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Stroke is the third cause of death worldwide,
after coronary heart disease and all types of
cancer combined. In addition, because stroke
more often leads to disability than to death,
it represents an enormous burden on health
care funding.” As an inevitable consequence
of the aging of the Dutch population, by the
year 2020 the incidence of stroke in the Neth-
erlands is expected to have increased by 15%
(to 2.5 per 1000 for the whole population) and
the prevalence by 16% (to 8.7 per 1000 for the
whole population).?

Stroke can be defined as the clinical syndrome
of asudden, focal or global neurological deficit
that is presumed to be of vascular origin and
that is caused by different pathological mech-
anisms: cerebral ischemia (=80%),
intracerebral hemorrhage (=15%), and suba-
rachnoid hemorrhage (=5%).! Ischemic stroke
is confined to an area of the brain perfused
by a specific artery, and lasts longer than 24
hours or has led to death. Transient-ischemic
attack (TIA) differs from ischemic stroke in its
duration, in that it lasts less than 24 hours.!

primary

Characteristic for cerebral ischemia is the
presence of obstructed blood flow to (some
part of) the brain. The causes are multiple, but
can be grouped under three main pathophysi-
ological mechanisms.

Firstly, the most common mechanism is large
vessel disease (=50%)." Large vessel disease is
characterized by atherosclerosis of the greater
vessels that supply the brain with blood, such
as the aortic arch, the carotid arteries includ-
ing the carotid siphon, the vertebral arteries,
and the basilar artery. In case of large vessel
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disease cerebral ischemia can occur when an
atherosclerotic lesion significantly obstructs
the blood flow to the brain (near occlusion), or
when an atherosclerotic lesion ruptures and,
due to thrombus formation and subsequent
thrombus and/or plaque material emboliza-
tion, obstructs a smaller distal vessel in the
brain. The latter mechanism is by far the most
common.

Secondly, small vessel disease (=25%)'; this
is characterized by occlusion of small arter-
ies perforating the brain and leads to lacunar
infarcts and leucoariosis®. Thirdly, cardiac em-
bolism (=20%). This can be caused by a variety
of cardiac conditions, but the most common
is atrial fibrillation with presumed (but seldom
proven) thrombus in the left atrium.* Other
possible conditions include recent myocar-
dial infarction, prosthetic valves, dilated car-
diomyopathy, and infectious endocarditis. In
addition, cerebral ischemia can originate in-
frequently (=5%) from some rare causes like
vasculitis and dissection.

After onset of ischemic stroke there is only a
small time frame in which thrombolytic ther-
apy can be used to achieve primary reduction
of death and disability. After this acute phase
has passed, an additional reduction in death
and disability can be obtained from surveil-
lance on a stroke unit, optimization of vital
functions and prescription of acetylsalicylic
acid.

Because the risk of recurrent ischemic events
is significantly increased (11-15%)°, preven-
tion is of utmost importance. Secondary pre-
vention consists of multiple strategies. Firstly,



medical treatment, which mainly covers plate-
let aggregation inhibitors (e.g. acetylsalicylic
acid® and dipyridamole’), and in case of car-
diac conditions associated with cardiac em-
bolism coumarin derivatives. Secondly, treat-
ment of the most important cardiovascular
risk factors. It has been shown that nine easily
detectable and potentially modifiable cardio-
vascular risk factors (smoking, abnormal blood
lipid levels, hypertension, diabetes, abdomi-
nal obesity, psychosocial factors, low daily
fruit and vegetable consumption, high regu-
lar alcohol consumption, low regular physical
activity) account for an overwhelmingly large
(over 90%) proportion of the worldwide risk of
myocardial infarction®. Furthermore, the com-
bination of smoking and abnormal blood lipid
levels accounted for two-thirds of the world-
wide risk. The third and final focus of second-
ary prevention is evaluation of the underlying
cause of the event, because determining a
specific cause enables specific therapy. Dur-
ing such evaluation special attention is paid
to the carotid artery, because large random-
ized trials have shown that, in patients with
a severe carotid stenosis (>70%) on digital
subtraction angiography (DSA), the risk of
recurrent stroke can be reduced with carotid
endarterectomy (surgical removal of an ath-
erosclerotic carotid lesion).>'° This is probably
true for patients with both large vessel dis-
ease and small vessel disease.''? This benefit
of endarterectomy exists because the risk of
a recurrent event during best medical treat-
ment (=25% in 2 years) in patients with a se-
vere stenosis is larger than the peri-operative
risk and recurrent event risk after operation
together (=9% in 2 years)." This risk difference
of 16% means that 6 severely stenotic patients
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have to be treated to prevent one recurrent
stroke in the next 2 years following treatment.
However, the number to treat (NTT) is consid-
erably higher (NTT=12)" in patients with less
severe stenosis (50-70%), and in asymptom-
atic patients (NTT=50, for stenosis >50%)."
As a result, patients with a moderate stenosis
and asymptomatic patients are regularly not
operated. Therefore, it is important to be able
to select patients within these categories who
may benefit more from intervention. For this
purpose, the assessment and evaluation of
additional risk parameters has started. Clini-
cal parameters (such as age, gender, type of
event, and vascular risk factors) are major
determinants of subsequent stroke risk and,
therefore, of the potential benefit of endovas-
cular or surgical treatment.’®

Furthermore, it is currently considered that
assessment of plaque vulnerability with imag-
ing modalities might play an essential role in
risk prediction.

Plaque vulnerability

Morphology studies on carotid and coronary
atherosclerotic plaque have stressed the im-
portance of plaque vulnerability in the occur-
rence of clinical events.'® Plaque vulnerability is
the chance of initiating the cascade of plaque
rupture, thrombus formation, and thrombo-
material and/or plaque-material emboliza-
tion (Fig. 1). A wide range of atherosclerotic
plaque features has been related to plaque
vulnerability'®?°: stenosis degree, plaque
morphology, plaque volume and plaque
component volumes, luminal plaque surface,
degree of inflammation, neovascularization,
arterial stiffness, and shear stress. Imaging of

Introduction
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EBCT

Agatston and colleagues were the
first to show that coronary calci-
fications could be detected and
quantified with electron-beam
computed tomography (EBCT).*
Later, this principle of calcium
quantification was also used in the
carotid arteries.”>* However, the
Agatston score for calcifications
assessed with EBCT has a substan-
tial measurement variability (up to
30%%) making it less attractive for
clinical use. Furthermore, similar

risk. However, stroke risk is now almost entirely based on measurement of

stenosis degree, which covers only partly the vulnerability pathway.

these features might eventually improve risk
prediction, and the selection of patients who
are likely to benefit from intervention (endart-
erectomy or stent placement).

DSA

DSA, the gold standard imaging technique for
degree of stenosis, depicts no more than the
contour of the vessel lumen, thus limiting its
possibility to determine additional risk param-
eters besides plaque surface characteristics.
Nevertheless, several studies??> have shown
that plaque surface irregularity and ulcer-
ation are strongly and independently associ-
ated with ipsilateral ischemic stroke, making
plaque surface eligible as a possible additional
parameter to select patients for endarterecto-
my. However, the reported sensitivity of DSA
for the detection of ulcerations was moderate
(46-69%)*?* which might be due the limited
viewing directions (usually two).

to DSA, the imaging possibilities

of EBCT are restricted because, be-

sides assessment of calcium vol-
ume, no other risk parameters can accurately
be assessed.

cT

Computed tomography angiography (CTA)
is able to accurately grade the severity of ca-
rotid luminal stenosis.?® Therefore, computed
tomography (CT) is increasingly used in stroke
patients for evaluation of the degree of carotid
stenosis. The question then arises as to wheth-
er CT can also provide detailed information
about possible additional risk parameters.

In 1984 it was demonstrated that single-slice
CT was able to detect (besides the degree of
stenosis) intimal disease in the carotid bifurca-
tion.” However, the results from later studies
comparing CT images with histologic sections
of endarterectomy specimens were confus-
ing: Estes et al*® and Oliver et al3' showed
that hyperdense structures corresponded
with calcifications, hypodense regions with



lipid or hemorrhage, and isodense regions
with fibrosis. On the other hand, Walker et al.??
demonstrated that CT fails to reliably indicate
the presence of lipid or fibrous tissue, and
that the predictive value of CT for the detec-
tion of plaque ulceration was only moderate
They concluded that single-slice CT was insuf-
ficiently robust to be a useful tool for the char-
acterization of carotid plaque morphology
and carotid plaque surface morphology, and
expressed the need for multidetector technol-

ogy.?

MDCT

Multidetector CT (MDCT) has recently been
introduced and allows full vascular imag-
ing from the aorta to the circle of Willis. By
providing this large coverage MDCT angiog-
raphy (MDCTA) can now evaluate, besides
the carotid bifurcation, other important ath-
erosclerotic predilection sites, like the aortic
arch, the origin of the supra-aortic vessels, the
carotid siphon, and the vertebrobasilar arter-
ies. Another advantage of MDCTA for athero-
sclerotic plaque evaluation is the increased
in-plane resolution, the decreased slice thick-
ness (<0.75 mm), and the subsequent ability
to obtain near isotropic voxels. More detailed
analysis of atherosclerotic plaque morphol-
ogy and luminal plaque surface may now be
possible.

The work in this thesis evaluates the role of
MDCTA in 1) the depiction of atherosclerotic
disease and subsequent luminal stenosis in
the whole vascular tree that supplies the brain
with blood, and 2) the assessment of athero-
sclerotic plaque features that have been re-
lated to plaque vulnerability.
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Part 1: Optimization of contrast,
scanning and reconstruction
protocol

The presence of contrast material in the pat-
ent vessel lumen is a prerequisite to differen-
tiate lumen from a normal vessel wall and/
or from an atherosclerotic plaque. However,
because contrast material is expensive and
the volume of contrast material is associated
with nephrotoxicity it seems important to re-
duce the volume of contrast material whilst
maintaining adequate depiction of the ves-
sel lumen. Therefore, we evaluated whether
the application of a saline bolus chaser after
the injection of contrast material improves
enhancement, and whether the amount of
contrast material can be reduced. In this study
75 patients were allocated to three different
contrast material administration protocols: i)
80 ml contrast material, ii) 80 ml contrast ma-
terial with 40 ml saline bolus chaser, and iii)
60 ml contrast material and 40 ml saline bolus
chaser. For each group we assessed the time-
attenuation curves by measuring the intralu-
minal enhancement at multiple specific loca-
tions from the ascending aorta to the circle
of Willis. In addition, the association between
intraluminal enhancement and patient body
weight was evaluated (Chapter 1).

In many cases intravenous contrast injection
has not ended before the start of the CT scan,
which was normally performed with a caudal-
cranial direction. Undiluted contrast material
in the subclavian vein, brachiocephalic vein
and/or superior vena cava often produces
artifacts (perivenous artifacts), which can ob-
scure adjacent structures and hamper ade-
quate vessel imaging. We hypothesized that a

Introduction



cranio-caudal scan direction might reduce the
number of perivenous artifacts whilst main-
taining sufficient arterial enhancement for the
depiction of the arterial lumen. Therefore, we
explored the effect of a caudo-cranial scan di-
rection versus a cranio-caudal scan direction
on perivenous artifacts and arterial enhance-
ment. Forty patients were divided into two
groups; the scanning protocols of both groups
were the same, except for the scan direction.
The two groups were compared with regard
to the presence of perivenous artifacts, and
the intraluminal enhancement at multiple lo-
cations from the ascending aorta to the circle
of Willis (Chapter 2).

On CT images of the atherosclerotic plaque,
calcifications create a so-called blooming arti-
fact which resultsin alarger appearance of the
calcifications. Such a blooming artifact leads
to overestimation of the true volume of the
calcium, which hampers plaque volume as-
sessment and optimal characterization of the
non-calcified part of the plaque. Voltage set-
tings have an effect on the contrast between
different structures. CT image reconstruction
algorithms differ in the averaging of image
data and the subsequent enhancement of
contrast differences. These parameters may
have an impact on the evaluation of the calci-
fied and non-calcified parts of the atheroscle-
rotic plaque. Therefore, in five endarterectomy
specimens we analyzed the effects of different
voltage settings (80, 100, 120 and 140 kVp) and
different reconstruction algorithms (smooth,
medium smooth, medium sharp and sharp)
on the depiction of calcifications and image
quality, in order to optimize these settings for
atherosclerotic plaque analysis (Chapter 3).
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Part 2: Validation studies

MDCT angiography has the potential to ana-
lyze atherosclerotic plaque morphology in
more detail than is possible with single-slice
CT. However, until now no validation studies
have been conducted and it was unknown
which Hounsfield unit thresholds had to be
applied to characterize specific plaque com-
ponents. The aim of our in vitro study was
to assess the ability of MDCT to characterize
and quantify plaque components in carotid
endarterectomy specimens, with histology as
gold standard. We imaged 21 endarterectomy
specimens, and matched MDCT images with
corresponding histologic sections. Identifi-
cation of pure lipid regions and pure fibrous
regions in the histologic sections allowed to
assess the true Hounsfield unit value (HV) of
these components. Based on these measure-
ments an optimal HV cut-off point was es-
tablished to differentiate between lipid and
fibrous tissue. This cut-off point was then
used during quantification of plaque area and
plaque component area (Chapter 3).

Following this in vitro study, we performed an
in vivo study to evaluate the ability of MDCTA
to characterize and quantify atherosclerotic
carotid plaque and plagque component areas,
also with histology as gold standard.

Fifteen patients were imaged using an opti-
mized protocol based on the results of our for-
mer studies. MDCTA images and correspond-
ing histologic sections were matched, and we
assessed the HVs for lipid and fibrous tissue.
Based on these measurements an optimal
HV cut-off point was assessed to differentiate
between lipid and fibrous tissue. Finally, we



investigated the interpretation of hypodense
regions, assumed to be lipid, on MDCTA im-
ages (Chapter 4).

Besides the detection of specific plaque com-
ponents, quantification of the absolute and
relative contribution of specific plaque compo-
nents to the total plaque volume is important.
Freely available software with custom-made
plug-ins allowed semi-automatic assessment
of plaque and plague component areas in
the MDCT images. The custom-made plug-ins
were developed because no tools exist that
are able to make such area measurements.
After a trained observer had drawn the outer
and inner vessel wall contours in the MDCT
image, the plaque and plagque component ar-
eas were semi-automatically calculated. Area
calculations of the plaque components were
based on the previously determined plaque
component specific HV ranges. We compared
the measurements of plaque and plaque com-
ponent areas in MDCT images of carotid en-
darterectomy specimens with histologic area
measurements (Chapter 3). This study was
then repeated using the MDCTA data from the
in vivo study (Chapter 4).

After improvement of our custom-made soft-
ware tool, we were able to semi-automatically
assess plaque volumes and plaque compo-
nent volumes (instead of areas). However, it
remained necessary for an observer to draw
the outer and inner wall contours, making the
tool susceptible to observer variability. There-
fore, in another study we evaluated observer
variability of plaque and plaque component
area and volume measurements performed
with our custom-made software tool.
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Firstly, two observers (blinded from each other)
in 41 MDCTA images drew the outer and inner
vessel wall contour. Then intra- and inter-ob-
server differences in the assessment of plaque
areas were assessed (Chapter 4). Secondly,
three observers evaluated the MDCTA images
of 56 patients for the presence of atheroscle-
rosis and, if atherosclerosis was present, they
drew the outer and inner vessel wall contours
in all the images that showed atherosclerosis.
The interobserver variability in the assessment
of plaque volume and plaque component vol-
ume was assessed (Chapter 5).

In our clinical studies (discussed in Part 3 of
this thesis) we used a new measurement tool
to assess intracranial calcification volume and
a plaque surface morphology scoring system;
however, because neither of these have been
validated we had to perform two additional
validation studies. To validate the quantifica-
tion tool, two observers assessed indepen-
dently the volume of intracranial internal
carotid artery calcifications in 100 patients.
Interobserver differences in volume measure-
ments were assessed and presented with an
intraclass correlation coefficient, a coefficient
of variation, and a Bland-Altman plot (Chap-
ter 7). To validate the plaque surface morphol-
ogy scoring system, two observers assessed
independently the carotid plaque surface of
100 patients. Interobserver differences in type
of plaque surface morphology were assessed
and presented as a weighted kappa (Chapter
8).

Part 3: Clinical studies
Since November 2002 patients with ischemic
cerebrovascular symptoms (amaurosis fugax,
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TIA, or minor ischemic stroke) are included in
an ongoing prospective study. Patients are en-
rolled from the neurology department’s TIA/
stroke outpatient clinic or neurology ward. Pa-
tients undergo neurological examination on
admission, and medical history and informa-
tion on risk factors are recorded. Furthermore,
in all patients MDCT of the brain and MDCTA
of the carotid arteries is performed. From all
patients, follow-up data after 4 years on recur-
rent vascular events (MI, stroke, TIA vascular
death) and death from other causes are col-
lected. The main purpose of this study is to
determine the ability of MDCTA to assess (vul-
nerable) atherosclerotic plaque features, and
to prospectively evaluate if these plaque fea-
tures have an additional value over degree of
carotid stenosis in the prediction of ischemic
cerebrovascular events, and/or have a value
as a marker of systemic atherosclerotic dis-
ease. This thesis contains three cross-sectional
studies based on the data of 406 analyzed pa-
tients.

In the first of these studies we measured the
volume of intracranial internal carotid artery
calcifications and assessed the association
between these calcifications and cardiovas-
cular risk factors. To evaluate the role of these
calcifications in ischemic stroke we evaluated
whether calcifications were more extensively
present in the symptomatic internal carotid
artery than in the contralateral asymptomatic
internal carotid artery. In addition we com-
pared the volume of intracranial calcification
in symptomatic intracranial internal carotid
artery in patients with amaurosis fugax, TIA or
minor stroke (Chapter 7).
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In the second study we assessed the athero-
sclerotic plaque surface morphology in the
carotid artery and assessed the association
between plaque surface morphology and 1)
the severity of stenosis and 2) cardiovascular
risk factors. To establish the role of plaque
surface morphology in ischemic stroke we
evaluated whether plaque irregularities and
ulcerations were more frequently present in
the symptomatic internal carotid artery than
in the contralateral asymptomatic internal
carotid artery. In addition, we compared the
frequency of plaque irregularities and ulcer-
ations in symptomatic intracranial internal ca-
rotid artery in patients with amaurosis fugax
and TIA or minor stroke (Chapter 8).

In the third study, with MDCTA we measured
the volume of the atherosclerotic plaque and
the proportion of the different plaque com-
ponents in symptomatic carotid arteries. We
analysed the relationship of these volumes
with 1) severity of stenosis and 2) cardiovas-
cular risk factors. We hypothesized 1) that
severity of stenosis was not closely related
to plaque volume, and 2) that cardiovascular
risk factors are more related to plaque volume
than to severity of stenosis. Finally, we evalu-
ated the relationship between plaque volume
and the contribution of the different compo-
nents (Chapter 9).

Chapter 6 presents a review of the CT and
MDCT validation studies on evaluation of
plaque surface, quantification of calcifica-
tions, and characterization and quantification
of the non-calcified portion of coronary and
carotid atherosclerotic plaque. The influence
of scanning and reconstruction parameters



on plaque imaging is described. The clinical
applications and future direction of CT-based
plaque imaging is discussed.

The final chapter of this thesis presents a
summary and discusses potential clinical ap-
plications. In addition, directions for further
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research are suggested. The focus of further
research will be on follow-up studies that
explore the association between vulnerable
plague parameters and (recurrent) ischemic
cerebrovascular events. The main aim will be
to achieve an optimal selection of patients for
carotid endarterectomy and stent placement.
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ixteen-detector row CT angiography of
carotid arteries: Comparison of different volumes of
contrast material with and without a bolus chaser

Abstract

Objective

to prospectively compare different volumes of intravenously administered contrast material with
and without a bolus chaser at 16-detector row computed tomographic (CT) angiography of the
carotid arteries.

Materials and Methods

Institutional Review Board approval and informed consent were obtained. Seventy-five consecu-
tive patients (44 men and 31 women; mean age, 63 years; range, 22-85 years) were allocated to
one of three protocols: group 1, 80 mL of contrast material; group 2, 80 mL contrast material
followed by 40 mL of saline; and group 3, 60 mL of contrast material followed by 40 mL of saline.
Bolus tracking was used to synchronize contrast material injection with CT scanning. The attenu-
ation in Hounsfield Units was measured from the ascending aorta to the intracranial arteries at
1-second intervals. Differences were tested with the Student t-test.

Results

The maximum attenuation was reached in the proximal internal carotid artery in all groups. The
addition of a bolus chaser to 80 mL contrast material resulted in a higher mean attenuation (323
+ 39 HU vs 351 + 60 HU; p = 0.06), higher maximum attenuation (393 + 53 HU, 425 + 76 HU; p =
0.09) and higher minimum attenuation (240 + 34 HU vs 264 + 48 HU; p < 0.05). Group 3 had lower
mean, maximum and minimum attenuation than did groups 1 and 2 (p < 0.001).

Conclusion

The addition of a bolus chaser to 80 mL of contrast material results in a slightly higher attenua-
tion. Decreasing the volume of contrast material from 80 mL to 60 mL results in a significantly
lower attenuation.



Introduction

The benefit of carotid endarterectomy in pa-
tients with severe symptomatic carotid artery
stenosis (> 70%) has been established in large
randomized trials™ 2 The degree of stenosis in
these trials was assessed with digital subtrac-
tion angiography.The inherentrisk of this inva-
sive procedure has led to a non-invasive diag-
nostic strategy in which patients are screened
with duplex ultrasonography (US) followed by
a magnetic resonance angiography (MRA) in
case of abnormal US findings®.

With the introduction of spiral computed
tomography (CT), CT angiography entered
clinical practice* . Evaluation of CT Angiog-
raphy for the assessment of significant steno-
sis (> 70%) in the carotid artery has already
revealed a high sensitivity and specificity®'.
However, single-section CT angiography has
not gained much popularity in the diagnos-
tic work-up of patients suspected of having
symptomatic carotid artery stenosis. This may
have been related to limitations in the re-
quired volume of contrast material (> 100 ml),
scan range (< 120 mm), section thickness (>
2 mm) and available postprocessing tech-
niques.

