR), and maxi-
mum intensity projection (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 illumi-
nated 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 maximum 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 atherosclerotic 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 (Fig. 11.3).

New techniques have been investigated that might solve
the problem of artifacts from bone and calcifications on
images. Matched mask bone elimination (MMBE) is a tech-
nique for the automated removal of bone pixels from CTA
data sets. Preceding to the CT angiography a nonenhanced
data set is acquired on which the bone pixels are identified.
The corresponding pixels on the registered CT angiography
are assigned an arbitrarily low value and MIP images free
from overprojecting bone can then be obtained [22, 23].
Whereas for MMBE, acquisition and registration of two sep-
arate datasets is necessary, 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 analysis of their attenuation differences
depending on the tube voltage. The attenuation difference
is especially large in materials with a high atomic num-
ber, such as iodine. Bone and calcifications, 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
[24]. 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
introduced.

2.2 Stenosis Measurement

The accuracy of the stenosis measurement is important, seen
its role in clinical decision making about carotid endarterec-
tomy. Traditionally, the stenosis in the carotid artery was
assessed using intra-arterial digital subtraction angiography
(DSA), which is still considered 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 in-
ternal 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
projections (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 detecting the smallest diameter in a stenosed
artery compared to conventional DSA [25], the association
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Fig. 11.3 [!t]Different post-processing techniques in MDCTA images
of a moderately stenosed carotid artery. (a) Axial slices through the
common carotid artery (lower image), the level of the carotid bi-
furcation (middle), and a level above the bifurcation (upper image).
(b) Multiplanar reformat (MPR) in the sagittal plane visualizing the
atherosclerotic plaque around the bifurcation. (c) Maximum intensity

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

Fig. 11.4 Assessment of carotid stenosis with DSA and MDCT an-
giography. (a) Digital subtraction angiography (DSA) of a right carotid
artery shows a 50 % stenosis at the level of the bifurcation. (b) A maxi-
mum 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

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 provide 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 projections 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 re-
maining lumen at the level of the maximal stenosis and of
the normal lumen distal to the stenosis. This can be done

in several ways using different post-processing 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 im-
ages for stenosis measurements in arteries with calcifications
(Fig. 11.4). 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 and measures the
smallest diameter in the cross-sectional plane perpendicular
to the central lumen line at that level. Figure 11.5 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 visualization of the outer
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Fig. 11.5 Stenosis measurement in MDCT angiography using 3D
software. 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 sagittal
view of the carotid bifurcation. The blue and red lines correspond to the
planes that are depicted in b and c, respectively. 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 those
in a and b. In this plane the stenosis is not very prominent (Color figure
online)

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 phe-
nomenon is ignored when measured on DSA. This might
cause differences in ECST stenosis measurements between
CTA and DSA.

2.3 Diagnostic Accuracy

Several diagnostic studies have been performed which com-
pared 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 [26]. Another systemic review reported a pooled
sensitivity of 95 % and a specificity of 98 % for the detection
of a 70–99 % stenosis [27]. The latter study also found that
CTA was sensitive (95 %), but slightly less specific (92 %) in
depicting stenosis >30 %. In 2006, Wardlaw 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) criteria [28] and they reported a sen-
sitivity of 77 % and a specificity of 95 % for diagnosing
70–99 % stenosis using CTA [29]. The authors warned for
the methodological shortcomings of many studies evaluating
diagnostic imaging. They concluded that the existing data
might support the cautious use of noninvasive imaging to
diagnose 70–99 % stenosis, but that more data are needed
from carefully designed trials to determine true sensitiv-
ity and specificity of noninvasive imaging techniques in

routine clinical practice, especially for 50–69 % stenosis, or
when used in combination [29]. In 2009, Chappell and col-
leagues performed an individual patient data meta-analysis
to find clinically significant estimates of the accuracy of
non-invasive imaging in diagnosing severe and moderate
symptomatic artery stenosis [30]. They also concluded that
existing primary studies provide limited data and that the
literature overestimates the accuracy 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, respectively [30].

A difficulty in the evaluation of the accuracy of steno-
sis 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 accuracy, 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
[31]. Since DSA is not routinely used anymore in clinical
practice, the assessment of new noninvasive imaging tech-
niques against DSA can not be justified ethically anymore.
Therefore there is an increasing need for practical, reliable
methods for evaluating new technologies, for example, by
standardized comparison with other non-invasive tests or test
phantoms.

Both aforementioned systemic reviews [26, 27] did not
provide enough evidence to draw robust conclusions about
the diagnostic accuracy of the different post-processing tech-
niques, although stenosis assessment using axial slices and
MIPs seemed to be better than when using VR and SSD [27].
Most studies 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 MDCTA revealed that stenosis measurements
on axial source images are highly reproducible and accurate
and that the additional use of MPRs or other reconstructions



11 Quantitative CT Imaging of Carotid Arteries 135

is not necessary, but might aid in finding the location of the
maximum stenosis [32–34].