Multi-detector row CT (MDCT), and in particu-
lar, 16-detector row CT, has eliminated several
of these limitations'". It allows CT angiog-
raphy of the carotid arteries to be performed
with an increased coverage from aortic arch
to the circle of Willis, an improved spatial reso-
lution of less than 1-mm section thickness,
shorter acquisition times of less than 15 sec-
onds, and lower doses of contrast material.
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The application of a saline bolus chaser after
the injection of contrast material may further
reduce the volume of contrast material'®%, but
an optimal contrast material injection proto-
col has not yet been established for 16-detec-
tor row CT angiography of the carotid arteries.
Thus, the purpose of our study was to pro-
spectively compare different volumes of intra-
venously administered contrast material with
and without a bolus chaser at 16-detector row
CT angiography of the carotid arteries.

Materials and Methods

Study population

From October 2002 to February 2003, 75 con-
secutive patients (44 men and 31 women;
mean age, 63 years; range, 22-85 years) who
underwent CT angiography of the carotid
arteries were enrolled in the study (62 outpa-
tients, 13 inpatients). Indication for CT angiog-
raphy was suspected atherosclerotic disease
of the carotid or vertebrobasilar vascular sys-
tem in patients with a transient ischemic at-
tack or minor ischemic stroke. Exclusion crite-
ria were previous allergic reaction to iodinated
contrast media, renal insufficiency (serum
creatinine level of >100 mmol/L), pregnancy,
and age younger than 18 years. Patients with
an occlusion of the carotid artery were also
excluded. The Institutional Review Board ap-
proved the study and patients provided in-
formed consent.

Each patient was allocated to one of three
contrast material administration protocols.
The first 25 patients (group 1: 14 men and
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11 women; mean age, 60 years; range, 36-
81 years) received 80 mL of contrast mate-
rial without bolus chaser, the next 25 patients
(group 2: 17 men and 8 women; mean age, 68
years; range, 27-84 years) received 80 mL of
contrast material followed by 40 mL of saline
bolus chaser, and the last group of 25 patients
(group 3: 13 men and 12 women; mean age,
60 years; range: 22-85 years) received 60 mL of
contrast material followed by 40 mL of saline
bolus chaser. In case of bolus tracking, which
allows synchronization of CT scanning with
the passage of contrast material, the amount
of contrast material should be equal to or
more than the scan time times the injection
rate as follows: £15 seconds x 4 mL/sec = 60
mL. As a precaution, we started the study with
80 mL of contrast material and tried to reduce
the dose to 60 mL. With an injection rate of 4
mL/sec, 40 mL saline is a reasonable amount
of fluid to flush the vein for injection and to
push the tail of the contrast material bolus to
the superior vena cava. For each patient, age,
sex, and weight were recorded.

Scanning protocol

Patients underwent CT angiography of the
carotid arteries with a 16-detector row CT
scanner (Sensation 16; Siemens Medical So-
lutions, Forchheim, Germany). Patients were
positioned supine on the CT table with the
arms along the chest. A lateral scout view
that included the thorax, neck and skull was
acquired. The scan range reached from the
ascending aorta to the intracranial circulation
(2 cm above the sella turcica). Scanning pa-
rameters were 0.75-mm collimation, 12-mm
(pitch of 1) table feed per rotation, 0.5-second
rotation time, 120 kV, 180 mAs, caudocranial
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scanning direction, and 10-14 seconds scan
time (depending on individual patient’s size
and anatomy). The entire examination took 15
minutes.

The contrast material iodixanol (320 mg of
iodine per milliliter, Visipaque; Amersham
Health, Little Chalfont, UK) was injected intra-
venously through an 18-20-gauge cannula,
depending on the size of the vein, into the an-
tecubital vein by using a power injector (EnVi-
sion; MedRAD, Pittsburgh, Pa). The right ante-
cubital vein was preferentially used, because it
provides the shortest path of the contrast ma-
terial through the venous system and there-
fore the least dilution. When venous access
on the right side could not be achieved, the
left antecubital vein was used. The saline bo-
lus chaser was injected immediately after the
injection of contrast material was completed,
using a second power injector (EnVision; Me-
dRAD). Both power injectors were connected
to the injection cannula with a T-shaped tube
(MedRAD) with an integrated one-way valve
attached to the power injector that contained
the saline bolus chaser to prevent reflux of the
contrast medium. Contrast material and saline
bolus chaser injection rate were 4 mL/sec.

Synchronization between the passage of
contrast material and data acquisition was
achieved by real-time bolus tracking. The ar-
rival of the injected contrast material was
monitored in real time by using a series of
dynamic transverse low-dose monitoring
scans (120 kV, 20-40 mAs) at the level of the
ascending aorta at intervals of 1 second. The
monitoring sequence started 5 seconds after
the initiation of contrast material administra-



tion. CT angiography was triggered au-
tomatically on the basis of a threshold
measured in a region of interest (ROI)
in the ascending aorta. The size of the
ROl in the ascending aorta for the bolus
triggering was adjusted to the size and
composition of the ascending aorta, but
was always greater than 5 mm in diam-
eter. The trigger threshold was set at an
increase in attenuation of 75 HU over
the baseline (approximately 150 HU in
absolute value). When the threshold
was reached, the table was moved to
the caudal start position while the pa-
tient was instructed not to swallow. Four
seconds after the trigger threshold was
reached, CT angiographic data acquisi-
tion was started automatically. All bolus
timing procedures and CT angiographic
scans were successfully completed. No
adverse reactions to contrast material
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Figure 1. CT angiograms of the left carotid artery. (a) Sagittal and (b)
coronal curved planar reformations from the aortic arch to the carotid
siphon. The curved planar reformations demonstrate an homogeneous
attenuation in the artery from the aortic arch (arrow) through the
carotid bifurcation (arrowhead) to the intracranial circulation.

were observed.

Data collection and analysis
Images were reconstructed with an ef-
fective section width of T mm, reconstruction
interval of 0.6 mm, field of view of 100 mm,
and a medium-smooth convolution kernel
(B30f; Siemens Medical Solutions). The images
were transferred to a stand-alone workstation
and evaluated using dedicated analysis soft-
ware (Leonardo; Siemens Medical Solutions).
For clinical analysis, two curved planar refor-
mations of each carotid artery from the aortic
arch to the carotid siphon were created in per-
pendicular planes (Fig. 1).

In each patient, the site of injection, scan cov-
erage (in millimeters), number of transverse

sections, scan delay (in seconds), and scan
time (in seconds) were recorded.

Transverse images were used for attenuation
measurements. The Digital Imaging and Com-
munications in Medicine layout of the images
showed the time at which the scanning was
performed. At intervals of 1 second (each
40th section), an ROl was drawn throughout
the data sets in two regions: (a) the ascend-
ing aorta to the right internal carotid artery
(ICA), and (b) the ascending aorta to the left
ICA.The location of the measurements was re-
corded as follows: the ascending aorta, aortic
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arch, proximal common carotid artery (CCA)
(first two measurements in the CCA), distal
CCA, proximal ICA (first two measurements in
the ICA), distal ICA, carotid siphon and intrac-
ranial part of the ICA; measurements in the
brachiocephalic trunk were considered to be
measurements in the CCA.

One observer (C.d.M.) with 3 years of experi-
ence with CT angiography measured and
recorded all data. The attenuation was mea-
sured by drawing a circular ROl in the center
of the vessel lumen. The ROIs were drawn as
large as the anatomic configuration of the lu-
men allowed in the transverse section.

The mean value of the measurements on the
left and right side at each time point was cal-
culated. Time-attenuation curves were gener-
ated for each patient. Subsequently, the at-
tenuation at time 0; the mean, minimum and
maximum attenuation; and the time to reach
the maximum attenuation were assessed. Be-
cause attenuation above 200 HU was consid-
ered optimal, the number of measurements
below 200 HU was counted.

The aforementioned analysis resulted in one
to three measurements per location, depend-
ing on the size of the patient. To analyze the
attenuation in these locations, the measure-
ments obtained in these locations were av-
eraged. The relationship between the mean
attenuation and weight was analyzed in all
three groups.

Statistical analysis
Differences between measurements on the
left and right side were analyzed with paired
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Student t-test. Baseline characteristics and at-
tenuation parameters (value at time 0, mini-
mum and maximum attenuation, and time
to maximum attenuation) in the three groups
were compared with an one-way analysis of
variance (ANOVA) test or Chi-square test. In
case of a significant difference, a pair-wise
comparison was performed with the Student
t-test. The mean attenuation and the attenua-
tion at different locations in the three groups
were compared with repeated-measures
ANOVA. In case of a significant difference, a
pair-wise comparison with repeated measures
ANOVA was performed. In addition, a pair-
wise comparison of attenuation parameters
with adjustment for differences in weight, age
and sex was performed with a linear regres-
sion model. The relationship between weight
and mean attenuation in the three groups was
analyzed with linear regression analysis.

Statistical analysis was performed by using
software (SPSS, version 9.0, SPSS, Chicago, IIl;
and SAS Proc Mixed, SAS Institute, Cary, NC). P
< 0.05 was considered to indicate a significant
difference.

Results

Patients and procedures

More patients in group 3 received the contrast
material (60 mL) and bolus chaser (40 mL)
via the left antecubital vein than patients in
groups 1 and 2 (32%, 4% and 12%, respective-
ly; p < 0.05). Patient demographics, weight,
scan delay, scan time, scan range and the
number of images were not significantly dif-
ferent in the three groups (Table 1).



Left versus right injection side

Combination of data from all 75 patients re-
vealed a slightly higher mean attenuation (2.5
HU + 8.8) on the left side in comparison with
the right side (p < 0.05)(Fig 2). In addition, the
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patients (330 measurements) had an attenua-
tion of less than 200 HU. Both measurements
were in the intracranial arteries.

Table 1 Patient and Scan Characteristics in Three Groups with Different Volumes of Contrast Material

Parameter Group 1 Group 2 Group 3
80 mLCM 80 mL CM + 40 mL BC 60 mL CM + 40 mL BC
Number of patients 25 25 25
Gender: Male/Female 14/11 17/8 13/12
Age: mean (range) years 60 (36-81) 68 (27-84) 60 (22-85)
Weight: mean (range) kg 75 (58-107) 71 (55-92) 78 (56-103)
Injection site: right/left * 241 22/3 17/8
Scan delay: mean (range) sec 18 (12-26) 18 (15-24) 19 (14-27)
Scan time: mean (range) sec 14 (11-17) 13(11-16) 13(11-15)
Scan coverage mean (range) mm 331 (275-401) 325(256-372) 316 (256-368)
Number of sections; mean (range) 553 (459-670) 546 (427-637) 527 (427-621)

Note: Data in parentheses are the range.

CM = contrast material; BC = bolus chaser; * = Chi-square test p < 0.05

time to maximum attenuation was slightly
shorter (0.3 second + 1.3) on the left side (p
< 0.05). The maximum and minimum attenua-
tion on the left and right side were not differ-
ent (Table 2).

Group 1: 80 mL contrast material

The mean arterial attenuation was 323 + 39
HU. The minimum and maximum arterial at-
tenuation was 240 + 34 HU and 393 + 53 HU,
respectively. Two measurements in 2 of the 25

Group 2: 80 mL contrast material
with 40 mL saline

The mean arterial attenuation per patient was
351 + 60 HU. The minimum and maximum ar-
terial attenuation per patient was 264 + 48 HU
and 425 + 76 HU, respectively. Five measure-
ments in 2 of the 25 patients (330 measure-
ments) had an attenuation of less than 200
HU. Two of these measurements were in the
ascending aorta - aortic arch and three in the
carotid siphon - intracranial arteries.

Table 2 Paired difference of attenuation parameters obtained on the left and right injection sides in 75 patients

Parameter Paired difference P Value
Mean attenuation (HU) 25+88 <0.05
Minimum attenuation (HU) 3.6+249 Not significant
Maximum attenuation (HU) 0.7+17.8 Not significant
Time to maximum attenuation (sec) -03+1.3 <0.05
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Figure 2. The time-attenuation curves show the mean intraluminal attenuation in left (n = 75) and right (n = 75) carotid arteries after
start of scanning. There is a slightly higher mean attenuation on the left side in comparison to the right side.

Group 3: 60 mL contrast material
with 40 mL saline

HU and 331 + 64 HU, respectively. 53 of the
measurements in 16 of the 25 patients (326

The mean arterial attenuation per patient was
273 = 53 HU. The minimum and maximum
arterial attenuation per patient was 185 + 43

measurements) had an attenuation of less
than 200 HU. These measurements were ob-
tained in the ascending aorta, CCA, ICA, and
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Figure 3. Time-attenuation curves show intraluminal attenuation after start of scanning in group 1 (80 mL contrast, n = 25), group
2 (80 mL contrast + 40 mL saline, n = 25) and group 3 (60 mL contrast + 40 mL saline, n = 25). A lower volume of contrast material

resulted in lower attenuation.



intracranial arteries in 2, 15, 9 and 27 cases,
respectively.

Comparison of time attenuation
curves

The attenuation value at time 0 was signifi-
cantly higher with the application of 40 mL
bolus chaser (group 1 vs group 2); in addition,
the maximum attenuation was higher (425 HU
in group 2 vs 393 HU in group 1), although not
significantly (p = 0.09). The minimum attenu-
ation was significantly higher with the bolus
chaser (p < 0.05). The time to maximum at-
tenuation was shorter (6.9 seconds in group
2 vs 7.8 seconds in group 1, p < 0.05) (Table
3, Fig 3).

The group that received 60 mL of contrast
material and 40 mL of bolus chaser had lower
mean, maximum and minimum attenuations
and time to maximum attenuation (p < 0.001)
in comparison to the group that received 80
mL or contrast material without 40 mL of bo-
lus chaser and the group that received 80 mL
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of contrast material with 40 mL of bolus chaser
(Table 3). Adjustment for weight, age and sex
in a regression model showed the same sig-
nificant differences between the groups.

Comparison of locations

In all groups, the attenuation first increased
to a maximum and then decreased during the
course of the CT angiographic examination
(Table 4, Fig 4). The maximum attenuation was
reached in the proximal ICA in all three groups.
The addition of a bolus chaser resulted in a
higher attenuation at all locations, although
no significant difference was reached except
for the aortic arch (p < 0.05).

The group that received 60 mL contrast mate-
rial and 40 mL bolus chaser had a lower atten-
uation (p < 0.01) at all locations, from the distal
CCA to the intracranial arteries, in comparison
to the group that received 80 mL of contrast
material without 40 mL of bolus chaser and
the group that received 80 mL of contrast ma-
terial with 40 mL of bolus chaser (Table 4).

Table 3 Attenuation parameters in three groups with different volumes of contrast material

Parameter Group 1 Group 2 Group 3 P Value P Value P Value
80mLCM 80 mLCM

+

40 mL BC 60 mLCM

+

40 mL BC 1vs2 2vs3 Tvs3

Time 0 value (HU) * 258 +32 288 + 42 266 +48 <0.01 NS NS

Mean attenuation (HU) ** 323+39 351+60  273+53 NS <0.001 <0.001

Minimum attenuation (HU) *** 240 + 34 264 +48 185 +43 <0.05 <0.001 <0.001

Maximum attenuation (HU) *** 393 +52 425+76 331 +64 NS < 0.001 <0.001

Time to maximum attenuation (sec)*** | 7.8+1.4 69+14 50+20 <0.05 <0.001 < 0.001

Note: Data are the mean * standard deviation.
CM = contrast material; BC = bolus chaser; NS = not significant.

*=ANOVA, p < 0.05; ** = repeated-measures ANOVA, p < 0.001; *** = ANOVA, p < 0.001.
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Table 4 Attenuation measurements at different locations in three groups with different volumes of contrast material

Location Group 1 Group 2 Group 3 P Value P Value P Value
80 mLCM 80mLCM

+

40 mL BC 60 mL CM

+

40 mL BC 1vs2 2vs3 1vs3

Ascending aorta (HU) 268 +34 292 +40 268 +48 NT NT NT

Aortic arch (HU) * 281 +36 309 +43 276 £ 46 <0.05 <0.05 NS

Proximal CCA (HU) ** 311+ 41 331+52 286 + 51 NS <0.01 NS

Distal CCA (HU) *** 357+53 386+70 30177 NS <0.001 <0.01

Proximal ICA (HU) *** 376 £ 52 409 + 82 301+£70 NS <0.001 <0.001

Distal ICA (HU) *** 356 +59 387 +83 275 £ 65 NS < 0.001 <0.001

Carotid siphon (HU) *** 314+53 342+ 71 236 +57 NS <0.001 <0.001

Intracranial ICA (HU) *** 274 + 67 289+ 63 190 + 44 NS <0.001 <0.001

Note: Data are the mean * standard deviation.
CM = contrast material; BC = bolus chaser; NS = not significant; NT = not tested.
* = repeated-measures ANOVA, p < 0.05; ** = repeated-measures ANOVA, p < 0.01; *** = repeated-measures ANOVA, p < 0.001.
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Figure 4. Intraluminal attenuation in group 1 (80 mL contrast, n = 25), group 2 (80 mL contrast X 40 mL saline, n = 25) and group 3 (60
mL contrast @40 mL saline, n = 25) at different locations, from the ascending aorta to the circle of Willis. The maximum attenuation
was reached in the proximal ICA in all three groups. The addition of a bolus chaser resulted in a higher attenuation at all locations,
although no significant difference was reached, except for the aortic arch (p < 0.05). Group 3 had a lower attenuation at all locations,
from the distal CCA to the intracranial arteries, in comparison with that in groups 1 and 2 (p < 0.01).
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Relationship of weight and mean attenuation
In the group that received 80 mL of contrast
material, there was a weak, though almost
significant, relationship between weight and
the mean attenuation (slope, -1.2; p = 0.06;
R2 = 0.16). With the addition of a bolus chaser
in groups 2 and 3, this relationship became
stronger and more significant, with a slope of
-4.4and-2.6(p<0.01)andR2=0.56and 0.42,
respectively (Fig 5).

A 80 cc CM B 80 cc CM + 40 cc BC
500 - Y=-12X+415 500 - Y=-4.4X + 661
R?=0.1 2= 0.
S 450 - 0.16 5450_.. R*=0.56
L 400 - . L 400
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Figure 5. (a-c) Mean attenuation plotted against weight for
c 60 cc CM + 40 cc BC each contrast material (CM) protocol. The addition of a bolus
500 A Y =-2.6 X+ 476 chaser (BC) makes the relationship between mean attenuation
R2 = 0.42 and weight stronger. The best correlation was found in the
= 450 1 group that received 80 mL of contrast material and 40 mL of
% 400 - L4 saline bolus chaser.
£ 5 3501
Q =
£ S 300 -
§ 250 1 In the group that received 80 mL of contrast
® 500 - material and 40 mL of saline, a significant dif-
e ference was found in the mean attenuation
50 6I0 70 80 90 100 110 between patients weighing 75 kg or less and
weight (kg) those wheighing more than 75 kg (381 HU +

45vs305HU +52, p <0.001). In the group that
received 60 mL of contrast material and 40 mL
of saline, a significant difference was found in
mean attenuation between patients weighing
75 kg or less and those weighing more than
75 kg (308 HU + 49 vs 250 HU + 43, p < 0.01).
There was no significant difference in the
mean attenuation between patients weighing
75 kg or less who received 60 mL of contrast
material and patients weighing more than 75
kg who received 80 mL of contrast material (p
=0.90) (Fig 6).

Chapter



34

500 ................................................................................
S QOO0 - v T T e
<
c
]
=
©
=
g
s
©
—8— 80+40 < 75 kg —4—80+40 > 75 kg - - - M- - - 60+40 <75kg - - - #- - - 60+40 > 75 kg
1 00 T T T T T T T 1
o > s e ¥ s N &
goo éo 00 \00 +\0 . %\0 \Q,oo S o"b
L L Q‘°+ &° Q‘o & % . \&«

location

Figure 6. Intraluminal attenuation in the group that received 80 mL of contrast material and 40 mL of saline bolus chaser and the
patient group that received 60 mL of contrast material and 40 mL of saline bolus chaser at different locations, from the ascending
aorta to the circle of Willis. Subdivision was made between patients weighing 75 kg or less and patients weighing more than 75

kg. There is no significant difference in the mean attenuation between patients weighing 75 kg or less and who received 60 mL of

contrast material and patients weighing more than 75 kg and who received 80 mL of contrast material (p = 0.9).

Discussion

Multi-detector row CT scanners allow perfor-
mance of CT angiography of the carotid arter-
ies with increased coverage from the aortic
arch to the circle of Willis, improved spatial
resolution, and shorter acquisition times. The
short acquisition time may lead to lower doses
of contrast material. It has been reported'®-?
that a saline bolus chaser after the injection of
the contrast material may further reduce the
volume of contrast material without an sub-
sequent decrease in arterial attenuation. Yet,
to our knowledge, no studies have been per-
formed to determine the optimal contrast ma-
terial administration protocol for CT angiogra-
phy of the carotid arteries at multi-detector
row CT.

When the left carotid artery was compared
with the right carotid artery, a slightly higher
mean attenuation and a shorter time to maxi-
mum attenuation were found on the left side.
This may be caused by the way the time-atten-
uation curves were assessed. The time scale
does not correspond to the length of the path
the contrast material has passed through the
vessel: the contrast material reaches the left
carotid artery, which originates directly from
the aortic arch, earlier than the right carotid
artery, where the contrast material has to fol-
low a longer path through the brachiocepha-
lic trunk to reach the right carotid artery.

Injection of 80 mL of contrast material resulted
in an attenuation above 200 HU in all but two
measurements. Comparison of the mean time



attenuation curve of 80 mL of contrast materi-
al with and without a saline bolus chaser dem-
onstrated higher mean and maximum attenu-
ations along the carotid arteries, although the
differences were not significant.

Hopper et al."” found higher attenuation in the
ascending aorta with the addition of 50 mL sa-
line bolus chaser to 75 or 100 mL of contrast
material, although the differences were not
significant. The results from their study can be
explained by the lack of the analysis of a time-
attenuation curve of the aorta, which allows
the assessment of maximum and mean at-
tenuations. However, Irie et al.'®, who did per-
form such an analysis, failed to demonstrate a
significant increase in maximum attenuation
with the application of a saline bolus chaser.
Failure to demonstrate a significant effect of
a bolus chaser on attenuation in these two
studies and in our study may be explained by
the small number of patients (n = 15-25) in the
groups with different contrast material proto-
cols.

On the basis of the attenuation curves of 80
mL of contrast material with and without a
saline bolus chaser, we analyzed whether a
decrease in the volume of contrast material
was possible without compromising the at-
tenuation. However, 60 mL of contrast mate-
rial followed by 40 mL of saline bolus chaser
resulted in a significantly lower mean and
maximum attenuation in comparison to those
with 80 mL of contrast material with and with-
out a saline bolus chaser. Previous studies
have not revealed such a decrease in attenua-
tion with the replacement of contrast material
by a saline bolus chaser. Haage et al.”® found
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the same attenuation in the ascending aorta
by comparing 60 mL of contrast material and
30 mL saline bolus chaser with 75 mL of con-
trast material (240 HU for both) . In another
study, almost the same attenuation in the as-
cending aorta was observed by using 75 ml
of contrast material with 50 ml saline bolus
chaser and 125 ml of contrast material alone
(254 HU vs 225 HU, respectively)™. In both
studies, the attenuation was measured in one
region instead of several levels. Irie et al.'s,
who assessed the time attenuation curve in
the aorta, found the same maximum attenua-
tion with 75 mL of contrast material alone and
with 63 mL of contrast material and a 25 mL
saline bolus chaser. Cademartiri et al.?** found
the same mean and maximum attenuations in
a time-attenuation curve in the descending
aorta with 140 mL of contrast material alone
and with 100 mL of contrast material followed
by 40 mL saline bolus chaser. The discrepancy
of our results could partly be explained by the
difference, although not significant, in weight
between the groups in our study, especially
between group 2 and 3. However, adjustment
for weight in a regression model still showed a
difference in mean and maximum attenuation
between group 3 and group 1 and 2.

Patient weight is inversely correlated with ar-
terial enhancement'” 23, Qur study revealed
only a relationship between weight and mean
attenuation in the patient groups with a bolus
chaser. The best correlation was found in the
group that received 80 mL contrast material
and 40 mL saline bolus chaser. This could be
explained by a better circulation of contrast
material with the addition of a bolus chaser to
the contrast material protocol. On the basis of
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our results, a consideration could be made to
adjust for weight; for example, use 60 mL of
contrast material followed by a 40 mL saline
bolus chaser in patients 75 kg or less and use
80 mL of contrast material followed by a 40
mL saline bolus chaser in patients weighing
more than 75 kg to establish the mean and
minimum attenuation of more than 250 HU
and 200 HU, respectively.

The search for the lowest volume of contrast
material necessary for optimal analysis has
several motives. First, the high cost of con-
trast material forces the radiologist to search
for ways to further decrease contrast mate-
rial volume. However, one should realize that
replacement of contrast material by saline
necessitates the purchase of a dual-head
power injector or an additional single-head
power injector and the extra use of saline, a
T connector and a syringe. Schoellnast et al.**
showed that by taking these extra costs into
account there is still a cost reduction. Second,
the risk of nephrotoxicity is related to the vol-
ume of contrast material, and decreasing the
volume of contrast material may influence the
risk of subsequent nephrotoxicity?2’. Third, in
patients with acute stroke, CT angiography of
the carotid arteries has been combined with
CT perfusion of the brain, which required an
additional injection of 50 mL of contrast ma-
terial?® %, In such studies the total volume of
contrast material should be restricted to what
is necessary for optimal analysis. Finally, it
may be possible that, in comparison to what
is commonly thought, the best contrast mate-
rial protocol is not the one with the highest in-
traluminal attenuation. Which attenuation in
CT angiography allows the best evaluation of
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the presence and severity of vessel disease is
not well studied. Attenuation levels obtained
with 60 mL of contrast material followed by
40 mL of saline may be high enough for an
excellent interpretation of the vessel, owing
to a better contrast with calcifications in the
vessel wall or atherosclerotic plaque. This may
have an effect on both visual analysis as well
as semi-quantitative analysis of the vessel di-
mensions.

Our study had several limitations. First, the
patients were not randomly assigned to the
groups. baseline characteristics
were not significantly different except for in-
jection site. The higher frequency of the left-
sided injection in group 3 may have lead to a
lower mean attenuation, because the longer
path of the contrast material through the ve-
nous system may have diluted the contrast
material. Second, the groups may be too small
to lead to a significant result. Third, we ana-
lyzed attenuation from the aortic arch to the
circle of Willis. Ideally, a single level dynamic
CT will result in a more precise analysis of the
contrast media dynamics®. Such a study will
cause extra radiation exposure to the patients
and we were reluctant to do this. Neverthe-
less, in clinical practice we are dealing with
attenuation along the supra-aortic arteries,
which reflects the way the contrast material
passes through the vessels.

However,

In conclusion, of the protocols we tested, the
integration of a saline bolus chaser in the con-
trast material protocol for evaluation of the
carotid arteries with 16-detector row CT leads
to optimization of the attenuation but does
not allow decrease in contrast material vol-
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ume from 80 to 60 mL in all patients. Future ~ dosage of contrast material or adjustment of
studies may focus on a less strong reduction  the scan protocol; increase in pitch will shift
in contrast material volume, weight-adjusted  the maximum attenuation distally.
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ptimization of CT angiography of the carotid
artery with a 16-MDCT scanner: craniocaudal scan
direction reduces contrast material-related perivenous
artifacts

Abstract

Objective

The objective of our study was to compare the effect of a caudocranial scan direction versus a
craniocaudal scan direction on arterial enhancement and perivenous artifacts in 16-MDCT an-
giography of the supra-aortic arteries.

Materials and Methods

Eighty consecutive patients (51 men; mean age, 62 years; age range, 28-89 years) underwent
scanning in the caudocranial direction (group 1; n=40) or craniocaudal direction (group 2; n=40).
All patients received 80 mL of contrast material followed by a 40 mL saline bolus chaser, both
administered IV at 4 mL/sec. Bolus tracking was used. Attenuation inside the arterial lumen was
measured at intervals of 1 second throughout the data set. Attenuation in the superior vena cava
(SVC) was measured. Contrast material-related perivenous artifacts were graded on a scale of 0-3
(none to extensive).

Results

Attenuation in the ascending aorta, carotid bifurcation and intracranial arteries were slightly
lower in group 2 versus group 1 (231 + 64 HU, 348 + 52 HU and 258 + 48 HU vs 282 + 43 HU, 381
+ 73 HU and 291 + 77 HU, respectively; p<0.05). Maximum and mean arterial attenuation were
slightly lower in group 2 versus group 1 (369 + 58 HU and 303 + 48 HU vs 401 + 71 HU and 334
+ 58 HU, respectively; p<0.05). Attenuation in the SVC was much lower in group 2 versus group
1 (169 £ 39 HU versus 783 + 330 HU, respectively; p<0.001). Mean streak artifact score was much
lower in group 2 versus group 1 (1.3 + 0.9 versus 2.5 + 0.6, respectively; p<0.001).

Conclusion

Use of a craniocaudal scan direction results in slightly lower attenuation of the carotid artery and
much lower attenuation of the SVC. Streak artifacts are significantly reduced. This technique al-
lows better evaluation of the ascending aorta and supraaortic arteries.



Introduction

Acute ischemic neurological symptoms are re-
lated to small vessel disease of the intracranial
perforating arteries, thrombo-embolism from
atherosclerotic disease in the supra-aortic ar-
teries and cardiac embolism’.

The most common source of thromboembo-
lism is atherosclerotic disease of the carotid
bifurcation. However, atherosclerotic lesions
in the aorta, the origin of the supraaortic ar-
teries, the common carotid artery (CCA), the
internal carotid artery (ICA) distal to the bifur-
cation, and the vertebrobasilar circulation can
cause transient ischemic attack or ischemic
stroke due to thromboembolism? 3. In the
evaluation of patients with cerebrovascular
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disease, complete vascular imaging from the
aorta to the circle of Willis must be performed
before therapeutic decision-making can be
undertaken.

With the introduction of MDCT, particularly
16-MDCT scanners, CT angiography (CTA)
has become an attractive diagnostic method
in the care of patients with cerebrovascular
symptoms®*.

With bolus tracking, CTA scanning can be
optimally synchronized with the passage of
contrast material in the arteries®. The CTA
scanning usually starts before the injection
of contrast material ends. With this method,
the presence of undiluted contrast material
in the subclavian vein, brachiocephalic vein
and superior vena cava
(SVQ) produces artifacts
that project over the as-
cending aorta and the
origin of the supraaortic

Figure 1. CT angiograms of
supraaortic arteries in a 74-year-old
woman scanned in caudocranial
direction with left-sided injection
of contrast material.

A: Coronal maximum intensity
projection (15 mm). High-density
contrast material in left subclavian
vein and reflux of contrast material
in neck veins give rise to artifacts
over the origin of the supraaortic
vessels.

B: Axial image at level of origin of
left vertebral artery (arrow).

C: Axial image at level of proximal
part of left common carotid artery
(arrow) and left subclavian artery
(arrowhead).

D: Axial image at level of first 1

cm of brachiocephalic trunk (long
arrow) and left common carotid
artery (short arrow). Evaluation

of atherosclerotic disease is
hampered by streak artifacts.
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arteries®’. Such artifacts can obscure adjacent
structures and thus hide or suggest stenosis
or occlusion of the proximal supraaortic ar-
teries (Fig. 1). Addition of a bolus chaser to
the main contrast bolus may reduce the fre-
quency of these artifacts by clearing the veins
of contrast material. However, the timing of
the CTA scan is not altered by the addition of
a bolus chaser and artifacts do occur. Use of
a craniocaudal scan direction, opposite to the
direction of blood flow, may reduce the num-
ber of artifacts caused by delayed scanning of
the apex of the thorax (Fig. 2).

The purpose of this study was to compare the
effects of a caudocranial scan direction versus
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a craniocaudal scan direction on enhance-
ment of the carotid artery and on the pres-
ence of perivenous artifacts in CTA with a 16-
MDCT scanner.

Materials and Methods

Study population

Between November 2002 and August 2003, 80
consecutive patients (51 men and 29 women;
mean age, 62 years; range, 28-89 years), who
underwent CTA of the carotid artery, were
enrolled in the study. The indication for CTA
was suspected atherosclerotic disease of the
carotid or vertebrobasilar vascular system in

Figure 2. CT angiograms of supraaortic arteries. Four maximum intensity projections (30 mm) in coronal plane in four patients.

A and B, CT angiographic scans in caudocranial direction with right-sided (72-year-old man, A) and left-sided (B) injection of contrast
material. Very high density of contrast material in the subclavian vein and superior vena cava hides the origin of the supraaortic
arteries.
Cand D, CT angiographic scans in craniocaudal direction with right-sided (48-year-old man, C) and left-sided (54-year-old man, D)
injection of contrast material. High density of contrast material is not left in veins, and we all arteries are clearly depicted.



patients who had had a transient ischemic
attack or minor ischemic stroke. Exclusion cri-
teria were previous allergic reaction to iodine
contrast medium, renal insufficiency (serum
creatinine > 100 mmol/L), pregnancy, and age
less than 18 years. Patients with occlusion of
the carotid artery also were excluded. The In-
stitutional Review Board approved the study,
and patients gave informed consent in writ-

ing.

Each patient was allocated to one of two
groups with different scan protocols. The first
40 patients (group 1) underwent scanning in
the caudal to cranial direction, the second 40
patients (group 2) underwent scanning in the
cranial to caudal direction. Age, sex, and body
weight were recorded for each patient.

Scan protocol

The patients underwent CTA of the carotid
artery with a 16-MDCT scanner (Sensation 16,
Siemens Medical Solutions, Forchheim, Ger-
many). Patients were positioned supine on
the CT table with the arms along the chest. A
lateral scout view including the thorax, neck
and skull was acquired. The CTA scan range
reached from the ascending aorta to the in-
tracranial blood vessels (2 cm above the sella
turcica). Scan parameters were as follows:
number of detectors, 16; individual detector
width, 0.75 mm; table feed per rotation, 12
mm (pitch of 1); gantry rotation time, 0.5 sec;
120 kV; 180 mAs; and scanning time, 10-14
sec, depending on patient’s size and anatomic
features). The entire examination took approx-
imately 15 minutes.
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The contrast material (iodixanol 320 mg I/ml
[Visipaque, Amersham Health]) was injected
with a double-head power injector (Stellant,
MedRAD) through an 18- to 20-gauge IV can-
nula (depending on the size of the vein) in
an antecubital vein. The right antecubital
vein was preferentially used, because it pro-
vides the shortest path for contrast material
through the venous system and therefore the
least dilution. When venous access could not
be achieved on the right side, the left antecu-
bital vein was used. The saline bolus chaser
was injected through the second head of the
power injector immediately after injection of
contrast material was completed. All patients
received 80 mL of contrast material and a 40
mL saline bolus chaser, both at an injection
rate of 4 mL/sec.

Synchronization between the passage of
contrast material and data acquisition was
achieved with real-time bolus tracking. The
arrival of the injected contrast material was
monitored in real time with a series of dynam-
ic axial low-dose monitoring scans (120 kV,
20-40 mAs) at the level of the ascending aorta
at intervals of 1 sec. The monitoring sequence
started 5 sec after initiation of administration
of contrast material. The CTA scan was trig-
gered automatically by means of a threshold
measured in a region of interest (ROI) set in
the ascending aorta. The size of the ROl in the
ascending aorta for the bolus triggering was
adjusted to the size and composition of the as-
cending aorta, but was always greater than 5
mm in diameter. The trigger threshold was set
at an increase in attenuation of 75 Hounsfield
Units (HU) above baseline attenuation (= 150
HU in absolute HU value). When the threshold
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was reached, the table was moved to the start
position while the patient was instructed not
to swallow. Breath-hold instructions were not
given to the patient. CTA data acquisition was
started automatically 4 sec (caudocranial scan
direction) or 6 sec (craniocaudal scan direc-
tion) after the trigger threshold was reached.
All bolus timing procedures and CTA scans
were successfully completed. No significant
adverse reactions to contrast material or other
side effects occured.

Data collection and analysis

Images were reconstructed with an effective
slice width of T mm, reconstruction interval of
0.6 mm, field of view of 100 mm, and convo-
lution kernel B30f (medium smooth). The im-

ages were transferred to a stand-alone work-
station and evaluated with dedicated analysis
software (Leonardo, Siemens Medical Solu-
tions).
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For each patient, site of injection and scan de-
lay (in seconds) were recorded. Axial images
were used for the attenuation measurements.
On each 40th slice (1-sec interval), beginning
with the most caudal slice, an ROl was drawn
throughout the data sets in two regions: the
ascending aorta to the right ICA, and the as-
cending aorta to the left ICA. Measurements
were recorded at the following locations: as-
cending aorta, aortic arch, proximal CCA (first
two measurements in the CCA), distal CCA,
proximal ICA (first two measurements in the
ICA), distal ICA, carotid siphon, and intrac-
ranial part of the ICA. Measurements in the
brachiocephalic trunk were considered to be
measurements in the CCA.

Two observers measured and recorded all
data. Attenuation was measured by drawing a
circular ROl in the center of the vessel lumen.
The ROI was drawn as large as the anatomic
configuration of the lumen allowed in the
axial slice. The mean value of the measure-

Figure 3. Contrast material-related perivenous artifacts
graded on four-point scale in four different patients.

A, Score of 0 indicates no streak artifacts and clear
anatomic detail in 39-year-old man.

B, score of 1 indicates minimal streak artifacts without
notable obscuration of adjacent arteries in 40-year-old
woman.

C, score of 2 indicates moderate streak artifacts partially
obscuring adjacent arteries in 59-year-old man.

D, score of 3 indicates extensive streak artifacts
completely obscuring adjacent arteries in 63-year-old
man. Figure 3.

Contrast material-related perivenous artifacts graded
on four-point scale in four different patients.

A, Score of 0 indicates no streak artifacts and clear
anatomic detail in 39-year-old man.

B, score of 1 indicates minimal streak artifacts without
notable obscuration of adjacent arteries in 40-year-old
woman.

C, score of 2 indicates moderate streak artifacts partially
obscuring adjacent arteries in 59-year-old man.

D, score of 3 indicates extensive streak artifacts
completely obscuring adjacent arteries in 63-year-old
man.



ments on the left and right side at each time
point was calculated. Time-attenuation curves
were generated for each patient, and mean,
minimum and maximum attenuation were as-
sessed. Because attenuation greater than 200
HU was considered optimal, the number of
measurements less than 200 HU was counted.
The analysis resulted in one to three measure-
ments per location depending on the size of
the patient. For analysis of attenuation, the
measurements obtained in these locations
were averaged.

Contrast material-related perivenous artifacts
were graded on a four-point scale adjusted
from Rubin et al® and Vogel et al® (Fig. 3). A
score of 0 indicated no streak artifacts and
clear anatomic detail; 1, minimal streak arti-
facts without notable obscuration of adjacent
arteries; 2, moderate streak artifacts partially
obscuring adjacent arteries; and 3, extensive
streak artifacts completely obscuring adjacent
arteries. The artifact score was assessed by two
observers blinded to scan protocol. In case of
a lack of congruence, consensus was reached.
Attenuation in the SVC was measured in the
most caudal slice. Reflux of contrast mate-

Table 1 Patient and Scan Characteristics
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rial in the veins of the neck was measured in
centimeters on a coronal maximume-intensity-
projection image.

Statistical analysis

Baseline characteristics, attenuation parame-
ters and artifact parameters in the two groups
were compared using Student’s t-test, chi-
square test or Mann Whitney test. In the pair-
wise comparison of attenuation parameters, a
linear regression model was used to adjust for
weight and age. The Spearman’s rank correla-
tion test was used for assessment of the rela-
tion between artifact parameters.

The software used for statistical analysis was
SPSS 11.5 (SPSS). A p-value of < 0.05 was con-
sidered statistically significant.

Results

Patients and procedures

Patient demographics were not significantly
different in the two groups (Table 1). Scan
delay was significantly higher in group 2 (p <
0.01) because of the extra 2 sec necessary af-
ter the threshold was reached for the table to

Characteristic Caudocranial scan C.ranit.)caudal scan
direction (Group 1) direction (Group 2)

Number of patients 40 40

Sex (Male/Female) 26/14 25/15

Age (years): mean (range) 65 (28-85) 59 (32-89)

Weight (kg): mean (range) 74 (55-97) 75 (54-96)

Injection side (right/left) 34/6 29/11

Scan delay (sec): mean (range) * 18 (14-22) 20 (14-30)

Number of slices: mean (range) ** 532 (427-637) 500 (430-564)

* = Student’s t-test: p < 0.01; ** = Student’s t-test: p < 0.001
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move to a cranial start position in comparison
with a caudal start position. After correction
for those 2 sec, there was no significant differ-
ence in scan delay between the two groups.

Caudocranial scan direction
Mean arterial attenuation for the caudocranial
scan direction was 334 + 58 HU (Table 2). The

Table 2 Attenuation Levels
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Craniocaudal scan direction

The mean arterial attenuation per patient was
303 =48 HU (Table 2). The minimum and max-
imum arterial attenuation per patient were
212 + 49 HU and 369 + 58 HU, respectively.
Sixty-nine of the measurements in 16 of the
40 patients (493 measurements) had an atten-
uation less than 200 HU. These measurements

Attenuation (HU) P Value**
Parameter Caudocranial scan  Craniocaudal scan P Value* After adjustment
direction (Group 1)  direction (Group 2) for age and weight

Mean 334+58 303 +48 <0.05 NS
Maximum 40171 369 =58 <0.05 NS
Minimum 255+50 212+49 <0.001 <0.01

NS = not significant.

* = Student’s t-test; ** = multiple linear regression.

Table 3 Attenuation by Location

Mean attenuation + SD (HU) P Value**
Location Caudocranial scan  Craniocaudal scan P Value* After adjustment
direction (Group 1)  direction (Group 2) for age and weight

Ascending aorta 282 +43 231+ 64 <0.001 <0.01
Aortic arch 293 +44 259+ 62 <0.01 NS
Proximal CCA 310+ 52 299 + 64 NS NS
Distal CCA 363 £ 65 334+59 <0.05 NS
Proximal ICA 38173 348 £52 <0.05 NS
Distal ICA 36875 331+50 <0.05 NS
Carotid siphon 33371 288 + 46 <0.01 <0.01
Intracranial ICA 29177 258 +48 <0.05 <0.05

CCA = common carotid artery; ICA = internal carotid artery; NS = not significant.

* = Student’s t-test; ** = multiple linear regression

minimum and maximum arterial attenuation
were 255 + 50 HU and 401 + 71 HU, respec-
tively. Fifteen measurements in five of the 40
patients (513 measurements) had an attenua-
tion of less than 200 HU. These measurements
were obtained in the ascending aorta (n=2),
aortic arch (n=2), CCA (n=3), ICA (n=1), carotid
siphon (n=2), and intracranial arteries (n=5).

were obtained in the ascending aorta (n=23),
aortic arch (n=12), CCA(n=15), ICA (n=8), ca-
rotid siphon (n=5), and intracranial arteries
(n=6).