2.4 (Semi)automated Quantification
of Luminal Measures

Manual lumen segmentation and stenosis quantification are
laborious and suffer from interobserver and intraobserver
variability. Consequently much work has been performed on
the development of (semi)automated lumen quantification.
The majority of publications with respect to lumen quan-
tification focus on the segmentation of the lumen while the
assessment of the severity of luminal stenosis is addressed by
few.

Lumen segmentation methods have been reviewed and
grouped according to the mathematical framework used [35]
or categorized with respect to (1) the way vessel geometry
and appearance are modeled, (2) the image features which
are used for vessel extraction, and (3) the methodology used
in vessel extraction [36].

Some of the published methods have been tailored to or
evaluated on carotid CTA images [37–40]. 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 11.6 illustrates a 3D lumen segmentation of a carotid
bifurcation.

To facilitate an objective comparison of carotid artery seg-
mentation and stenosis quantification algorithms, the Carotid
Bifurcation Algorithm Evaluation Framework was set up in
2009 (http://cls2009.bigr.nl/) [41]. This framework consists
of a publically available image database, annotated data for
training and evaluation, and standardized evaluation mea-
sures. Till date nine algorithms have been evaluated by the
framework, of which only one is fully automatic, whereas
the others require three initialization points. The three best
performing 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 [41]. Figure 11.7 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 [41].

In the graph cut framework voxels are assigned to vessel
lumen or background by considering all image voxels as
nodes in a three-dimensional graph and creating an optimal
surface which separates (cuts) the foreground (lumen) from

Fig. 11.6 3D-segmentation of the lumen of a carotid artery. An exam-
ple is shown of a carotid artery lumen segmentation using three different
segmentation representations. The red dots indicate a centerline through
the centroids of the vessel cross sections. The yellow “circles” show
the lumen contours perpendicular to the centerline. The blue surface
shows an interpolated surface through the yellow contours (Color figure
online)

the background. To compute this optimal cut the image
gradient can be used.

In the level set framework, the vessel surface is repre-
sented implicitly by the zero level lines (zero level set) of
an embedding function (similar as, e.g., sea level in a height
map). This 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 (Fig. 11.8). 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 segmentation. 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 pub-
lished on automatic vessel stenosis grading [42–44]. Also,
approaches differ widely in the evaluation that has been
performed, both with respect to evaluation measures and
number of data sets used.

http://cls2009.bigr.nl/
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Fig. 11.7 (Semi)automated lumen segmentations of a carotid artery of
different qualities. Shown are 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 the reference
standard (yellow line) based on manual annotations by three observers
and automated lumen segmentations (in red) that have different quali-
ties: (a) with a bad Dice similarity index (SI) of 0.881, (b) a moderate
Dice SI of 0.884 and (c) a good Dice SI of 0.945. The Dice similarity
indices are calculated on the whole volume of which the shown CMPR
is just a single plane (Color figure online)

The evaluation framework discussed previously also al-
lows objective comparison of performance in stenosis quan-
tification. To date only three stenosis grading methods have
been evaluated using this framework, also indicating that
this field has received less attention [41]. Clinically, the
minimal diameter is often used to calculate the stenosis
degree. However, the minimal diameter of a non-elliptical
shape is not uniquely defined and is therefore prone to
measurement errors and is hard to measure automatically.
The evaluation framework evaluates two stenosis measures:
an area-based measure which compares 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
obstruction 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
perpendicular 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 estimate of the
degree of carotid stenosis, especially in noncircular lumens
[45]. The average error in assessing carotid artery stenosis
of the best stenosis grading method according to the evalu-
ation framework was 16.9 % for area-based and 17.0 % for
diameter-based measurements [41].

Besides stenosis grading, lumen segmentation also en-
ables the extraction of other quantitative measures. The
extracted lumen model can, e.g., be used for Computation
Fluid Dynamic calculations to assess the shear stress in the
atherosclerotic carotid bifurcation [46] and the quantification
of geometric parameters such as vessel tortuosity and bifur-
cation angles [47].

3 Plaque Imaging Using CTA

3.1 Technical Aspects

Assessment of different atherosclerotic plaque components
in CTA relies on the differences in linear attenuation co-
efficient expressed in Hounsfield Units (HU) of the plaque
components. Plaque component differentiation is highly de-
pendent 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 stenosis measurements, it also causes a
problem in the evaluation of plaque, since it interferes with
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. Bloom-
ing of calcifications 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 [21].