Comparison of attenuation curves
Group 2, in whom the craniocaudal scan di-
rection was used, had lower mean, maximum,
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attenuation (HU)
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Figure 4. Time-attenuation curves show intraluminal attenuation at slice number from caudal to cranial. Slightly lower attenuation is
evident for craniocaudal scan direction in comparison with caudocranial scan direction.
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Figure 5. Intraluminal attenuation of group 1 (caudocranial scan direction) and group 2 (craniocaudal scan direction) at different
locations from ascending aorta (asc ao) to circle of Willis. Maximum attenuation was reached in proximal internal carotid artery (ICA)
in both groups. Prox = proximal, CCA = common carotid artery, Dist = distal, Intracran = intracranial arteries.

and minimum attenuations (p < 0.05) than  or maximum (p = 0.26) attenuation. Minimum
group 1,in whom the caudocranial scan direc-  attenuation remained significantly different (p
tion was used (Tables 2 and 3, Figs. 4 and 5). < 0.01). In both patient groups, maximum at-
After adjustment forage and weight, no signif-  tenuation was reached in the proximal ICA.

icant difference was found in mean (p = 0.07)  The craniocaudal scan direction resulted in
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Table 4 Attenuation in Relation to Artifacts

Mean + SD
Parameter Caudocranial scan Craniocaudal scan PValue
direction (Group 1) direction (Group 2)
Superior Vena Cava attenuation (HU) 782 +330 169 + 39 <0.001
Streak-artifact score 25+06 13109 <0.001
Reflux neck veins (cm) 29+24 1.2+1.5 <0.001

significantly lower attenuation in all locations
(p < 0.05), except for the proximal CCA (p =
0.39). After adjustment for age and weight, no
significant difference was found for the aortic
arch (p = 0.07), proximal CCA (p = 0.87), distal
CCA (p =0.17), proximal ICA (p = 0.21), or dis-
tal ICA (p =0.16). Attenuation in the ascending
aorta, carotid siphon, and intracranial arteries
remained significantly different (p < 0.05).

Comparison of artifacts

Attenuation in the SVC was much higher in
group 1 (caudocranial) than in group 2 (cran-
iocaudal): 782 + 330 HU (range 183 — 2083 HU)
and 169 + 39 HU (range 102-288 HU), respec-
tively (p < 0.001) (Table 4).

Table 5 Artifact Parameters According to Injection Side

The mean artifact scores were 2.5 + 0.6 and
1.3 + 0.9 for groups 1 and 2, respectively (p <
0.001). All but one of the patients in group 1
had an artifact score of 2 or more. Extensive
streak artifacts completely obscuring adjacent
arteries (score 3) were seen in 21 (53%) of the
patients in group 1 and in three (8%) of the pa-
tients in group 2.

Reflux of contrast material in the neck veins
measured 2.9 £ 2.4 cm (range 0 - 14.4 cm)
and 1.2 = 1.5 cm (range 0 - 5.1 ¢cm) in groups
1and 2 (p < 0.001). Reflux of contrast material
in the neck veins measuring more than 2 cm
was seen in group 1 in 24 (60%) of the patients
and in group 2 in 11 (28%) of the patients (p
<0.001).

Mean + SD
Parameter P Value
Left Injection (n=17) Right Injection (n=63)
Caudocranial scan direction (Group 1)
SVC (HU) 732+ 265 791 +343 NS
Artifact score 27+05 24+07 NS
Reflux (cm) 29+16 29+26 NS
Craniocaudal scan direction (Group 2)
SVC (HU) 167 £ 56 170 £ 32 NS
Artifact score 1.7+£1.0 12+£0.8 NS
Reflux (cm) 22+19 0.8+ 1.1 <0.01

SVC = Superior vena cava; NS = not significant.
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Figure 6. Box —and-whisker plots of attenuation in the superior vena cava (SVC) and of reflux of contrast material in neck veins ac-

cording to artifact score.

A, Plot shows clear cutoff point at + 200 HU attenuation of SVC. Above this level artifacts interfered with evaluation of arteries. Circle

indicates outlier.

B, Plot shows greater amount of reflux is associated with higher artifact score. Stars indicate extreme.

Compatrison of left and right
injection sides

In group 2 (craniocaudal scan direction) there
was more reflux and a higher artifact score in
left-sided injection than with right-sided injec-
tion, although the difference was significant
only for reflux (p < 0.01) and almost significant
for artifact score (p = 0.08) (Table 5). Attenu-
ation of the SVC was higher in patients who
received a right-sided injection, although the
difference was not significant (p = 0.19).

Relationships among artifact
parameters

There was a significant relation between the
attenuation of the SVC and artifact score
(Spearman’sr=0.62, p < 0.001) (Fig. 6). A clear
cut-off point was seen at an attenuation of the
SVC of + 200 HU. Above this level, artifacts in-
terfered with evaluation of the arteries. There

was also a significant relation between reflux
in the neck veins and artifact score (Spear-
man’'sr=0.52, p < 0.001).

Discussion

Artifacts caused by the inflow of undiluted
high density contrast material in the SVC dur-
ing thoracic helical CT have been described>”°.
These artifacts can cause obscuration of en-
larged lymph nodes, incomplete characteriza-
tion of axillary and mediastinal masses, and
obscuration of vascular lesions. During CTA,
artifacts can especially obscure the ascend-
ing aorta and proximal supraaortic arteries
and thus hide or suggest stenosis or occlu-
sion of the origin of the supraaortic arteries.
Perivenous artifacts are frequently seen when
the start of the CT scan occurs before injec-
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tion of contrast material ends. In case of de-
layed start of data acquisition, after the end of
contrast material injection, stasis of contrast
material in the major thoracic veins can cause
artifacts.

Rubin et al.5, who performed helical CT with
an injection duration of 40 sec and a scan de-
lay of 25 sec, found that 3:1 dilution of contrast
material resulted in diminished perivenous ar-
tifacts. To keep the same total injected iodine
dose with a 3:1 dilution, the total injected
volume and the injection rate have to be in-
creased 4 times. In CTA, however, dilution of
contrast material is not an option because
the already high injection rate should be in-
creased to more than 10 mL/sec in maintain-
ing the injected iodine dose.

Haage et al.® tested the effect of the addition
of a bolus chaser to the main contrast material
bolus and subsequent reduction of contrast
material. They found a reduction in perivenous
artifacts. This result can be explained by the
reduction in total iodine concentration and
shorter contrast material injection time rather
than use of a bolus chaser after the main bo-
lus.

In theory, to prevent perivenous artifacts, a
bolus chaser is useful in CTA only when the
scan starts after injection of contrast material
ends. In our study the optimal scan delay was
within the injection period of 20 seconds in
most of the patients. Although use of a bolus
chaser in CTA of the supraaortic arteries leads
to optimal use of contrast material®, it does
not decrease perivenous artifacts.
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To synchronize data acquisition relative to
optimal arterial enhancement, the scan di-
rection in CTA usually is in the direction of
the blood flow'. With 16-MDCT, scanning
time in CTA of the supraaortic arteries has de-
creased to less than 15 sec. This change may
allow reversal of the scan direction without a
compromise in vascular attenuation. In addi-
tion, perivenous artifacts may decrease be-
cause of the delay in scanning of the apex of
the thorax when a craniocaudal scan direction
is used.

Our study showed that a craniocaudal scan di-
rection resulted in slightly lower attenuation
of the carotid artery, although attenuation
remained high enough for good evaluation,
in comparison with a caudocranial scan direc-
tion. With both scan directions, peak attenua-
tion is at the level of the proximal ICA, which
is the most relevant site. After adjustment for
age and weight, no significant difference in
mean or maximum attenuation was found for
the two scan directions. Minimum attenua-
tion, however, was significantly lower for the
craniocaudal scan direction. The explaination
is that the scan direction is the opposite of the
direction of blood flow, and to have maximal
enhancement at the halfway point (the level
of the proximal ICA), the scan is at the cranial
level a little too early and at the caudal part
a little too late for optimal enhancement.
Therefore, attenuation at the beginning and
at the end of the craniocaudal scan, and thus
minimum attenuation, is lower than for a cau-
docranial scan. This factor is also reflected in
the significantly lower attenuation, after ad-
justment for age and weight, at the ascending
aorta, carotid siphon and intracranial arteries



and the lack of difference in attenuation at lo-
cations in between.

We found that a craniocaudal scan direction
resulted in a much lower attenuation of the
SVC, which resulted in fewer perivenous arti-
facts. By the time the craniocaudal scan reach-
es the apex of the thorax, injection of contrast
material has ended, and contrast material
has been flushed from the veins by the bolus
chaser.

There was a tendency to increased artifacts
with left-sided injection compared with right-
sided injection, although this difference was
not significant (p=0.08 for the craniocaudal
scan direction).The explainationis that venous
return in the left subclavian vein, because of
its transverse course into the SVC, may be
more likely to be affected by changes in in-
trathoracic pressure and to be compressed by
normal structures, such as the aorta. These ef-
fects can cause more pooling of contrast ma-
terial in the subclavian vein and more reflux
in the neck veins with left-sided injection than
occurs with right-sided injection™. We found
more reflux in patients in the craniocaudal
scan direction group who received a left-sided
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injection (p<0.01) and a significant relation-
ship between reflux and artifacts (p<0.01).

A limitation of our study is that the groups
were not randomly allocated. Baseline char-
acteristics, however, were not significantly dif-
ferent.

Another limitation was that our results prob-
ably will not apply when bolus triggering is
not used to optimize the timing of the data
acquisition. The timing for a craniocaudal scan
direction has to be more precise than for a
caudocranial scan direction. Without bolus
triggering data acquisition may be too early
for good arterial attenuation in the intracra-
nial arteries and too late for good attenuation
in the aorta.

In conclusion, we advocate the use of a cran-
iocaudal scan direction in 16-MDCT angiog-
raphy of the supraaortic arteries. Right-sided
injection is preferred over left-sided injection.
This protocol results in good arterial attenu-
ation, low attenuation of the SVC, and few
perivenous artifacts, and facilitates evaluation
of the ascending aorta and supraaortic arter-
ies.
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n vitro characterization of
atherosclerotic carotid plaque with
multidetector computed tomography and
histopathological correlation

Abstract

Objective
This in vitro study evaluated the performance of 16-slice multidetector computed tomography
(MDCT) in the assessment of carotid plaque components, with histology as the gold standard.

Materials and Methods
Twenty-one specimens (n=21) were scanned and reconstructed after optimization of the proto-
col. Three corresponding MDCT images and histologic sections were selected from each speci-
men. The Hounsfield values (HV) of the major plaque components (calcifications, fibrous tissue
and lipid) were assessed. Plaque areas (mm?) assessed with MDCT were compared with the re-
sults from histologic analysis.

Results

A value of 140 kVp and an intermediate reconstruction algorithm was the optimal protocol. In 15
out of 21 specimens it was possible to match MDCT images with histology. The HV of calcifica-
tions, fibrous tissue and lipid were 45 + 21 HU, 79 + 20 HU and 960 = 491 HU (P < 0.001), respec-
tively. Plaque areas were compared in 27 matched levels. The calcified and lipid areas on MDCT
and histology correlate well (R’= 0.83 and R*= 0.68, respectively). The mean difference in lipid
area was 0.1 mm? (95% Cl = -2.1 - 2.3 mm?).

Conclusions
This in vitro study showed that MDCT is capable of characterizing and quantifying the lipid rich
portion of the atherosclerotic plaque.



Introduction

Studies on carotid atherosclerotic plaque have
suggested that atherosclerotic plaque rup-
ture can lead to distal thromboembolization.
These rupture-prone vulnerable plaques have
specific morphological features: the most fre-
quently seen vulnerable plaque type has a
large lipid-rich core with a thin fibrous cap.’

Since computed tomography (CT) angiogra-
phy of the carotid artery may replace ultra-
sound and invasive angiography in the assess-
ment of stenosis in stroke patients? evaluation
of plaque composition would provide impor-
tant additional information.

In 1984, it was demonstrated that single-slice
CT was able to detect intimal disease in the
carotid bifurcation.® In later studies, in which
3-mm thick CT slices were compared with his-
tology sections of endarterectomy specimens,
Estes et al.* and Oliver et al> concluded that
hyperdense structures corresponded with
calcifications, hypodense regions with lipid or
hemorrhage, and isodense regions with fibro-
sis. However, Walker et al.® concluded that CT
fails to reliably indicate the presence of lipid or
fibrous tissue and suggested the need of mul-
tidetector technology.

Multidetector CT (MDCT) allows the evalu-
ation of carotid atherosclerosis with thinner
slices (0.5-1.0 mm) and less volume averaging.
More detailed analysis of plaque composition
is now expected to be possible based on dif-
ferences in Hounsfield values (HV). Although
MDCT is a robust technique, the HV in MDCT
images are influenced by a number of scan

57

and image reconstruction parameters; only
some of these (collimation and contrast con-
centration) have been evaluated.” Further-
more, there are concerns about the limiting
effect of blooming artifacts of calcifications on
the characterization of the non-calcified part
of the plaque.®

The aim of this in vitro study was to assess the
ability of thin section MDCT to characterize
and quantify plaque components in carotid
endarterectomy specimens, with histology
as gold standard. In addition, the effects of
voltage setting (kVp) and reconstruction algo-
rithms on image quality and the depiction of
calcifications were analyzed.

Methods

Subjects

Twenty-one patients (17 male, four female;
mean age 65 years, range 41-81 years) un-
dergoing carotid endarterectomy (CEA) for
a symptomatic angiographically detected
stenosis (> 70%), were included in the study.
The Institutional Review Board approved the
study and patients gave written informed
consent. After CEA, the plaque specimens
were stored in 4% formaldehyde.

Optimization of protocol

In order to optimize scanning and reconstruct-
ing parameters five out of 21 specimens were
taken out the formaldehyde and scanned
on an MDCT scanner (Siemens, Sensation
16, Erlangen, Germany) with a standardized
protocol (tube current 180 mAs, collimation
16x0.75 mm, table feed 12 mm/rotation, pitch
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of 1). Four scans were made with 80, 100, 120
and 140 kVp, respectively. Axial reconstruc-
tions were made with 50-mm field of view,
matrix size 512 x 512 (yielding interpolated
pixels of 0.10 x 0.10 mm; true in-plane reso-
lution is about 0.5x 0.5 mm), slice thickness
1.0 mm, increment 0.5 mm and four differ-
ent types of reconstruction algorithms (B20:
smooth, B36: heart view smooth, B46: heart
view sharp and B70: very sharp). Hereafter,
from each of the 5 selected specimens the
corresponding 16 MDCT images of the most
stenotic site (= CT image with the largest
amount of plaque) were compared with each
other (Fig. 1). The optimal protocol was deter-
mined based on image quality and the depic-
tion of the calcified area in the atherosclerotic
plaque.
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Evaluation of image quality was done by two
observers (AvdL and TdW) in one consensus
reading and focused on the presence of arti-
facts (averaging of HV, edge-enhancement ar-
tifacts). To evaluate the effect on the depiction
of calcifications, the calcified area (number of
pixels with HU >150) and the total plaque area
(number of pixels with HU >=0) in each MDCT
image was determined using the freely avail-
able software package ImageJ (Rasband, Na-
tional Institute of Mental Health, Bethesda,
USA); in addition the percentage of calcified
plaque area was calculated. Since, the speci-
mens were surrounded by air (-1000 HU)
during scanning, manual tracing of the total
plaque area was not needed: all pixels above 0
HU were considered to be part of the athero-

sclerotic plaque.

Figure 1. MDCT images of

an atherosclerotic specimen
from the carotid artery
obtained at the same location
in the specimen with different
kVp settings (80 kVp, 100

kVp, 120 kVp, 140 kVp) and
different reconstruction
algorithms (B20 = smooth,
B36 = heart view smooth,

B46 = heart view sharp, B70

= sharp). Gray arrows show a
high intensity ring at the air-
tissue interface and the white
arrows show a low intensity
ring around calcifications.



Once, the optimal protocol was determined,
the other 16 specimens were scanned and the
MDCT images were reconstructed according
to this protocol. Subsequently, the specimens
were stored again in 4% formaldehyde and
sent for histopathological analysis.

Histology preparation

The specimens were decalcified in Goodings
and Stewarts solution. After paraffin embed-
ding, histologic sections (5 um thick) were cut
at 1-mm intervals. Three histologic sections
obtained per 1-mm were stained with hema-
toxyline-eosin (HE), Sirius Red (SR) and elastic-
Van Gieson (EVG), respectively.

Data analysis

The stack of MDCT images and histologic sec-
tions at 1-mm intervals were matched. The
shape of the specimen, the location of the bi-
furcation and calcifications in the plaque were
used for matching. For each specimen three
corresponding MDCT images and histologic
sections were selected for analysis: the most
stenotic site, defined as the histologic section
with the largest amount of plaque (the steno-
sis), and one site proximal and one site distal
within 4 to 10 mm to the stenosis.

Measurements of different plaque
components

Regions within the selected histologic sections
with one predominant plaque component
(calcifications, fibrous tissue or lipid) were se-
lected by 2 observers (AvdL and TdW) during
a consensus reading. The HV of these plaque
components were measured by drawing a re-
gion of interest (ROI) in the center of the same
region in the corresponding MDCT image.
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For each measurement the same Swiss-cross
shaped ROI (size: 5 pixels) was used.

The fibrous tissue and lipid measurements
were put in a frequency table from which an
ROC curve was created based on the sensitivi-
ty and specificity to differentiate fibrous tissue
from lipid when using different cut-off points
of HV. The optimal cut-off point was consid-
ered to have the highest paired sensitivity and
specificity.

Size of different plaque components
The size of the three plaque components (cal-
cifications, fibrous tissue, lipid) was assessed
in both selected histologic sections and cor-
responding MDCT images.

Since in the MDCT images, HV at the borders
of the specimens can not be considered rep-
resentative for the underlying tissue, due to
partial volume effects at the air-tissue inter-
face, thin and split plaque sections, which
have relatively large air-tissue borders, were
discarded.

The size of the plaque components in the se-
lected histologic sections was assessed dur-
ing a consensus reading by two observers
(AvdL and TdW), prior to and blinded for the
plague component size assessment in the cor-
responding MDCT images.

The histologic sections were analyzed with a
microscopy image analysis system (Clemex vi-
sion 3.5, Clemex Technologies Inc., Longueuil,
Canada) (Fig. 2). This system made it possible
to assess automatically with a color threshold
within SR stained histologic sections the area
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Calcified Fibrous tissue

Total plaque

percentage of collagen. The fibrous area was
considered to be equal to this collagen area
percentage and the area of the media, which
was manually outlined and automatically cal-
culated. The calcified area percentage was de-
termined in the HE stained sections; calcified
areas show purple in this staining or appear as
holes in the tissue (due to decalcification). The
purple areas and, or holes in the tissue were
manually outlined and automatically calcu-
lated. The remaining tissue (lipid, hemorrhage
and culprit) in the histologic sections was then
considered all to be lipid tissue. We consider
this fair since lipid, hemorrhage and culprit
are all destabilizing features of an atheroscle-
rotic plaque. Furthermore, these plaque con-
stituents have been described as having the
same HV.#®

In the corresponding MDCT images, the total
plaque area and the area of each plaque com-
ponent were calculated by counting the num-
ber of pixels within a certain HV range, which
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Figure 2. Assessment in histologic
sections of plaque component areas with a
microscopy image analysis system (Clemex
vision 3.5). Step 1, total plaque area was
determined with a color threshold (any
color = plaque). Step 2, calcified areas were
manually drawn. Step 3, fibrous tissue

was determined automatically with color
threshold (red = collagen) and manually
(tunica media). Step 4, remaining tissue
was considered to be lipid. (A full color
version of this illustration can be found in
the color section)

was subsequently multiplied
by the pixel size.

The cut-off point between fi-
brous tissue and calcification
was set at 150 HU. The cut-off
point between fibrous tissue and lipid was
based on the optimal cut-off point as assessed
in the present study.

Lipid area

Statistical analysis

Data are presented as the mean + standard
deviation (SD). Data on the HV measurements
of the three plaque components were com-
pared with Student’s t-tests. Data on the HV of
fibrous tissue and lipid measured in the same
image were compared with paired Student’s
t-tests.

To assess systematic differences between
MDCT and histology, the area measurements
were compared with paired Student’s t tests.
To assess a relationship between the mea-
surements a linear regression analysis was
performed. Differences in area measurements
on MDCT and histology were plotted against
the mean value of the measurements (Bland
Altman plot).?



Results

Optimization of protocol

Direct visual comparison of the 16 MDCT im-
ages showed that plaque composition is influ-
enced by the reconstruction algorithm but is
not clearly influenced by kVp setting. Smooth
(B20) reconstructed images resulted in less
interpretability due to averaging of contrast
differences. Sharp (B70) reconstructed images
resulted in less interpretability due to image
degradation caused by edge-enhancement
artifacts. This resulted in a high intensity ring
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cation of intermediate algorithms led to the
smallest size of calcifications (Table 1) and that
anincrease in kVp setting resulted in a gradual
decrease in the size of calcifications (Table 2).
The smaller depiction of calcifications with in-
termediate algorithms and higher kVp setting
was observed in every analyzed image.

Since, the B46 reconstruction algorithm has
an expected better soft tissue contrast due to
a sharper reconstruction algorithm, 140 kVp
and a B46 reconstruction algorithm was con-
sidered the optimal protocol.

Table 1. Effect of reconstruction algorithm on the amount of calcified tissue expressed in the number of pixels >150 HU and as a
percentage of the total plaque area. Data are mean values of measurements in CT images obtained with 80, 100, 120 and 140 kVp.

Reconstruction algorithm Tot(a(:-?‘:z?(l::lj\)rea Calcified area (>150 HU) % C(:!lc;i;e:;)rea
B20 2587 695 26,9
B36 2572 601 234
B46 2771 623 22,5
B70 4172 2200 52,7

Table 2. Effect of kVp setting on the amount of calcified tissue expressed in the number of pixels >150 HU and as a percentage of the
total plaque area. Data are mean values of measurements in CT images reconstructed with B46 reconstruction algorithm.

kVp Tot(a(:-?‘:z?(l::lj\)rea Calcified area (>150 HU) % C(:!lc;i;e:;)rea
80 2693 695 25,8
100 2794 637 22,8
120 2852 596 20,9
140 2743 565 20,6

at the air-tissue interface and a low intensity
ring around calcifications. The images recon-
structed with an intermediate (B36 and B46)
algorithm showed good interpretability (Fig.
1).

Measurement of the absolute and relative size
of the calcifications revealed that the appli-

Measurement of different plaque
components

In 15 out of 21 specimens it was possible to
match MDCT images with corresponding
histology sections. Six specimens were ex-
cluded due to poor histologic quality. Thus, 45
matched levels (15 specimens x 3) were avail-
able for evaluation.
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Regions with predominant calcifications, fi-
brous tissue or lipid were present in 34, 28 and
35 histologic sections, respectively. The mea-
sured HV were 960 + 491 HU for calcifications,
79 + 20 HU for fibrous tissue and 45 + 21 HU
for lipid tissue. The difference in HV between
fibrous tissue and lipid was significant (p <
0.001). In 23 histologic sections both fibrous
tissue and lipid were present and the HV could
be measured on the corresponding MDCT im-
ages. In all cases the HV of lipid was lower than
the HV of fibrous tissue (mean difference = 31
+17 HU; p < 0.001).

Figure 3a shows the distribution of HV of lipid
and fibrous tissue. The ROC curve (Fig. 3b) re-
vealed 60 HU as the optimal cut-off point to
differentiate lipid from fibrous tissue, with a
sensitivity and specificity of 89% and 93%, re-
spectively. The range for lipid tissue was there-
fore set at 0-60 HU during further analysis.
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Sensetivity for lipid (%)

b

Size of different plaque components
In total 27 matched levels from 13 specimens
were analyzed. Eighteen levels were discard-
ed, because the atherosclerotic plaque was
thin or split.

The area measurements of the different plaque
components on MDCT and on histology are
shown in Table 3. Linear regression plots show
the relationship between the results of both
modalities (Fig. 4a-d). The total plaque area on
MDCT was significantly smaller than on histol-
ogy, the correlation (R* = 0.81) was good. The
calcified area on MDCT was significantly larger
than on histology, the correlation (R* = 0.83)
was good. The mean lipid area on MDCT was
not significantly different from histology, the
correlation (R*> = 0.68) was good. The Bland-
Altman plots showed that the difference in
lipid area measurements between MDCT and
histology was not dependent on the size of
the lipid area (Fig. 4e), while the difference in
calcified area measurements increased in larg-
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Figure 3. a Frequency distribution of Hounsfield values of lipid (gray bars) and fibrous tissue (black bars). Gray and black striped bars
count for both tissues. b ROC curve of various cut-off points (in HU) between lipid and fibrous tissue. With a range for lipid tissue of
0-60 HU, sensitivity and specificity for lipid tissue are 89% and 93%, respectively.



Table 3. Mean areas, standard deviations and P-values of total plaque and plague component areas in 27 corresponding MDCT

images and histologic sections.

Total plaque area

Lipid area

Fibrous area Calcified area

MDCT 32.7 £ 144 mm? 14.5 £ 10.1 mm? 7.0+4.0 mm’ 11.2+122mm?
Histology 449+19.3 mm’ 14.6 + 9.6 mm? 26.8+11.5mm’ 3.6 +6.8 mm’
P-value <0.0001 <0.0001 <0.0001

er calcifications (Fig. 4f). Therefore, the mean
difference in lipid area between MDCT and
histology was taken as a summary measure
of the concordance between histologic and
MDCT areas: it amounted to 0.1 mm? (95% Cl
=-2.1 - 2.3 mm?). The fibrous tissue area on
MDCT was significantly smaller than on histol-
ogy, the correlation (R* = 0.26) was poor.

Discussion

This in vitro study evaluated the capability
of thin section MDCT to characterize plaque
components in carotid endarterectomy speci-
mens. It showed that image quality and the
depiction of calcifications were influenced
by reconstruction algorithm and kVp setting;
that fibrous rich regions and lipid rich regions
could be differentiated based on differences
in HV; and that besides the already commonly
used quantification of calcified tissue, MDCT
was capable of quantifying the lipid rich por-
tion of carotid atherosclerotic plaque.

To our knowledge, this is the first study that
correlates MDCT images of carotid endart-
erectomy specimen to histology. The in vitro
approach has the major advantage that MDCT
images and histologic sections easily and ac-
curately can be correlated.

Analysis of different reconstruction algorithms
revealed that smooth (B20) reconstructed im-
ages showed larger calcifications and less
differentiation between lipid and fibrous tis-
sue, due to averaging of contrast differences.
It is expected that this will also be observed
in patient studies. Sharp (B70) reconstructed
images showed high intensity rings at the air-
tissue interface and low intensity rings around
calcifications. Since these intensity rings did
not correlate with specific tissue regions in
histology, they may be considered as edge-
enhancement artifacts. During in vivo experi-
ments low intensity rings will still worsen im-
age quality and hamper differentiation of the
non-calcified parts of the plaque. The interme-
diate reconstruction algorithms (B36 and B46)
produced better quality images with almost
no difference in the size of calcifications. The
B46 reconstruction algorithm was preferred to
the B36 based on an expected better soft tis-
sue contrast due to a sharper reconstruction
algorithm.

Since calcifications are overestimated in MDCT
images and hinder the characterization of the
non-calcified part of the plaque, this study
analyzed the effect of kVp on the blooming ef-
fect of calcifications. This effect was best mini-
mized with the highest kVp setting. However,
the differences between 140 kVp and 120 kVp
were small (Table 2) and therefore it seems,
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in our opinion, reasonable to choose 120 kVp
during in vivo studies, with respect to patient
dose.

The present study showed that the HV of the
three major plaque components (calcifica-
tions, fibrous tissue and lipid) differed signifi-
cantly from each other. This is in concordance
with the observations of Oliver et al.* and Es-
tes et al.* However, the study from Walker et
al.® reported that CT could not differentiate
between fatty and fibrous plaques. This dis-
appointing result can be contributed to the
nature of the study: HV measurements were
done in the predominant plaque area and
correlated to the fibrous tissue-to-lipid ratio of
that plaque area, while in the other two stud-
ies (like in our study) predominant tissue com-
ponents at specific regions in the histological
sections were correlated to the measured HV
in the CT images at these specific regions.

A few studies have focused on atheroscle-
rotic plaque characterization in the coronary
arteries. Becker et al.'® used histology as a
reference for their MDCT findings and found
significant differences in mean attenuation of
the non-calcified part of the plaque between
classified on histology as predominant lipid-
rich plaques, and predominant fibrous-rich
plaques (47 £ 9 HU and 104 + 28 HU, respec-
tively). Other coronary studies used IVUS as a
reference and found a significant difference
on MDCT images in mean attenuation of the
non-calcified part of the plagque between
plaques classified on IVUS as soft, intermedi-
ate and calcified. "2
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The fact that the HV of the major plaque com-
ponents differed significantly from each other
is of great interest, because these differences
allow the plaque components to be quanti-
fied. For calcifications this quantification has
already been extensively reported13, in con-
trast to the quantification of lipid. Quantifica-
tion of lipid would be of utmost interest be-
cause lipid is one of the conclusive features of
an unstable plaque and thus of major impor-
tance for risk assessment. A high lipid plaque
volume, over 40%, will suffer from a high wall
stress and will be more prone to rupture; ad-
ditionally, the lipid content is highly thrombo-
genic after disruption.' Duplex ultrasonog-
raphy studies confirmed this idea about the
risk of lipid, by demonstrating that echolucent
plaques are associated with a higher risk for
future ischemic stroke. They failed, however,
in quantifying lipid or other plaque compo-
nents.” '* The important role of lipid is also
strengthened by the success of lipid-lowering
therapy in preventing acute atherosclerotic-
related events. This success could be explained
by the reduction of the lipid content of vulner-
able plaques."”

In the present study, the amount of major
plague components assessed with MDCT
was validated by comparison with histology.
The total plaque area assessed with MDCT
was smaller than the histologic plaque area.
This is in conflict with previous studies which
show that histologic preparation leads to
plaque shrinkage of 19-25%.'® This conflict
is explained by the air-tissue interface which
resulted in partial volume effects at the bor-
ders of the plaque (fibrous tissue) and thus
in smaller plaque sizes and underestimation
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of fibrous tissue areas. As in previous studies,
calcifications were overestimated with MDCT
due to the blooming effect, but the correla-
tion with histologic findings was strong.”
Besides blooming, decalcification may have
contributed to this overestimation. The lipid
plaque area detected with MDCT was not sig-
nificantly different from the lipid area found
in histologic sections and the correlation was
good.

Limitations

Correlation of MDCT images of carotid endar-
terectomy specimens with histologic sections
has several limitations. Firstly, the air-tissue in-
terface leads to lower HV (< 0 HU) at the tissue
borders of the specimens, due to partial vol-
ume effects. This deteriorates the correlation
between fibrous tissue on MDCT images and
histology. We have tried to avoid this effect by
scanning the specimens in water. However, in
water were no clear differences encountered
between water and soft tissue, which resulted
in difficulties during the matching of MDCT
images and histologic sections. A second limi-
tation is the absence of a contrast agent. Such
an agent is present during in vivo plaque char-
acterization and may affect HV measurements.
However, the first step towards carotid plaque
characterization with MDCT is assessment of
HV of plaque components in the absence of
contrast agents; the second step is the assess-
ment of the HV in the presence of contrast
agents. A third limitation regards the fact that
histology sections were 5 um thick while the
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MDCT sections were 1 mm thick. This may af-
fect the correlation between area measure-
ments. Finally, one may argue whether it is
possible to differentiate between fibrous tis-
sue and the lipid rich portion of the athero-
sclerotic plaque with MDCT based on a clear
cut-off point. The HV measurements of fibrous
tissue and the lipid rich portion of the plaque
were done in regions with a predominant type
of tissue, while in practice the atherosclerotic
plaque is often very heterogeneous. Never-
theless, the difference in HV measurements is
caused by differences in plaque composition.
The cut-off point in this study has not sepa-
rated completely fibrous tissue from the lipid
rich portion of the plaque. It is based on an
ROC analysis and is a compromise between a
high sensitivity or a high specificity.

Until now studies have reported the ability of
MDCT to quantify calcified tissue within the
atherosclerotic plaque.’*These quantities have
been used to predict all-cause mortality21
and the risk of acute atherosclerotic-related
events.”? The present study is the first that
demonstrates that MDCT is able to quantify
the amount of lipid in an in vitro setting. Fur-
ther studies must be performed to determine
if MDCT is also capable of quantifying lipid in
anin vivo setting, in order to establish, besides
a calcification score, a lipid score which may
prove to be an interesting predictor for stroke
risk and myocardial infarction and which may
function as a parameter in studies of lipid re-
gression.
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n vivo characterization and quantification of
atherosclerotic carotid plaque components with
multidetector computed tomography and
histopathological correlation

Abstract

Objective

In a previous in vitro study we have demonstrated that atherosclerotic plaque components can
be characterized with multidetector computed tomography (MDCT) based on differences in
Hounsfield values (HV). Now we evaluated the use of MDCT in vivo to characterize and quantify
atherosclerotic carotid plaque components compared with histology as reference standard.

Materials and Methods

Fifteen symptomatic patients with carotid stenosis (>70%) underwent MDCT angiography prior
to carotid endarterectomy (CEA). From each CEA specimen 3 histological sections and corre-
sponding MDCT images were selected. The Hounsfield values (HV) of the major plaque compo-
nents were assessed.

Results

The measured HV were: 657+416HU, 88+18HU and 25+19HU for calcifications, fibrous tissue and
lipid core, respectively. The cut-off value to differentiate lipid core from fibrous tissue and fibrous
tissue from calcifications was based on these measurements and set at 60 HU and 130 HU, re-
spectively. Regression plots showed good correlations (R>>0.73) between MDCT and histology
except for lipid core areas, which had a good correlation (R*=0.77) only in mildly calcified (0-10%)
plaques.

Conclusions

MDCT is able to quantify total plaque area, calcifications and fibrous tissue in atherosclerotic
carotid plaques in good correlation with histology. Lipid core can only be adequately quantified
in mildly calcified plaques.



Introduction

The severity of luminal stenosis, caused by the
atherosclerotic plaque in the carotid bifurca-
tion, is an important risk factor for (recurrent)
stroke and is used in therapeutic decision
making: i.e. patients with symptomatic or as-
ymptomatic carotid stenosis above a certain
degree are considered candidates for carotid
intervention such as carotid endarterectomy
(CEA) or stent placement.!

However, morphology studies on carotid ath-
erosclerotic plaque have revealed that plaque
morphology could be an important additional
feature in the risk assessment of patients with
carotid stenosis.>3

Computed tomography angiography (CTA) is
an accurate modality to grade the severity of
stenosis,* and is increasingly used in the eval-
uation of stroke patients. The question then
arises whether CT can also provide detailed
information about plaque morphology.

Earlier studies in which 3-mm thick single-slice
CT images were compared with histology sec-
tions of CEA specimens, yielded confusing re-
sults.>® Multidetector CT (MDCT) allows eval-
uating carotid atherosclerosis with thinner
slices (0.5-1.0 mm) and less volume averaging.
More detailed analysis of plaque composition
may now become possible.

A previous in vitro validation study showed
that thin-section MDCT is capable of charac-
terizing and quantifying calcifications and
lipid core regions in CEA specimens based on
differences in Hounsfield values (HV).” How-
ever, in vitro studies have inherent limitations

75

due to the presence of air around the speci-
men and the absence of contrast in the vessel
lumen. The purpose of this study was to as-
sess the ability of in vivo thin-section MDCT to
characterize and quantify carotid plaque com-
pared with histology as reference standard.

Materials and Methods

Subjects

Fifteen patients (6 male, 9 female; mean age
70.3 years, range 62-84 years) with a transient
ischemic attack (TIA) or minor stroke and with
severe ipsilateral carotid atherosclerotic dis-
ease (>70%) on CTA underwent CEA within
three months (mean: 2.2+0.9 months) after
CTA. All but one patient (who experienced a
TIA) were asymptomatic between CTA and
CEA. The CEA specimens were collected and
stored in 4% formaldehyde. The Institutional
Review Board approved the study and pa-
tients gave written informed consent.

Scanning and image reconstruction
Scanning was performed on a 16-slice MDCT
scanner (Siemens, Sensation 16, Erlangen,
Germany) with a standardized optimized con-
trast-enhanced protocol (120 kVp, 180 mAs,
collimation 16 x 0.75 mm, table feed 12 mm/
rotation, pitch 1).8

Image reconstructions were made with field
of view 100 mm, matrix size 512 x 512 (real in-
plane resolution 0.6 x 0.6 mm), slice thickness
1.0 mm, increment 0.6 mm and with an inter-
mediate reconstruction algorithm.”
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Histology preparation
The 15 CEA specimens were partly decalcified
and embedded in paraffin. Three histological
sections were obtained per 1-mm and stained
with haematoxylin-eosin, Sirius Red and elas-
tic-Van Gieson, respectively.

MDCT and histology matching

The shape of the lumen and vessel wall, the
location of the bifurcation and the presence
of calcifications in the plaque were used for
matching. From each specimen three histolog-
ical sections and corresponding MDCT images
were selected for analysis: the most stenotic
site and one site proximally and one site dis-
tally within 5 to 10 mm. A minimum distance
of 5 mm between histological sections was
chosen in order to obtain a heterogeneous
data set and to minimize selection bias.’ Since
not every histological section was of good
quality, some sections had to be chosen at a
larger distance than the preferred 5 mm.

Differentiation of plaque
components

Within the selected histological sections, re-
gions with one predominant plaque compo-
nent (calcifications, fibrous tissue or lipid core)
were determined. The HV of these regions
were measured by drawing a region of interest
(ROI) in the centre of the same region in the
corresponding MDCT images. Care was taken
to place the ROl in lipid core and fibrous tissue
regions at a distinct distance from calcified tis-
sue and vessel lumen, to avoid partial volume
effects. Based on these measurements a cut-
off value was determined to differentiate lipid
core from fibrous tissue.
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Size of different plaque components
The size of the three predominant plaque
components was assessed. One observer mea-
sured the areas within the histological sections,
after reviewing them with a histopathologist.
One month later the same observer, who was
blinded for the histology results, assessed the
areas within the MDCT images. Plaque com-
ponent areas were expressed as percentages
of the total plaque area, since histological
preparation leads to plaque shrinkage.™

The histological sections were analyzed with
a microscopy-image-analysis-system (Clemex
vision 3.5, Clemex Technologies Inc., Lon-
gueuil, Canada). This system allows to assess
(in a semi-automatic way) the total plaque
area, calcified area and fibrous tissue area
(which included also the tunica media); the
remaining tissue (lipid, haemorrhage and ne-
crotic debris) was then considered to be lipid
core.’

In the corresponding MDCT images, the to-
tal plaque area and the area of each plaque
component was determined, using a custom-
made plug-in for the freely available software
ImagelJ (Rasband, National Institute of Mental
Health, Bethesda, USA). This plug-in assessed
the total number of pixels (= plaque + lumen
area) and the number of pixels of different HV
ranges (= different plaque component areas)
within a manually drawn ROI (Figure 1). Each
HV range was considered to represent a differ-
ent plaque component and was given a differ-
ent colour within the MDCT image. By multi-
plying the number of pixels of each HV range
by the pixel size, total plaque area and plaque
component areas were determined.
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Figure 1. Semi-automatic assessment of plaque component areas in MDCT images with the ImageJ plug-in ‘MultiMeasure”. (a1.) This
plug-in allows an observer to draw a region of interest (ROI) (=vessel outline). (a2.) After the input of specific ranges of Hounsfield
values (HV), which should represent specific plaque components, the amount of pixels (a3.) within each range of HV is assessed. (a4.)
Each range of HV is given a different colour and a MDCT-based plaque morphology image is produced. (b1.) To differentiate lumen
from the atherosclerotic plaque and from calcified tissue, a second ROl is drawn. (b2.) After the input of specific ranges of HV, which
should differentiate lumen and fibrous tissue located at the border of the lumen, the amount of pixels (b3.) within each range of HV is
assessed. (b4.) Each range of HV is given a different colour and a second MDCT-based plaque morphology image is produced.

The number of lumen pixels has now been calculated (b3). The exact number of fibrous and calcified pixels can now be determined
(fibrous = fibrous measurement a (60 to 130 HU) plus fibrous measurement b (130 to 200HU); calcified = calcified measurement a (>130
HU) minus lumen measurement b (>200HU) minus fibrous measurement b (130-200HU)). (A full color version of this illustration can be

found in the color section)

The cut-off point between lumen and athero-
sclerotic vessel wall was set at 200 Hounsfield
Units (HU). This cut-off point was chosen to
compensate for partial volume effects that
appear at the border between atherosclerotic
plague and contrast-enhanced lumen, which
has a mean HV at the carotid bifurcation of ap-
proximately 400 HU with the described scan
protocol.® The cut-off point between calcifica-
tions and non-calcified tissue was set at 130
HU, the value currently used in calcium scor-
ing."' When calcified areas bordered the lumen

and merged with the lumen, lumen area and
calcifications were separated by manual draw-
ing. The cut-off point between fibrous tissue
and lipid was based on the HV measurements
in the present study in regions that showed
predominant lipid core or fibrous tissue.

To evaluate inter- and intra-observer variabil-
ity in MDCT area measurements, a second
observer independently performed the area
measurements whereas the first observer re-
assessed the areas after 4 months.
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Detection of lipid core in MDCT
images

Toinvestigate the interpretation of hypodense
regions within atherosclerotic plaque in MDCT
images, each hypodense region was divided
in three different regions based on a range of
HV (<0 HU, 0-30 HU, 30-60 HU). For each range
of HV the number of hypodense regions in
the MDCT images was assessed and the re-
sults were subsequently compared with the
histological section. On histology, hypodense
regions were true-positive for lipid core if the
whole region fell within a lipid core area (i.e.
lipid, haemorrhage or necrotic debris) and
false-positive for lipid core if these regions in-
cluded (besides lipid core) calcified or fibrous
tissue. Hypodense regions along the vessel
wall border were counted separately because
they were caused by inadequate positioning
of the outer contour with inclusion of peri-
arterial fat in the analysis.
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area measurements in MDCT images and his-
tology were evaluated with linear regression
analysis and Bland-Altman plots. The degree
of observer variability is presented both with
Bland-Altman plots and a coefficient of varia-
tion.

Results

In 14 out of 15 endarterectomy specimens it
was possible to match MDCT images with cor-
responding histological sections. One speci-
men had to be excluded because of dental
streak artefacts in the MDCT images. In an-
other specimen, due to its limited length,
only two matched histological sections and
MDCT images could be evaluated. Hence, 41
matched levels were available for evaluation.
Differentiation of plaque components

Table 1. Number of Hounsfield value (HV) measurements in predominant calcified, fibrous tissue and lipid core regions per
histological section. Total number of HV measurements and mean HV (mean + SD) for predominant calcified, fibrous tissue and lipid
core regions. The difference in HV between fibrous tissue and lipid core is significant (p < 0.001).

Number of Measurements per section Calcified Fibrous Lipid core

0x 15 3 19

Tx 20 23 14

2X 6 15 7

3x - - 1

Total number of measurements 32 53 31

Mean HV (HU) 657 +416 88+18 25+19
Statistics In Table 1 the number of HV measurements in

Data are presented as the mean + standard de-
viation (SD). Continuous data were compared
with Student’s t-test or paired Student’s t-test.
A p-value < 0.05 was considered to indicate
statistical significance. Relationships between

predominant calcified, fibrous tissue and lipid
core regions per histological section, the total
number of HV measurements and the mean
HV of each plaque component are given. A
significant difference in HV between fibrous
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tissue and lipid core was found (p < 0.001).In  exploratory analysis by evaluating the lipid
21 histological sections from 11 different CEA  core area data in severely and mildly calcified
specimens, predominant regions of both fi-  plaques and changed the cut-off value be-
brous tissue and lipid core were presentinthe  tween severely and mildly calcified plaques
same slice. In all cases the HV of lipid corewas  (<30%, <20%, <10% or 0% calcified, respec-
lower than the HV of fibrous tissue. tively) the correlation between lipid core areas

Table 2. Total plaque area and plaque component areas (mean + SD) in 41 matched MDCT images and histological sections. All area
measurements in the MDCT images, except the lipid core measurements, were significantly different (p < 0.001) from the histological
data.