For accurate differentiation of plaque components a high
signal-to-noise ratio (SNR) is necessary. Image noise de-
pends mainly on the product of the tube current and rotation
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Fig. 11.8 Level set method for lumen segmentation. Using the level set
framework a segmentation (indicated by the yellow contours) is seen
as the zero level (gray plane) of an embedding function in a higher
dimension (blue surface). If the embedding function changes as is
indicated by the two blue surfaces 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 (Color figure online)

time (mAs), the tube voltage, and reconstruction kernel.
Because the atherosclerotic plaque is a relative small struc-
ture, 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 [48].
This can be explained not only by partial volume effects but
also by the entrance of contrast material 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 neces-
sity of standardized scan protocols, especially since carotid
plaque enhancement in CTA is thought to be associated with
increased risk for neurological events [49, 50].

Another technical aspect influencing accurate differentia-
tion of plaque components in CTA is the convolution kernel
used for reconstruction of the image dataset. The convolution
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
algorithm 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 differen-
tiation but also lead to an increase in calcium size and
low-intensity rings around calcifications (edge-enhancement
artifacts), which hamper further plaque interpretation. Inter-
mediate reconstruction kernels turned out to allow optimal
plaque interpretation [21].

The window-level setting also influences the visualiza-
tion of the different plaque components. 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 (Fig. 11.1).

3.2 Diagnostic Accuracy

3.2.1 Plaque Surface Morphology
The accuracy of DSA in the detection of plaque ulceration,
as compared to macroscopic surgical observations, has been
found to be low (sensitivity 46 % and sensitivity 74 %) [51].
CTA allows for analysis of the plaque surface (Fig. 11.9) and
the differentiation between ulcerations and irregularities and
has been demonstrated to perform better than DSA [52]. A
validation study, comparing single slice CTA with histologi-
cal specimens reported a sensitivity and specificity of 60 %
and 74 %, respectively [53]. However, MDCTA has been
found to have a high sensitivity and specificity (94 % and
99 %, respectively) in detecting plaque ulcerations compared
to surgical observation [54]. Assessment of plaque ulceration
on MDCTA is highly reproducible (� > 0.86) [55, 56].

3.2.2 Plaque Composition
The first validation studies compared 3 mm single slice CT
images with histological sections from carotid endarterec-
tomy specimens and did not show clear-cut results. Whereas
two studies reported that calcifications, lipid, and fibrous
tissue could be differentiated based on density measurements
[57, 58], another study concluded that single slice CT was
not sufficiently robust to reliably characterize plaque com-
position and plaque morphology [53]. The introduction of
multidetector CT enabled a more detailed analysis of the



138 M.J. van Gils et al.

Fig. 11.9 Assessment of plaque
surface morphology using MDCT
angiography. Cross-sectional
images (upper panels)
perpendicular to the central
lumen line and multiplanar
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
(arrowhead). (c) An ulcerated
plaque with thrombus material
(arrow head) that protrudes into
the lumen

atherosclerotic carotid plaque composition and the differen-
tiation 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 standard. In carotid artery studies, the availability
of histological carotid plaque specimens from carotid
endarterectomy enables reliable validation against histology.
An additional advantage 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 validation study, in which CEA
specimens were scanned and the images were compared
with the histological slices (Fig. 11.10). 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 revealed 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 % [21]. The
study was repeated 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 HU
was found, with a sensitivity and specificity of both 100 %
[59]. Calcifications are easily detected on CT images as
high density structures and equivalent to coronary calcium
scoring in electron 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 [56].

They found the following scan-parameter dependent cut-off
values, determined as the half way HU attenuation 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 hemorrhage,
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 � of 67.6 %) [56]. The concordance
for calcifications was perfect, whereas the reliability of
the identification of the non-calcified plaque components
was limited due to overlap of the values between the soft
components. However, CTA showed good correlation with
histology for larger lipid cores and larger hemorrhages.
Further they demonstrated that CTA performed well in
measuring fibrous cap thickness (R2 D 0.77, p < 0.001) [56].

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
[60]. As a default, the threshold to differentiate calcification
is �130 HU in non-contrast CT scans. Although the Agat-
ston score as a quantification tool can be used in carotid
arteries, other scoring methods like a volume score are more
frequently used [61]. However, when CTA images are used,
the threshold has to be higher in order to automatically
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Fig. 11.10 Hounsfield attenuation-based differentiation of plaque
components—validation against histological sections. 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
hematoxylin 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 histopatho-
logical correlation. Arterioscler Thromb Vasc Biol 26(10):2366–2372)
(Color figure online)

differentiate calcifications from the bordering luminal con-
trast. Another possibility is to first delineate the inner and
outer borders of the carotid plaque and subsequently dis-
criminate calcifications using a threshold of 130 HU within
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)auto-
matically based on thresholds that separate the bright,
contrast-filled lumen from the lower density plaque.
However, calcifications bordering the lumen might be
included in the lumen segmentation and therefore manual
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
histological 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 D 0.81 and 0.73, respectively) [21, 59].