Total plaque
Calcified area (%) Fibrous area (%) Lipid core area (%)
area (mm?)
MDCT 50.1+224 242 %229 529+194 229+16.0
Histology 3471123 8.1+£103 66.6 +17.2 258+153

on histological sections and in MDCT images
Based on the distribution of measured HV of  improved for the mildly calcified plaques (R?
lipid core (range: -20 to 60 HU) and fibrous tis- = 0.50, 0.62, 0.77 and 0.81, respectively; p <
sue (range: 60 to 140 HU) in the MDCT images,  0.001), while it remained poor for the severely
60 HU was determined as the cut-off pointto  calcified plaques (Figure 2b).
differentiate lipid core from fibrous tissue.

The difference between MDCT measure-
Size of different plaque components ments and histological measurements of total
All 41 matched levels of histological sections  plaque area and calcified area became larger
and MDCT images were used for area mea-  as the total plaque area and the calcified area
surements (Table 2). Total plaque areaand cal-  increased, respectively. The latter is explained
cified area in MDCT images were significantly by the fact that the blooming effect of calci-
larger than the histological total plaque area  fications leads to overestimation of calcifica-
and calcified area (p < 0.001), while fibrous  tions. In addition, this effect increases with
area in MDCT images was significantly smaller  the size of the calcification. However, the mea-
than the histological fibrous area. There was  surement of the size of the total plaque area is
no significant difference between MDCT and  less affected by this blooming effect. The dif-
histology for lipid core area measurements. ference between fibrous tissue and lipid core

areas assessed on histology and in MDCT im-
The correlation between histology and MDCT  ages could not be related to their size (Figure
for total plaque area, calcified area and fibrous  3).
tissue area was good (R® = 0.73; 0.74; 0.76, re-
spectively; p < 0.001), whereas the correlation  Inter- and intraobserver variability
for lipid core areawas poor (R?=0.24;p<0.002)  The MDCT area measurements of the two
(Figure 2a). However, when we performed an  observers showed significant differences
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(p<0.05) for the assess-
ment of total plaque area,
fibrous tissue area and lipid
core area. The lumen area
and calcified area were as-
sessed with no significant
difference (p>0.05). The
intraobserver  measure-
ments showed significant
(p<0.05) for
the assessment of total
plague area. The lumen
area, calcified area, fibrous
tissue area and lipid core
area were assessed with
no significant difference
(p>0.05).

differences

The Bland-Altman plots of
the area measurements of
the two observers showed
that observer variability
is mainly caused by vari-
ability in the manual out-
lining of the outer vessel
wall (Figure 4). The inter-
observer coefficients of
variation for the absolute
measurement of lumen,
plaque, calcified, fibrous
tissue and lipid core areas
were: 4%, 19%, 16%, 21%
and 40%, respectively, and

Figure 2a. Linear regression analysis
of total plaque area and plaque
component areas in MDCT images
and histological sections. Figure
2b. Linear regression analysis of
lipid core areas in MDCT images and
histological sections, for different
levels of calcification.
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the inter-observer coefficients of variation
for the relative measurement (%) of calcified,
fibrous tissue and lipid core areas were: 26%,
10% and 20%, respectively. The intra-observ-
er coefficients of variation for the absolute
measurement of lumen, plaque, calcified,
fibrous tissue and lipid core areas were: 3%,
8%, 8%,11% and 15 %, respectively, and the

Mean lipid core area (%)

intra-observer coefficients of variation for the
relative measurement (%) of calcified, fibrous
tissue and lipid core areas were: 14%, 7% and
14%, respectively.
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Figure 5. Column A: three axial MDCT images of the carotid artery with atherosclerotic plaque. Column B: MDCT plaque morphology
images based on differences in Hounsfield Units. Column C and D: Corresponding histological sections with Sirius Red (SR) and
haematoxylin eosin (HE) staining, respectively). The blue regions in the MDCT morphology images correspond well with the lumen
and calcifications (arrow) on HE stained histological sections. The red regions in the MDCT morphology images correspond well with
the red collagen-rich regions in the SR stained histological sections. The yellow regions in the MDCT morphology images correspond
well with lipid core (i.e. lipid, haemorrhage 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). (A full color version of this illustration can be found in the

color section)

Detection of lipid core in MDCT
images

Analysis of hypodense regions showed that
54 hypodense regions were present in the HV
range of <0 HU: 28 regions were true positive
for lipid core and 26 regions were located at
the vessel wall borders. With a HV range of
0-30 HU, 118 hypodense regions were pres-

ent: 49 regions were true positive, 3 regions
false positive and 66 regions were located at
the vessel wall borders. With a HV range of 30-
60 HU, 144 hypodense regions were present:
28 regions were true positive, 95 were false
positive and 21 regions were located at the
vessel wall borders.
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Discussion

This study shows that the HV measured in the
centre of fibrous-rich regions and lipid core is
significantly different. This confirms the results
of our earlier in vitro study.” In addition, the
present study reveals how to interpret very
hypodense regions (< 30 HU) in the centre of
atherosclerotic carotid plaque in MDCT imag-
es; these regions are associated with the pres-
ence of a lipid core (i.e. lipid, haemorrhage or
necrotic debris). To our knowledge, this in vivo
MDCT study is the first to use differences in
HV between plaque components to quantify
atherosclerotic carotid plaque and its com-
ponents, and to correlate the findings with
histology: MDCT was capable of quantifying
total plaque area, calcified area and fibrous tis-
sue area and lipid core area in mildly calcified
plaques. The inter-observer variability in area
measurements was moderate (range:4-40 %),
and the intra-observer variability was good
(range 3-15 %).

The present study shows that the HV of cal-
cifications, fibrous tissue and lipid core differ
significantly from each other, which is in con-
cordance with earlier carotid® and coronary'
13 CT studies. These differences allow quanti-
fication of total plaque area and plaque com-
ponent areas.

Total plaque area acquired in MDCT images
was 30% larger than the histological total
plaque area; this is in accordance with re-
ported plaque shrinkage of 19-25% due to
histological preparation.’ The correlation
between total plaque area measurements
is strong, while observer variability can be
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improved when using new methods of mea-
surement (e.g. automated vessel-wall contour
detection, volume measurements instead of
area measurements). Therefore, MDCT-based
plaque volume assessment may prove to be
ready for use in follow-up studies and the
predictive value of plaque volume for stroke
might be assessed.

The quantification of calcifications has been
extensively reported' and although the cal-
cified mass is reported to be overestimated
with CT'* accurate event prediction has been
described in the coronaries: the greater the
calcified mass, the higher the risk of an acute
event.”

However, a similar study in the carotid arter-
ies describes the protective value of a higher
degree of calcification.’® This suggests that the
degree of calcification should be regarded as
a reflection of the presence of more localiza-
tions of atherosclerosis rather than the insta-
bility of calcified plaques. In our study calcifi-
cations were also overestimated. Nevertheless,
there was a strong correlation with histology.
The main problem with the overestimation of
calcifications (mainly attributed to the bloom-
ing effect of calcifications), is not the impre-
cise quantification of the calcium mass but its
influence on optimal characterization of the
non-calcified part of the plaque.

Quantification of fibrous tissue has not been
done previously with MDCT. The present
study shows however that this is possible with
a strong correlation to histology. Due to the
fact that fibrous tissue is a stabilizing feature
of an atherosclerotic plaque', the quantifica-



tion could qualify fibrous tissue as an impor-
tant predictor of plaque stability.

Accurate assessment of the presence of lipid
core is of interest for risk prediction because
lipid core is one of the conclusive features of
an unstable plaque.”” The present study shows
that very hypodense regions are associated
with the presence of a lipid core. Nevertheless,
the correlation between histological sections
and MDCT images for lipid core area mea-
surements was poor, although only for heav-
ily calcified plaques. The lack of correlation is
explained in our opinion by the blooming ef-
fect of calcifications in the MDCT images. This
blooming effect, as earlier explained, over-
shadows parts of the soft plaque and hampers
the correct characterization of those parts.
The exploratory analysis we performed shows
indeed a better correlation for soft plaque
regions (lipid core and fibrous regions) when
less calcifications are present and more of the
soft plaque can be correctly classified. In ad-
dition, the lack of correlation in lipid core area
measurements can be explained by the rela-
tively high observer variability for these mea-
surements. This might be a result of possible
inclusion of peri-arterial fat in the analysis by
drawing too large outer vessel wall contours
by the observers.

A recent prospective MRI study by Takaya et
al.'® showed a positive association between
a higher percentage lipid-necrotic core and
a higher event rate. Whether the same as-
sociation exists between with MDCT identi-
fied and/or quantified lipid core needs to be
established in prospective MDCT studies. For
clinical decision-making especially risk assess-
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ment in patients with lesions of moderate de-
gree of stenosis will be important. Fortunately,
these patients have less calcifications.' Thus,
MDCT based lipid core evaluation should not
be problematic.

Limitations

The first limitation of this study concerns
histology, which is considered the reference
standard for the assessment of plaque com-
ponents with MDCT. However, it is limited for
this purpose, because of several reasons: 1)
Surgical plaque extirpation is not always done
in toto, therefore small parts of the vessel wall
can not be taken into account during histo-
logical analysis. 2) During slicing histologi-
cal sections can become damaged and this
may result in underestimation of histological
plaque burden. 3) Due to necessary routinely
performed decalcification small calcifications
may be missed and larger calcifications may
be underestimated by histological area mea-
surements. However, no hyperdense regions
in the MDCT images (besides the contrast
filled lumen) were determined that could not
be correlated to the presence of calcifications.
If small calcifications have been missed on his-
tology due to decalcification, they were also
too small to be depicted in MDCT images. The
strong correlation between calcified areas in
MDCT images and histology and the system-
atic overestimation of calcium in MDCT imag-
es clarifies that the possible underestimation
of larger calcifications is of little influence. 4)
Since the resolution of histological sections (+
7x7x5 um) can not be achieved with MDCT (+
0.6x0.6x0.6 mm), histological morphology will
show too much detail compared with MDCT-
based morphology. 5) Plaque shrinkage that
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occurs during histological preparation alters
the gross morphology of the plaque and it
is unknown to what extent each component
contributes to the plaque shrinkage.

The second limitation concerns atheroscle-
rotic plaques with severe calcifications. These
calcifications will hamper correct quantifica-
tion of lipid core. However, our exploratory
analysis has shown that these hampering ef-
fects are less in moderately calcified plaques.
Fortunately, this will be the main plaque type
in the patient population that will benefit
most of stroke prediction based on plaque
morphology.

Athird limitation concerns the identification of
haemorrhage and thrombus as recommended
in a recent review?® on the performance and
reporting of studies on carotid plaque imag-
ing versus histology. MDCT can differentiate
between calcifications, fibrous tissue and lipid
core, but because haemorrhage and throm-
bus can not be distinguished reliably from
lipid they are not reported seperately.>¢

A fourth limitation lies in the fact that the as-
sessment of the cut-off value between fibrous
tissue and lipid core was performed in the
same data set in which the quantification of
components was performed. We choose this
approach, since availability of specimens was
low and we did not want to lower the num-
ber of specimens available for quantification.
We recognize that by doing this we report the
highest achievable level of correlation.

The last limitation concerns the passing of 2.2
months between CTA and CEA. During this
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period the atherosclerotic plaque can have
changed from what was recorded in the MDCT
images. However, these changes will have had
a negative effect on the found correlations
and the actual correlations might therefore be
even better.

Conclusions

Although CTA is established as an accurate
modality to grade the severity of stenosis, the
results regarding the characterization of ath-
erosclerotic disease in the carotid bifurcation
are confusing. The present study shows that
MDCT is capable of characterizing and quanti-
fying plaque burden, calcifications and fibrous
tissueinatherosclerotic carotid plaquein good
correlation with histology, and that lipid core
can be adequately quantified in mildly calci-
fied plaques. Furthermore the MDCT-based
assessment of atherosclerotic plaque compo-
nent quantities was possible with a moderate
observer variability. Further studies are re-
quired to determine whether MDCT-assessed
plaque parameters are important predictors
of stroke, or can function as secondary end-
points in pharmacological studies of plaque
regression.
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ssessment of atherosclerotic
carotid plaque volume with multidetector
computed tomography angiography

Abstract

Objective
The amount of atherosclerotic plaque and its components (calcifications, fibrous tissue, and lipid
core) could be better predictors of acute events than the now currently used degree of stenosis.
Therefore, we evaluated a dedicated software tool for volume measurements of atherosclerotic
carotid plaque and its components in multidetector computed tomography angiography (MDC-
TA) images.

Materials and Methods

Data acquisition was approved by the Institutional Review Board and all patients gave written in-
formed consent. MDCTA images of 56 carotid arteries were analyzed by three observers. Plaque
volumes were assessed by manual drawing of the outer vessel contour. The luminal boundary
was determined based on a Hounsfield-Unit (HU) threshold. The contribution of different com-
ponents was measured by the number of voxels within defined ranges of HU-values (calcifica-
tion >130 HU, fibrous tissue 60-130 HU, lipid core <60 HU). Interobserver variability (IOV) was
assessed.

Results

Plaque volume was 1259+621 mm?>. The calcified, fibrous and lipid volumes were 238+252 mm?,
647+277 mm® and 376+283 mm?, respectively. IOV was moderate with interclass correlation co-
efficients (ICC) ranging from 0.76-0.99 and coefficients of variation (COV) ranging from 3-47%.

Conclusion
In conclusion atherosclerotic carotid plaque volume and plaque component volumes can be as-
sessed with MDCTA with a reasonable observer variability.



Introduction

It is well known that the severity of stenosis
is an unreliable estimation of the amount
of atherosclerotic plaque. In case of carotid
atherosclerotic disease, this is both related
to the carotid bulb, in which atherosclerotic
plaque accumulates before it compromises
the lumen, and to positive remodeling, the
phenomenon that an artery may or may not
enlarge in response to plaque accumulation.’
Furthermore, it is current opinion that athero-
sclerotic plaque rupture plays an important
role in acute events, like transient ischemic
accidents (TIA) and minor stroke.? Rupture-
prone plaques have specific morphological
features: the most frequently seen vulnerable
plaque type has a large lipid-rich core with a
thin fibrous cap? and has proved to be an in-
dependent predictor of ischemic cerebrovas-
cular events.?

It is therefore hypothesized that the amount
of atherosclerotic plaque and its components
(calcifications, fibrous tissue, and lipid core)
could be better predictors of acute events than
the now clinically used degree of stenosis, and
may be useful in the selection of patients who
could benefit from therapeutic intervention.

Computed tomography angiography (CTA)
has been established as an accurate modality
to assess the presence of carotid atherosclerot-
ic plaque and grade the severity of stenosis.* A
recent in vitro and in vivo study showed that
quantification of the area (two dimensional)
of atherosclerotic carotid plaque and its com-
ponents is possible in axial thin section multi-
detector computed tomography angiography
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(MDCTA) images, in good correlation (R*>>0.73)
with histology.>¢ Further developments in the
quantification software now enable to quan-
tify the volume of atherosclerotic plaque and
the volume of different plaque components
(three dimensional).

The aim of this study was to evaluate this
software tool for atherosclerotic plaque and
plague component volume measurements in
MDCTA images of the carotid artery and to as-
sess the observer variability of these measure-
ments.

Materials and Methods

Subjects

Twenty patients with a 0-29% stenosis grade
(based on NASCET’ criteria) and twelve pa-
tients for each of the three other stenosis
grades (30-49%; 50-69% and 70-99%) at the
symptomatic side were retrieved at random
from a database (n=421) of MDCTA examina-
tions of patients with transient ischemic attack
or minor stroke. In all 56 patients MDCTA had
been performed as part of a research protocol
that was approved by the Institutional Review
Board and for which all patients had given
written informed consent.

Scanning and image reconstruction

Scanning was performed on a 16-slice MDCT
scanner (Siemens, Sensation 16, Erlangen,
Germany) with a standardized protocol (120
kVp, 180 mAs, collimation 16x0.75 mm, table
feed 12 mm/rotation, pitch 1).2 All patients
received 80 ml contrast material (320 mg/ml),
followed by 40 ml saline, both with an injec-
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tion rate of 4 ml/sec.’ The radiation dose was
2.6 mSv.

Image reconstructions were made with field
of view 120 mm, matrix size 512x512 (yield-
ing interpolated pixels of 0.2x0.2 mm, real
in-plane resolution is 0.6x0.6 mm), slice thick-
ness 1.0 mm, increment 0.6 mm and with an
intermediate reconstruction algorithm (B46:
heart-view sharp).®

Quantification and characterization
Three observers independently assessed the
presence of an atherosclerotic lesion, the
length of the atherosclerotic lesion, the loca-
tion of the bifurcation, lumen attenuation,
and plaque volume and plaque component
volumes. One of the observers assessed after
four months for a second time the volumes in
a subset of patients (half the population per
stenosis degree, randomly chosen).

The criterion used for the presence of an ath-
erosclerotic lesion was: the presence of a cal-
cification and/or thickening of the vessel wall.
The length of the atherosclerotic lesion was
defined as the distance between the first (most
proximal) image and the last (most distal) im-
age on which the atherosclerotic lesion was
present. The location of the bifurcation was
defined as the first image with two separate
lumina. Lumen attenuation was measured in
the most proximal and distal image with ath-
erosclerosis, and the mean lumen attenuation
was calculated.

Plaque and plaque component areas were
measured with a polymeasure plug-in devel-
oped by one of the co-authors (E.M.) for the

92

freely available software package Imagel
(Rasband, National Institute of Mental Health,
Bethesda, USA).This plug-inmadeitpossible to
draw manually regions of interest (ROI) in con-
secutive axial MDCT images and to automati-
cally calculate the total number of pixels and
the number of pixels of different Hounsfield
value (HV) ranges within these ROI (Figure 1).
The ROI was placed over the outer vessel wall
contour and therefore equals plaque area plus
lumen area. The different HV ranges are con-
sidered to represent the different plaque com-
ponents; calcification >130 HU, fibrous tissue
60-130 HU and lipid core <60 HU.

The cut-off value between calcifications and
fibrous tissue was set at 130 HU; the value
currently used for calcium scoring. The cut-
off value between fibrous tissue and lipid
core was set at 60 HU as assessed in previous
studies.>® The cut-off value between athero-
sclerotic plaque and lumen was adjusted for
each patient and based on the full-width-half-
maximum principle (mean lumen attenuation
plus mean fibrous tissue attenuation (= 88 HU)
divided by two). To compensate for partial vol-
ume effects, related to a high lumen attenu-
ation at the plaque-lumen border, the pixels
around the lumen with a HV between 130 HU
and the adjusted cut-off value were consid-
ered to be fibrous tissue. To assess the border
between lumen and atherosclerotic plaque it
was necessary to draw a second ROI close to
the lumen in each image. Normally, the lumen
area was then automatically differentiated
from atherosclerotic plaque based on the ad-
justed cut-off value. But in those plaques in
which calcifications bordered the lumen and
the two dense structures merged with each
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Figure 1. Semi-automatic assessment of plaque component volumes in a stack of MDCTA images with the ImageJ plug-in
‘PolyMeasure’. (a1.) This plug-in allows an observer to draw a region of interest (ROI) on consecutive axial MDCTA images. This ROI
represents lumen area and atherosclerotic plaque area. (a2.) To differentiate lumen area from the atherosclerotic plaque area and
from calcified tissue, a second ROl is drawn. This second ROl should include the attenuated lumen area, but should not include any
calcifications.(a3.) After the input of the cut-off values that differentiate the specific plaque components and the lumen, the plaque
components and the lumen can be labeled with a color. After the input of the voxel sizes, (a4.) atherosclerotic plaque component
volumes and lumen volume are automatically calculated, and (a5.) color overlay images are produced on which the plaque

components and the lumen have a specific color.

other, lumen area and calcifications had to be
separated by manual drawing.

The volumes were calculated as the product
of the number of pixels, the pixel size and the
increment.

Analysis

Firstly, the difference between observers in
the assessment of the presence of an athero-
sclerotic lesion was assessed. Hereafter, con-
sensus on the presence of an atherosclerotic
lesion was achieved by a consensus reading
between all three observers. Those image se-
ries that were appointed as having atheroscle-
rosis were used for further analysis.

Secondly, differences between observers in
the assessment of the length of the athero-

sclerotic lesion, the location of the bifurcation,
lumen attenuation and plaque and plaque
component volumes, were calculated.

After assessment of the differences, a sec-
ond consensus reading was held in order to
achieve consensus about the length of the
atherosclerotic lesion, the location of the bifur-
cation and lumen attenuation because these
features influence the volume measurements.
All observers had to adapt their assessments
on grounds of this second consensus reading
and hereafter plaque and plaque component
volumes were calculated again and differenc-
es were evaluated. This recalculation provides
observer variability measurements due to dif-
ferences in the assessment of the outer vessel
wall contour only.
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In order to assess not only the variability in
volume measurements, the overlap (similar-
ity index) between the ROIs (outer contour) of
the observers was assessed and expressed as
a percentage (2 x pixels with overlap / (pixels
ROI observer A + pixels ROl observer B)x 100
%).

Finally, the intra-observer differences in
plaque and plaque component volume mea-

surements were assessed.

Statistics

Continuous data were compared with a paired
Student’s t-test for which a p-value <0.05 was
considered to indicate statistical significance.
Inter-observer differences in the assessment
of the length of the atherosclerotic lesion,
the location of the bifurcation and lumen at-
tenuation were expressed as the mean * the
standard deviation (SD), and as a coefficient of
variation defined by the SD of the paired dif-
ference divided by the mean of the absolute
values.

Inter- and intra-observer differences in plaque
and plaque component volume measure-
ments were presented with a mean + SD, an
interclass correlation coefficient (ICC) with
95% confidence interval and a coefficient of
variation. The differences were also plotted
against the mean value of the measurements
(Bland-Altman plot).

Results

In the 36 patients with a stenosis degree of
30% or higher, all observers agreed on the
presence of an atherosclerotic lesion. In the
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20 patients with 0-29% stenosis, the presence
of an atherosclerotic lesion was determined
in 9 patients by three observers, in 1 patient
by two observers, and in 1 patient by one ob-
server. The consensus reading appointed 10
patients as having atherosclerosis, thus 46 pa-
tients were selected for further analysis.

The mean time used by an observer for the
analysis of one artery was about 1 hour, al-
most entirely taken by the drawing of the
outer vessel wall.

The assessment of the length of an athero-
sclerotic lesion was significantly different be-
tween observers, while the assessment of the
location of the bifurcation and lumen attenu-
ation was not significantly different (p>0.27
and p>0.49, respectively).

The ICC was good for all volume measure-
ments (range 0.53-0.96). The plaque and
plaque component volumes measured by the
three observers were significantly different
and the coefficients of variation were moder-
ate (range 13-58%) (Table 1).

After the second consensus reading in which
consensus was achieved about the length of
the atherosclerotic lesion, the location of the
bifurcation and lumen attenuation, the 1CC
improved and was excellent for all volume
measurements (ICC>0.80), except for the lipid
core volume measurements (ICC=0.76 (0.54-
0.87)), for which it was good (Table 2). The co-
efficients of variation between observers im-
proved for all measurements: plaque volume
(17-24%), calcified volume (13-33%), fibrous
tissue volume (18-24%), lipid core volume
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Table 1. Mean values, inter-observer differences, interclass correlation coefficients, coefficients of variation of atherosclerotic plaque
features and volume measurements from 46 CTA datasets in which atherosclerosis was considered to be present.

Mean * Diff Obs Diff Obs Diff Obs IcC CoV

SD 1-2 1-3 2-3 (95% Cl) (range)
Lesion length (mm) 27.3+10.6 6.1+4.4* 1.7+5.2* 4.3+6.2* - -
Image with bifurcation(mm?) - 0.5+3.6 0.3+1.7 0.2+3.2 - -
Lumen attenuation (HU) 217.4+36.9 0.4+5.9 0.7+3.9 0.2+5.8 - -
Plaque volume (mm°) 12594621 167+278% 247+381% 80+446 0.79 (0.65-0.87)  23-34%
Calcified volume (mm?) 238+252 37+68* 3+38 40+82* 0.96 (0.93-0.98) 13-34%
Fibrous volume (mm?) 647277 77+144* 92+191* 15210 0.76 (0.63-0.85) 23-31%
Lipid volume (mm?®) 376+283 48+141% 153+204* 105+236*  0.70(0.51-0.82) 42-58%
Luminal volume (mm?3) 879+459 182+206* 51+226 132+240*  0.84(0.71-0.91) 23-27%
Calcified volume (%) 19£15 1+9 4+9*% 2+6* 0.85(0.77-0.91)  33-48%
Fibrous volume (%) 54+12 2+14 0£13 2+7* 0.53(0.36-0.69) 13-27%
Lipid volume (%) 27+13 1£11 3+11* 5+8* 0.68 (0.53-0.80)  30-44%

* =t-test p value < 0.05; Diff = Difference; Obs = Observer; CoV = Coefficient of variation; ICC = Interclass correlation; Cl = Confidence
interval

Table 2. Mean values, inter-observer differences, interclass correlation coefficients, coefficients of variation of volume measurements
from 46 CTA datasets in which atherosclerosis was considered to be present and consensus was reached with regard to the lesion
length, location of bifurcation and lumen attenuation.

Mean Diff Obs Diff Obs Diff Obs ICC CoV

+SD 1-2 1-3 2-3 (95 % Cl) (range)
Plaque volume (mm?3) 1223+606 26+194 218+255* 192+300* 0.88 (0.75-0.94) 17-24%
Calcified volume (mm?) 235+250 28+60* 4+28 31+78* 0.97 (0.95-0.98) 13-33%
Fibrous volume (mm?) 619+264 21+72% 67+88* 87+£106* 0.90 (0.78-0.95) 18-24%
Lipid volume (mm?) 369+278 20+120 150+168* 130+186* 0.76 (0.54-0.87) 37-47%
Luminal volume (mm?) 830+421 13£76 6+21 18+86 0.99 (0.98-0.99) 3-10%
Calcified volume (%) 18+15 2+4* 2+3% 4+5% 0.95 (0.89-0.98) 15-26%
Fibrous volume (%) 54+12 2+6 3+5% 148 0.84 (0.76-0.91) 10-15%
Lipid volume (%) 27+13 0+7 5+6* 5+8* 0.81 (0.66-0.89) 21-30%

* = t-test p value < 0.05; Diff = Difference; Obs = Observer; CoV = Coefficient of variation; ICC = Interclass correlation; Cl = Confidence
interval

(37-47%) and lumen volume (3-10%) (Table 2).
The coefficients of variation between observ-

(10-15%) and lipid core volume percentage
(21-30%) were also improved (Table 2).

ers for the assessment of calcified volume per-

centage (15-26%), fibrous volume percentage
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From the Bland-Altman plots it can be ob-
served that especially the differences between
observers in plaque volume, fibrous tissue vol-
ume and lipid core volume measurements in-
crease with a larger volume (Figure I).

The similarity indices (+SD) between the ROIs
assessed by observer 1 and 2, observer 1
and 3, and observer 2 and 3 were 91.3+3.0%,
90.9+2.9% and 90.0+4.5%, respectively.

Intra-observer analysis was good with excel-
lent ICC (all >0.94) and moderate to good
coefficients of variation for the assessment of
plaque volume (11%), calcified volume (8%),
fibrous tissue volume (8%), lipid core volume
(25%) and lumen volume (5%) (Table 3). The
intra-observer coefficients of variation for the
assessment of calcified volume percentage
(10%), fibrous volume percentage (6%) and
lipid core volume percentage (14%) were also
good (Table 3).
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The similarity index (£ SD) between the two
series of independently assessed ROIs by ob-
server 1 was 93.7+1.8%.

Discussion

Non-invasive in vivo assessment of atheroscle-
rotic plaque volume and the relative contribu-
tion of the different plaque components will
have important clinical implications: it pro-
vides new and probably better parameters,
together with the severity of stenosis, for car-
diovascular risk assessment, and furthermore
the natural history of atherosclerotic disease
and the effect of pharmacological interven-
tion can be studied'. MDCTA has extensively
been used to assess the severity of luminal
narrowing, and nowadays attention is increas-
ingly paid to the potential role of MDCTA in
qualitative and quantitative evaluation of the
atherosclerotic plaque itself. Validation stud-
ies in which image-based plaque features are
compared with histology, as well as assess-
ment of observer variability, are necessary to

Table 3. Mean values, intra-observer differences, interclass correlation coefficients, coefficients of variation of volume measurements
from 46 CTA datasets in which atherosclerosis was considered to be present and consensus was reached with regard to the lesion

length, location of bifurcation and lumen attenuation.

Mean = SD Difference ICC (95 % CI) CoV
Plaque volume (mm?3) 1098+459 1+£120 0.97 (0.93-0.99) 11%
Calcified volume (mm?) 218+186 7+18 0.99 (0.99-1.00) 8%
Fibrous volume (mm?3) 591+229 10+49 0.98 (0.95-0.99) 8%
Lipid volume (mm?) 2894205 2+72 0.94 (0.87-0.97) 25%
Luminal volume (mm?) 824+413 14+40 1.00 (0.99-1.00) 5%
Calcified volume (%) 20+16 1+2 0.99 (0.98-1.00) 10%
Fibrous volume (%) 56+12 1+£3 0.96 (0.91-0.98) 6%
Lipid volume (%) 24+11 0£3 0.96 (0.91-0.96) 14%

* = t-test p value < 0.05; ICC = Interclass correlation; CI = Confidence interval; CoV = Coefficient of variation



97

00

s ] q 2 3 = 2 - @ H ° §
T L s
E = 2
H £ =
H e, o g€ E
? . L 833
3¢ . £ . 3 8
S S A S
. - 3 .« o . 32 . R
35 5 . £5 Lh
238 23 . 52 -
5 5 50
g
H o = Re
R I VR I
() ownjoA payioles sousIEHa (W) ewinjon pid) 9UBIBHIA
BNE b g §] 7 L] B
L _ s
Lt 852
. 53 . 23
Sz . K] 3z
o |49 =8 53
28 . R
o A . . 30
g < £
] . : g
X N
'}
2 ) somos R opionesqo®
() owinjoA payioles eousIEHa () owinjon pidy| sueIeyiq
g t
8 . H 3 § 1 7 * i I
= 8
E = H
£ £ =
2y . ER E
¥ L) 839
Ele . . Hr . Bls L
.* = . s . 3t
H o g £ .
..=_§ . z § . . 5 §
5g8 I~ Lt .28 . 38 * . <
H . o % : '8 of Cos b =5 o
g e = o 2| 4 = e o %
& ':.. ]
.
. o 3 ] | T
.
e H e 13
$ g soniesqo ¥ bl ® gz ienesqo & | Jontes
() ownjoA payoles eouBIEHIA ) Sl oyl aun o (%) owinjon papioles sousIoH (%) owinioa pidyl eousIOHIa
g " 2 = A S = © °
H H H Ed g ] 2 2 H B =
.
T = B
T .
0 . o sE . E o ®
g2 ge
. 5 ] 3
D H 5 38 ° H g
A 2 38 53
5 53 £ s
85 . 2° LA
U § . ' H
. g 2 N
L o
.
H y § H H H L3 H H T 3
£-Z 19A195G0 g H B § § ] g
£-Z J9MI9SG0 £-Z 19MI9SA0.
() suinjoa enbeyd eousieig () swinjo enbeyd eausseyq (ctuw) suinjon enbeyd sousiey
g 2 el o -
o - ol o 3 2 g
] H 8§ E ] ] .
= . T = o s
. it i k¥ 2
s go &
3 38
. gs2 22 O 3
23 i £
° £8 50 §s ¢
5 gE g2
H H °5
°2 2 = a
g o § H ° M <
£-} 19M195G0 g H H H § § E)
£} JonI0SGO £} JoniesqQ £} JonI9sq0
(cunu) swinjoa anbeyd souasaiq (,1U) SWIN|OA SNOIGI SoUBISHIA (<) winjon snbeyd esusieNIa (ctw) own|o enbeid souslolIa
§ EH H g
g £ . 8 & s 8 ] 8 L/ 2
g 8 3 $ 2 8 .
£ . . T ol L]
. gt . E KR .
ga o feo H
. -5 . st g 5: eld B
5 5 5
LH 25 H s 1
£33 B EH 58 ooly
g8 £8 3 £8 N
2 5 - A *
5 £
L H : . §
. = = = e
. %
21 Jon19590 2 sonissao ¥ ¥ % pjemesaot T & °

(cwuw) awinioA anbeid 9ouasaRIa

(cww) SWINjoA snoiqy eduIeKIQ

(wuw) swnjoa anbeid souaiayIa

2+ JonIesq0
(wuw) swinjon enbeid sousieNa

server 2-3

Mean lipid volume (%)

Observer 2-3

Mean fibrous volume (%)

Observer 1-3

Mean fibrous volume (%)

Mean fibrous volume (%)
Observer 12

nes express the mean difference and the mean difference + 2

Figure I. Bland-Altman plots of plaque volume and plague component volumes assessed by three observers. The horizontal

standard deviations.
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establish the final role of MDCTA in qualitative
and quantitative atherosclerotic plaque evalu-
ation.

Until now a few coronary in vivo studies
have compared the plaque volume assessed
with MDCTA and intravascular ultrasound
(IVUS). One study found a strong correlation
(r = 0.8) and an underestimation of the coro-
nary plaque volume assessed with MDCT
compared to IVUS." Another study found
a moderate correlation (r = 0.55) and an
overestimation of coronary plaque area as-
sessed with MDCTA compared to IVUS.™
The discrepancies between these studies
might be explained by the results of a third
study that found a strong correlation coef-
ficient (r’=0.69) with an underestimation of
mixed and noncalcified plaque volumes, and
a trend to overestimate calcified plaque vol-
umes with MDCTA. In addition, they reported
a moderate reproducibility in the assessment
of plaque volume, with a coefficient of varia-
tion of 37%."

An in vivo study® on carotid atherosclerotic
plaques revealed a strong correlation be-
tween MDCTA and histology for the assess-
ment of plaque area (’=0.73); in addition, the
inter- and intra-observer variability of plaque
area measurements with MDCTA was reason-
able with coefficients of variation of 19% and
8%, respectively.

To our knowledge, the present study is the
first study that shows that in vivo quantifica-
tion of the volume of atherosclerotic carotid
plague and its components is possible with
MDCTA (Figure 2.). Inter-observer variability
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was moderate with ICC ranging from 0.53-0.96
and coefficients of variation ranging from 13-
58%. To evaluate the inter-observer variability
caused by the manual drawing of the contours
we re-evaluated the data after consensus was
reached with regard to the length of athero-
sclerotic disease, the location of the bifurca-
tion and lumen attenuation, because all these
features also influenced the volume measure-
ments. This led to a decreased variability with
ICC ranging from 0.76-0.99 and coefficients of
variation ranging from 3-47%. Intra-observer
variability was less with ICC ranging from 0.94-
1.00 and coefficients of variation ranging from
5-25%.

The first problem which causes a variability in
volume measurements is the differentiation
between a normal vessel wall and a slightly
thickened (diseased) vessel wall. In a number
of cases, observers disagree with regard to the
presence of atherosclerotic disease in carotid
arteries with a stenosis of 0-29%. In such cases,
the assessed plaque volume in such patients
will be very low; the measured plaque volume
in the two arteries in which the observers dis-
agree on the presence of atherosclerotic dis-
ease was 609 and 245 mm?3, while the mean
plague volume of all patients was 12594621
mm?3,

Furthermore, the difficulty in differentiation
between a normal vessel wall and a slightly
thickened (diseased) vessel wall, influences
the assessment of the most proximal and dis-
tal image with atherosclerosis and thus the
length of the atherosclerotic lesion. Because
the plaque volume measurements include
the original vessel wall, inclusion of additional
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depicts the carotid bifurcation with an atherosclerotic plaque. The startpoint (Im 1) and endpoint (Im 50) of
atherosclerotic plaque volume assessment in this patient, and the position (C, D, E) of the three thin sliced (0.75 mm

) axial MDCT images (c., d. and e.) of the internal carotid artery and their associated color overlay images (., d". and

e’) are indicated. A graphical representation of the absolute (f.) and relative (g.) volume measurements of lumen,
calcifications, fibrous tissue, and lipid per MDCT image. The x-axis represents the consecutive MDCT images, the y-axis
represents the volume. (h.) A table with the total lumen, total calcified, total fibrous tissue and total lipid volume.

(A full color version of this illustration can be found in the color section)
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images with normal vessel wall increases the
amount of measured volumes considerably.

The second problem is the manual outlining
of the outer border of the vessel wall. Some
parts of the vessel wall can easily be differ-
entiated from the surrounding tissue due
to the low density of peri-arterial fat or the
presence of calcifications at the outer border
of the plaque. However, other parts have the
same density as the peri- and paravertebral
and sternocleidomastoid muscle, which are
frequently positioned along the artery. The er-
roneous manual inclusion of peri-arterial fatin
the ROI leads to the classification of this fat as
lipid in the plaque. This inclusion will vary be-
tween the observers which explains the mod-
erate ICC and the high observer variability in
the assessment of lipid volume. The Bland-
Altman plots confirm this by showing that the
differences in lipid volume between observers
1 and 3, and 2 and 3 depend on the size of the
assessed volume, suggesting that observer 3
systematically draws a larger outer contour
than the other observers and thus includes
more peri-arterial low density tissues. An ad-
ditional problem in the assessment of the
outer border of the vessel wall is, that the size
of calcifications is influenced by differences in
window-level setting. Because these calcifi-
cations are often located at the border of an
atherosclerotic plaque, different window-level
settings between observers will influence the
assessment of the outer vessel wall between
observers, and thereby introduce variability in
the assessment of plaque volume and calci-
fied volume.
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The third problem is the differentiation of
contrast-enhanced lumen from atheroscle-
rotic plaque. In some plaque without calcifi-
cations at the inner border of the plaque the
differentiation is automated and based on a
threshold and the only variability is caused by
a difference in the measurement of luminal at-
tenuation, which was fortunately low. In case
a calcification borders the lumen, a threshold
based approach would merge the lumen with
the calcification. In such cases manual draw-
ing of the border between lumen and calcifi-
cation was necessary which introduced a vari-
ability in plaque volume and calcium volume
measurements.

We expect that improvements in the measure-
ment software will improve the observer vari-
ability. Although in our method we assessed
volumes, the analysis was performed in axial
two-dimensional images. Evaluating the ar-
tery both in axial slices and using longitudinal
reformats will provide more information on
the borders of the vessel wall. This would en-
able a better continuation of transversal con-
tours in adjacent slices. Also, highlighting spe-
cific parts of the vessel outer contour in axial
images based on outer vessel contour assess-
ment in longitudinal planes might be helpful.
Finally, the differentiation between normal
vessel wall and slightly thickened vessel wall
can be based on wall thickness measure-
ments, and the length of the atherosclerotic
disease can be assessed more reproducibly.

Besides MDCTA, MRI has been used for non-
invasive atherosclerotic carotid plaque char-
acterization and quantification. Studies have
shown that there is good agreement between



in vivo MRI and histology for qualitative'*'®
and quantitative'” assessment of plaque com-
ponents, while observer reproducibility has
shown to be good to excellent for plaque
area'*'%'® and plaque component areas.' ICC
for plaque area were 0.90-0.96 and for lipid
core 0.88-0.89. The reproducibility of MRI-
based plaque volume measurements has not
been extensively studied. One study reported
a coefficient of variation for an averaged (over
5 slices) plaque area of 3.5%%, while another
study reported a coefficient of variation of
9.8% for plaque volume.?®

Until now carotid intima-media thickness
(CIMT) is a validated endpoint in progression/
regression studies. CIMT has shown to be an
independent risk factor for future myocardial
infarction and stroke risk.2"?2 In addition, CIMT
has been related to the presence of future
carotid plaque.?® Lifestyle changes* and sta-
tin therapy® has a beneficial effect on CIMT.
Ultrasound assessment of CIMT is accurate
when compared with histology?*¥, and has
a very good reproducibility (coefficient of
variation 2.4-10.6%).%® Interscan coefficient of
variation is 5.6%,% making it a potential valu-
able tool to evaluate the effectiveness of pre-
vention therapy. Unfortunately, CIMT does not
provide us with area and volumetric measure-
ments of the plaque and ignores the presence
of different plaque components. This makes
CIMT unsuitable for the precise evaluation of
pharmacological effects on the advanced ath-
erosclerotic plaque.

The present study investigated the repro-
ducibility of MDCTA-based atherosclerotic
plaque volume measurements. It is a limita-
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tion that validation with histology has not
been performed. Because we investigated a
range of carotid artery stenoses, atheroscle-
rotic specimens were not available in most of
the patients. In the patients with a stenosis of
more than 70% stent placement or surgery
was performed. Previous studies®s, however,
have demonstrated a good correlation be-
tween area measurements with MDCTA and
histology. A second limitation is the inclusion
of the vessel wall (tunica media) in the plaque
volume measurements. With MDCTA it is not
possible to differentiate between the athero-
sclerotic plaque and the tunica media. This will
lead to a systematic overestimation of plaque
volume measurements. It is not expected that
this overestimation will be a problem for serial
evaluation or risk prediction.

Conclusion

In vivo assessment of atherosclerotic plaque
and plaque component volumes in carotid
arteries with MDCTA is feasible with a moder-
ate reproducibility. A prospective longitudinal
study which examines the relationship be-
tween cardiovascular risk factors, plaque and
plaque component volumes and outcome
may determine the value of MDCTA-based
stroke risk predictors.
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T of the plaque

Introduction

Stroke is the most common cause of disabil-
ity in adults in Western societies. Infarction
and ischemia account for 80% of all strokes
and about 20%-30% of ischemic stroke can be
linked to carotid artery stenosis.' The degree
of carotid luminal stenosis is used in therapeu-
tic decision making: patients with symptom-
atic or asymptomatic carotid stenosis above a
certain degree are considered candidates for
carotid intervention, such as carotid endart-
erectomy or stent placement.

However, the fact that most symptomatic pa-
tients have only mild stenotic lesions and that
most patients with severe carotid stenosis are
asymptomatic®3, show that apart from the de-

Figure 1. MR image of a 37-year-
old woman with infarcts in

the territory of the medial and
posterior cerebral artery (A).
MDCT image, showing the circle
of Willis with a fetal origin of
the posterior cerebral artery
demonstrating that both infarcts
are in the territory of the right
internal carotid artery (B). MDCT
image of the right carotid artery
shows mild atherosclerotic
plaque formation at the level

of the carotid bifurcation. In
addition, it shows an ulcer with
extension of contrast material
beyond the vascular lumen into
the surrounding plaque (arrow)
(C). Four axial MDCT images

at the level of the right carotid
bifurcation with an eccentric
plaque and confirmation of the
presence of an ulcer (arrow) (D).
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gree of stenosis other features may play a role
in an acute ischemic event and in the assess-
ment of stroke risk.

Morphology studies on carotid and coronary
atherosclerotic plaque have lead to the con-
sensus opinion that atherosclerotic plaque
morphology and luminal plaque surface could
be these important features.* An atheroscle-
rotic plaque with specific morphological fea-
tures (e.g. a large lipid core with a thin fibrous
cap; outward remodeling) is more prone to

rupture, and irregular luminal plaque surfaces
(caused by ruptured or eroded plaques) are
more prone to thrombus formation, thrombo-
embolization and consequent acute events
(Fig. 1)*.




Because computed tomography angiography
(CTA) can accurately grade the severity of ca-
rotid luminal stenosis5 computed tomogra-
phy (CT) is increasingly used in the evaluation
of stroke patients. The question then arises
whether CT can also provide detailed informa-
tion about atherosclerotic plaque morphol-
ogy and luminal plaque surface.

History

Single slice CT

In 1984 it was demonstrated that single-slice
CTA was able to detect the presence of inti-
mal atherosclerotic disease in the carotid bi-
furcation.® Later studies showed that CTA had
a high degree of correlation with results of
digital subtraction angiography (DSA) in the
evaluation of carotid luminal stenosis.”® In ad-
dition, CTA more frequently depicted luminal
surface irregularities than either DSA or mag-
netic resonance angiography (MRA). It was
also shown that electron-beam CT (EBCT) was
an excellent tool for detecting and quantify-
ing vessel wall calcifications in the coronary
arteries10 as well as in the carotid arteries."”