Intraobserver reproducibility of plaque area measurements
with MDCTA was good (coefficient of variation of 8 %) [59].

The CT value thresholds in HU that differentiate between
plaque components create the opportunity to quantify plaque
composition. The aforementioned in vivo validation study,
comparing MDCTA images with histological specimens,
showed that area measurements of calcifications were over-
estimated by MDCTA; however the correlation with histol-
ogy was good (R2 D 0.74). The correlation between MDCTA
and histology for fibrous area measurements was also good
(R2 D 0.76) but was poor for lipid (R2 D 0.24). Further inves-
tigation, however, showed that this correlation improved in
mildly calcified plaques and non-calcified plaques (R2 D 0.77
and 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 [59].

Plaque volume and plaque component volumes can be
calculated by multiplying area measurements with slice in-
crement and the number of slices in the range of interest.
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Fig. 11.11 (Semi)automated segmentation of lumen and plaque com-
ponents. (Semi)automated segmentation of lumen and plaque is per-
formed on axial images within a predefined range. Contours of lumen
and plaque are generated and can be manually adjusted if necessary.
Within the plaque area (outer vessel wall contour minus lumen con-
tour) the plaque components are differentiated based on Hounsfield
Unit thresholds (lipids: <60 HU, fibrous 60–130 HU, calcification
>130 HU). The color overlay shows the different structures; lu-

men D red, lipid D yellow, fibrous D green, calcification D 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 carotid 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 (Color figure online)

In an in vivo study in 56 patients, plaque volume and plaque
component volumes could be assessed in a reproducible way.
The difficulty of defining the transition of normal wall into
atherosclerotic plaque contributes highly to the interobserver
variability. Consensus about the longitudinal dimensions of
the plaque improved the reproducibility of plaque volumes
strongly [62].

3.4 (Semi)automated Plaque
Measurements

Manually assessing lumen and vessel contours is a time-
consuming task and is highly influenced by the window-level
setting. Segmentation of the outer vessel wall and subsequent
automated plaque characterization has received considerably
less attention than luminal analysis.

The challenge of automated analysis of carotid atheroscle-
rotic plaque lies in the difficulty of defining the outer vessel
wall. 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 semiautomated method to
segment the outer vessel wall [63], 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 [37], followed by classifica-
tion 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 calcifica-
tions) are automatically differentiated based on the afore-
mentioned HU-thresholds. Figure 11.11 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 val-
idated against manually segmented carotid arteries. The
average Dice similarity index was 91 %, which was com-
parable to the similarity index between two observers [63].
Subsequently, the performance of this plaque segmentation
method in quantifying plaque volume and plaque component
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Fig. 11.12 Serial quantitative
plaque imaging. 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 (arrow head). (b) Images
from the same artery at a more
distal site. (a, b) At follow-up 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)
(Color figure online)

volumes was studied by comparing measurement error of
the automated method using manual contours as a reference
standard with the interobserver variability in manual anno-
tations. The differences between the automated method and
the manual observers were comparable to the interobserver
differences [64].

Although the method is highly automated some observer
interventions are still needed and the outer vessel wall
segmentations should still be checked manually for erro-
neous 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).

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 corre-
lation 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 hy-
percholesterolemia had a significantly higher contribution of
calcifications and a significantly lower contribution of lipid
in the atherosclerotic plaque [65]. Another study investi-
gated whether plaque features could be correlated with the
presence of ulcerations, which is thought to be a marker
of plaque rupture [10]. It was demonstrated that degree of
stenosis, plaque volume, and the proportion of lipid-rich
necrotic-core were associated with the presence of carotid
plaque ulcerations [66]. In another 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 [67].

Numerous studies report on the role of plaque calcifica-
tions in plaque stability. The findings are not conclusive. A
recent systemic review suggests that clinically symptomatic
plaques have a lower degree of calcifications than asymp-
tomatic plaques [61]. The percentage calcification within a
plaque of a stenosed artery, rather than the absolute volume
seems to be associated with plaque stability [68]. This un-
derscores why the (automated) quantification of the relative
contribution of the plaque components might add to the
improvement of stroke risk prediction.
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The MDCTA plaque imaging studies performed so far
had a cross-sectional study design. 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 carotid plaque (Fig. 11.12). Cur-
rently, a prospective serial MDCTA plaque imaging study is
being performed, which investigates the temporal changes in
plaque burden and plaque composition and its determinants
in TIA and stroke patients.

5 Summary and Future Directions

Currently, MDCTA is a noninvasive imaging technique fre-
quently 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 of the brain in the evalua-
tion 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
plaque measurements in monitoring efficacy of medical
therapy. Large—preferably multicenter—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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