Validation studies compared 3-mm thick CT
images with histologic sections of carotid
endarterectomy specimens. The results were,
however, confusing. Two studies reported
that the major plaque components could be
differentiated based on differences in mea-
sured density expressed in Hounsfield units
(HU): hyperdense structures correspond with
calcifications, hypodense regions with lipid
or hemorrhage, and isodense regions with fi-
brosis.>'* However, another study concluded
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that CT failed to reliably indicate the presence
of lipid or fibrous tissue and suggested the
need of multislice technology.™

Multislice CT

Multislice CT (MSCT) allows full vascular imag-
ing (from the aorta to the circle of Willis). By
providing this large coverage with an evalua-
tion of other important atherosclerotic predi-
lection sites, MS-CTA can now compete with
DSA and MRA in the evaluation of stroke pa-
tients. However, the main advantage of MSCT
for carotid atherosclerotic plaque evaluation
is the increased in-plane resolution, the de-
creased slice thickness (<0.75 mm) and the
subsequent ability to obtain near isotropic
voxels. More detailed analysis of atheroscle-
rotic plaque morphology (based on differ-
ences in HU) and luminal plaque surface may
now be possible.

Influence of scanning
and reconstruction
parameters

Slice thickness

In single-slice CT, slice thickness and detector
collimation (defined as the width of the indi-
vidual detector) are the same; However, the
effective slice thickness is larger than the re-
constructed slice thickness. In MSCT the recon-
structed slice thickness is independent of the
detector collimation and is equal to or larger
than the single detector collimation. In addi-
tion, the effective slice thickness reaches the
reconstructed slice thickness. Reconstruction
of thin slices is important in plaque imaging
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Figure 2. Three axial thin-slice (0.75 mm) MDCT images of

the internal carotid artery (A). The true volumetric data sets
with (nearly) isotropic voxels allow reconstruction in other
planes, like the sagittal and coronal plane. One mm multiplanar
reformat (B) and 2 mm minimum intensity projection (C) in the
sagittal plane depicts the carotid bifurcation with an eccentric
plaque.

for two reasons. First, with thinner slices true
volumetric data sets can be acquired which
allows reconstruction in other planes (Fig. 2).
Secondly, as atherosclerotic plaques are very
small and heterogenous, thinner slices lead
to less volume averaging and may therefore
enhance the differentiation of plaque compo-
nents. This is especially important for differen-
tiation of lipid and fibrous tissue.

The latter phenomenon has been confirmed
in a phantom study in which silicon tubes
with two different plaque types (resembling

lipid and fibrous tissue) were scanned with
two different detector widths (4 x 1.0 mm vs
4 x 2.5 mm). A larger slice thickness increased
the density measurements of both plaque
types; an effect that was even more evident in
the plaques with lower densities (resembling
lipid)."

Tube energy (kVp)

The voltage across the x-ray tube determines
the effective energy of the x-ray beam, which
influences the type and amount of interac-
tions of the x-ray beam in the tissue. The most
commonly used tube energy is 120 kVp, al-
though current MSCT scanners allow other
tube energy settings in the range of 60-140
kVp. With higher kVp almost all interaction in
the tissue occurs by Compton scattering. Low-
ering the kilovolt peak from 140 to 80 kVp will
increase the number of photoelectric interac-
tions. Therefore for calcium and contrast ma-
terial, lowering the tube energy will increase
the x-ray attenuation coefficient, as reflected
by the measured density.

The high density calcifications normally lead
to overestimation of the true volume of the
calcium and can lead to overestimation of
plaque size with an increase in the severity of
luminal stenosis. This so-called blooming arti-
fact is caused by the large difference in den-
sity between calcifications and surrounding
tissue. This difference causes partial volume
averaging effects due to the finite spatial reso-
lution of CT.

The main problem of this blooming artifact is
hampering of the optimal characterization of
the non-calcified part of the plaque. Increas-



ing the tube energy will reduce the size of the
already overestimated calcifications. An ex
vivo study in which carotid specimens were
scanned with MSCT revealed that the calcium
volume decreased by 14.0%, 17.3% and 20.2%
with 100-, 120-, and 140-kVp settings, respec-
tively, as compared with the volume measured
with 80-kVp acquisition16. The same results
were found in a second ex vivo study (Fig. 3)".
The effects on plaque analysis of an increase
in the density values of the contrast material

Smooth Intermediate

120 kVp 100 kVp 80 kVp

140 kVp

Figure 3. MDCT images of a carotid endarterectomy specimen. All images are
obtained at the same location in the specimen, but with different kVp settings (80
kVp, 100 kVp, 120 kVp or 140 kVp) and different reconstruction algorithms (smooth,
intermediate or sharp). Higher kVp settings decrease the calcium volume up to 20.2%
(140 kVp). Furthermore, the evaluation of plaque composition is influenced by the
reconstruction algorithm. Sharp algorithms produce low intensity rings around
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in the lumen with lower tube energy are dis-
cussed below (see Contrast material).

Tube current (mAs)

Radiographic exposure (the product of tube
current and exposure time) is the main deter-
minant of image quality, more specifically the
signal-to-noise ratio (SNR) in the CT image.
Normally, the small size of the neck region
leads to sufficient SNRin the CT image for clin-
ical evaluation. However, the size of the ath-
erosclerotic plaque (< 10 mm)
means that a reconstructed
CT image needs a thin slice
thickness and a small field-of-
view necessary. The resultant
decrease in SNR demands a
higher exposure since only a
high SNR allows differentia-
tion of tissues with a small dif-
ference in density.

Sharp

Contrast material

To differentiate lumen from
plaque, contrast material in
the patent lumen is a prereg-
uisite (Fig .4). In CTA, in which
assessment of the severity
of stenosis was the main in-
dication, the aim is to have a
high dose of contrast mate-
rial in the artery under study.
To achieve this high dose a
high concentration of iodine
is injected with a high injec-
tion rate into the anticubital
vein.”® With higher densities
in the contrast-filled lumen,

calcifications (white arrows) that hamper plaque characterization. (Reprinted with

permission from De Weert et al., European Radiology 2005, 15: 1906.)

the cut-off point for the dif-
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Figure 4. Two MDCT images of an atherosclerotic carotid artery of the same patient at
the same level, one without (A) and one with contrast material in the lumen (B). Contrast
material in the patent lumen is a prerequisite to visualize the atherosclerotic wall
thickening.

ferentiation of lumen from plaque is subse-
quently higher. Therefore, fixed cut-off points
will lead to an underestimation of the size of
the atherosclerotic plaque and the severity of
stenosis.

Higher densities in the lumen may also influ-
ence the density measurements in the athero-
sclerotic plaque, especially in small arteries.
A phantom study in which silicon tubes with
two different plaque types (resembling lipid
and fibrous tissue) were scanned with differ-
ent contrast medium concentrations (258 HU,
280 HU and 336 HU) revealed an increase in
the measured plaque density with higher
contrast medium concentrations.’” This was
explained by the presence of partial volume
effects, a problem that might be reduced by
further technical improvements in collimation
width (e.g. thinner). An ex vivo study in which
coronary arteries filled with different con-
trast material concentrations were scanned,
demonstrated that the intraluminal attenua-
tion significantly modifies the attenuation of
plaques.” Based on this study, Cademartiri

and colleagues concluded
that it is difficult to iden-
tify absolute ranges of at-
tenuation that relate to
specific plaque character-
istics. They suggested that
when plaque density mea-
surements are performed,
intraluminal  attenuation
should be reported, and
that a calibration factor
should be introduced to
address this issue.™

Whether this is also a problem in the evalua-
tion of the carotid atherosclerotic plaque has
not yet been explored. Since the size of the
plaque in carotid arteries is much larger than
in coronary arteries, partial volume effects will
only influence the density measurements in
plague near the luminal border. However, an-
other explanation for the increased density
in the plaque in the presence of intraluminal
contrast, is that the plaque may be enhanced
by the entrance of contrast material via the
vasa vasorum. In that case plaque evaluation
will not be hampered but improved, since
perfusion studies may provide additional in-
formation on the plaque composition.

Reconstruction algorithms

In CT raw data are collected from multiple di-
rections. In the reconstruction of a CT image
from the raw data a so-called convolution-
backprojection procedure is used.

Each projection has to be convoluted before
backprojection with a mathematical function,
the convolution kernel. The choice and design



of the convolution kernel allows to influence
image characteristics: i.e. a smooth algorithm
will reduce spatial resolution as well as SNR,
whereas a sharp algorithm has the opposite
effect.?®

Plaque characterization and quantification of
the different plague components based on
measured densities is strongly influenced by
the type of convolution kernel used in the re-
construction algorithm. “Smooth” kernels de-
crease SNR but also lead to less interpretabil-
ity due to averaging of contrast differences.
This is especially important when the density
differences between tissues are small, which is
the case for lipid and fibrous tissue.?’ “Sharp”

Figure 5. Four MDCT images, two with a large window setting and two with a small
window setting. With the large window width setting (500/200) (A, B) the contrast-
filled lumen can more easily be differentiated from calcifications. Calcifications
appear (often) brighter. However, the non-calcified plaque looks rather homogenous.
For evaluation of the plaque smaller window widths (120/50) (C, D) are more optimal
to discern the small differences in densities inside the non-calcified part of the plaque.
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kernels increase the contrast differences be-
tween these tissues, but they also lead to an
increase in calcium size and low intensity rings
around calcifications (edge-enhancement
artifacts) which hamper interpretation.?’ 2
Therefore, CT images reconstructed with an
intermediate kernel will lead to an optimal CT
image (Fig. 3).

Window-Level setting

In the CT image, density values are repre-
sented as gray scale values. With windowing,
the density range of diagnostic relevance is
assigned the whole range of discernible gray
values. With window-level setting, it is first
defined which density (expressed in HU) the
central gray scale value is to
be assigned to. By setting the
window width, it is then de-
fined which densities above
and below the central gray
value can still be discriminat-
ed by varying shades of gray,
with black representing tis-
sue of the lowest density and
white representing tissue of
the highest density. Normally,
in evaluation of CTA a large
window width (+ 500 to1000
HU) is used to differentiate the
contrast-filled lumen from the
plaque with calcifications. In
such images the non-calcified
plaque looks rather homog-
enous. For evaluation of the
plaque, smaller windows are
more optimal to discern the
small differences in densities
inside the non-calcified part of
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the plaque (Fig. 5). Drawbacks are the effects
on differentiation of contrast-filled lumen and
calcification, and the size of the patent lumen
and subsequently the size of the plaque.

Scan protocol

Because the plaque density measurements
are affected by scanning and image re-
construction parameters it is essential that
scanning and reconstruction protocols are
standardized. Normally, a carotid plaque im-
aging protocol is part of a carotid CTA pro-
tocol which is used in the workup of patients
with a transient ischemic attack or stroke.?®
This protocol requires an injection of 80 cc of
contrast material and 40 cc bolus chaser with
an injection rate of 4cc/sec. The contrast ma-
terial is injected using a double-head power
injector in an antecubital vein. The CTA scan
range reaches from the ascending aorta to
the intracranial circulation. Scan direction is
craniocaudal to reduce perivenous artifacts.?*
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the individual patient’s size and anatomy).
Synchronization between the passage of con-
trast material and data acquisition is achieved
by realtime bolus tracking. With this protocol
a relatively homogenous luminal attenuation
is reached (368 + 92 HU) with a small density
difference between the lumen attenuation at
the proximal and distal border of the plaque
(5+ 17 HU). CT images are reconstructed with
slice width of 1 mm, reconstruction interval
0.6 mm, field-of-view 120 mm, and intermedi-
ate convolution kernel.

Validation

Lumen surface morphology

CTA allows to analyse the surface of the ath-
erosclerotic plaque whereby a differentiation
can be made between plaque irregularities
and plaque ulceration (Fig. 6). A plaque ulcer
is defined as an ulcer niche with extension of

Figure 6. Three MDCT images with atherosclerotic carotid plaque formation. The plaque surface appears smooth (A), irregular (B) or

ulcerated (C).

Scan parameters are: number of detector rows
16, individual detector width 0.75 mm, table
feed per rotation 12 mm (pitch 1), gantry rota-
tion time 0.37-0.5 sec, kVp 120, effective mAs
180, and scan time 10-14 sec (depending on

contrast material beyond the vascular lumen
into the surrounding plaque.'* The accuracy of
DSA in the detection of ulceration, with surgi-
cal observations as reference, has been report-
ed to be low (sensitivity 46% and specificity



74%).2> However, with microscopic evaluation
of the plaque it became clear that plaque sur-
face morphology assessed on DSA is strongly
associated with the presence of plaque rup-
ture, plaque hemorrhage, lipid core size and
proportion of fibrous tissue, i.e. features that
are all closely related with the concept of a
vulnerable plaque.?

The first reports on the accuracy of CTA com-
pared with DSA in the assessment of plaque
ulcers were disappointing, but this might be
explained by the rather thick slice thickness
used with single section CT."* A later report
demonstrated that MS-CTA was superior to
DSA in the detection of plaque irregularities
and ulcerations.® Walker and colleagues eval-
uated 165 CTA studies, compared them with
endarterectomy specimens, and reported a
sensitivity of 60% and a specificity of 74%.'

Calcifications

The presence of calcifications in atheroscle-
rotic plaques can easily be detected with CT
due to the high attenuation of the x-rays by
calcium hydroxyapatite which leads to a high
density structure in the plaque. Agatston
and colleagues were the first to show that
coronary calcifications could be detected and
quantified with EBCT.' Later on this principle
of calcium quantification was also used in the
carotid arteries."” % The threshold for calcifi-
cation is normally set at a density of 130 HU
having an area = 1 mm?2. Calcifications can be
detected and quantified without the pres-
ence of intraluminal contrast media. In the
presence of intraluminal contrast media the
threshold value has to be higher to differ-
entiate between calcifications and contrast
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media.?® The main problem with the Agatson
score for coronary calcifications is the sub-
stantial measurement variability (up to 30%);
the variability for carotid calcifications is not
yet known. Calcifications can also be quanti-
fied with MSCT using the Agatston score or
new alternative scorings methods (volume
or mineral mass score). Phantom studies and
an ex vivo study with atherosclerotic carotid
specimens have shown that the mineral mass
score is the most precise and best reproduc-
ible scoring method.'®2

Non-calcified plaque components
Because the presence of non-calcified parts
of the atherosclerotic plaque is considered to
be important for the (in)stability of the plaque
much attention has been given to the ability
of MSCT to further classify the plaques. Sever-
al studies have compared the densities values
obtained in different type of plaques (Table
1). The classification scheme normally used
for these studies is based on the (modified)
criteria set by the American Heart Association
Committee on vascular lesions29-31 which is
sometimes simplified to predominantly lipid-
rich plaques, intermediate (fibrous) plaques,
and predominantly calcified plaques. These
studies have mainly been performed in coro-
nary arteries.

Because the atherosclerotic plaques in the ca-
rotid artery are larger than those in the coro-
nary arteries, it should be possible not only to
characterize a whole plaque as lipid-rich, fi-
brous-rich or calcified, but also to characterize
regions within the plaque as predominantly
lipid-rich, fibrous-rich or calcified and then to
measure the density of that region. The sec-
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Table 1. Results of validation studies in carotid/coronary arteries using histology/IVUS as reference.

Type of Type of Number of Histology (reference)
artery study patients Lipid-rich Fibrous-rich p-value
Estes'? Carotid in vivo 21 39+12 (n=11)  90+24 (n=15) <0.001
De Weert”' Carotid ex vivo 15 45 +21 (n=35) 79+20 (n=28) <0.001
De Weert Carotid in vivo 15 25+19 (n=31) 88+18 (n=53) <0.001
Becker?? Coronary ex vivo 11 4749 (n=15)  104+28 (n=16) <0.01
Schroeder34 Coronary ex vivo 12 42+ 22 (n=6) 71+21 (n=6) <0.001
Nikolaou17 Coronary ex vivo 13 47 +13 (n=10) 87+29 (n=11) <0.01
IVUS (reference)
Soft Intermediate
(hypoechoic) (hyperechoic)
Schroeder®* Coronary in vivo 15 14 +26 (n=12) 91421 (n=5) <0.0001
Leber® Coronary in vivo 58 49422 (n=62) 91+22 (n=87) <0.02

(n) = number of measurements
Data, expressed in Hounsfield units (HU), are mean + SD

72 HU

D Calcification .’

267 HU

) Fibrous

. 30 HU
tissue

74 HU

311 HU

) Lipid 26 HU

Figure 7. Three differently stained histologic sections (HE = hematoxylin eosin; SR = Sirius Red; EVG = elastic van Gieson) and two
corresponding differently reconstructed MDCT images (intermediate smooth, intermediate sharp) of atherosclerotic carotid plaque.
The Hounsfield value was measured in the MDCT images in regions with one predominant plagque component on histology.



115

ond advantage of carotid studies
compared with coronary studies is
the possibility to perform the MSCT
in vivo and to acquire the surgical
carotid endarterectomy specimen 104
for histologic correlation, whereas
coronary studies in vivo are corre-
lated with intravascular ultrasound
(IVUS). 6

Count

With single slice CT (3-mm slice 47
thickness) it was already possible
to differentiate between lipid and
fibrous tissue in the carotid athero-

sclerotic plaque. Density measure- 20

ments revealed a significant differ-
ence for lipid and fibrous tissue (39
+ 13 HU and 90 +24 HU, respective-
|)').12

De Weert and colleagues performed an ex
vivo study in which carotid endarterectomy
specimens were scanned and the MSCT im-
ages were compared with histologic sections
(Fig. 7). 21 Lipid-rich and fibrous-rich regions
within plaques had significantly different
density values (45 + 21 HU and 79 + 20 HU,
respectively). The histograms revealed a small
overlap in the distribution of the lipid and fi-
brous tissue density measurements (Fig. 8).
Based on this distribution a receiver-operat-
ing-characteristic curve was created, which
revealed 60 HU as the optimal cut-off point to
differentiate lipid-rich from fibrous-rich tissue,
with a sensitivity and specificity of 89% and
93%, respectively.?’

Such a validation study was subsequently
performed with MSCT images acquired in

0 20 40 60 80 100 120 140

Hounsfield Units

Figure 8. Frequency distribution of measured density values of lipid-rich
regions (light bars) and fibrous-rich regions (dark bars) in MDCT images. The
most optimal cut-off point to differentiate lipid-rich from fibrous-rich tissue in
MDCT images was 60 HU, with 100% sensitivity and specificity.

vivo, and the density values for lipid-rich and
fibrous-rich regions in the plaques were 25 +
19 HU and 88 + 18 HU, respectively. The dis-
tribution of density values of lipid-rich and
fibrous-rich regions again showed an optimal
cut-off point at 60 HU to differentiate lipid
from fibrous tissue, with 100% sensitivity and
specificity.?

The density values of lipid-rich regions mea-
sured in vivo are lower than those measured
ex vivo, and some of them reached values
below zero (Fig. 9). Prospective analysis of the
MSCTimages in which all hypodense (<60 HU)
regions were detected based on thresholding
revealed that the positive predictive value of
a hypodense region in the plaque with a den-
sity value < 30 HU for a lipid-rich region was
97%, while the positive predictive value of a
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Figure 9. MDCT images of an atherosclerotic plaque obtained in vivo (A) and ex vivo (B). The density value of a lipid-rich region
measured in vivo (5 HU) was lower than measured ex vivo (32 HU).

hypodense region with a density value be-
tween 30 - 60 HU was 23%.3?

The results of the carotid validation stud-
ies are confirmed by the results of several ex
vivo coronary validation studies (Table 1). All
these studies showed a significant difference
in density values between lipid-rich plaques
and fibrous-rich plaques.'”3334 Other coronary
studies used IVUS as a reference and found a
significant difference in the density values of
soft (hypoechoic) and intermediate (hyper-
echoic) plaques. 3

Due to the relatively small size of the athero-
sclerotic plaques in coronary arteries, plaques
have to be characterized by their predomi-
nant tissue which ignores the fact that ath-
erosclerotic disease is often very heterogenic
and that a solitary plaque might contain ar-
eas with different morphology. Furthermore,
some studies revealed a considerable overlap
in density values of lipid-rich and fibrous-rich
plaques, which decreases the accuracy of
MSCT in coronary plaque analysis.'>3*
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Quantification

Plaque volume quantification

The cross-sectional nature of CT allows the
measurement of both luminal and vessel area.
Plaque area is calculated by subtracting lu-
minal area from vessel area. Plaque volumes
are calculated by multiplying plaque area
and slice increment. Outlining the luminal
area can be performed by (semi-)automated
measures based on a threshold to separate
lumen from plaque. Calcifications (which also
have a high density) nearby the lumen may be

pixels; 16-bit grayscale;

included in the lumen but then and manual
correction should be performed. The vessel
area is currently drawn manually because
the carotid vessel is not surrounded circum-
ferentially by a tissue with a homogenous
lower or higher density to allow a threshold
based semi-automated technique to outline
this boundary. Semi-automated measure-
ments are influenced by the thresholds, which
should vary depending on the density of the
intraluminal contrast. The main problem with
manually-assessed contours is the influence
of window-level setting on the visualization of

Ranges of measurement. |-50-60-130-max

Colors for ranges: Ivellow-red-hlue

Blending: <« |

Fle
oK | cancel b.

- Results
File Edit

- MultiMeasure: Regions (400%)
85x85 pixels; RGB; 28K

image | Sice [ Range | Color | Tissve [ Area
Stack 43 -50-60 Yellow Lipid 119
Stack 43 60-130 Red  Fibrous 564
Stack 43 130-max Blue Calcified 522
Stack 43 -50-max  All 1205

- MultiMeasure: Regions (400%)
86x85 pixels, RGH, 28K

- Stack-copy (400%)
85x85 pixels; 16-bit grayscale, 14K

- Results

File Ecit
Image | Slice | Range Color Tissue Area =
Stack 43 -50-130  Yellow Other 37

Stack 43 130-200 Red Fibrous 47
Stack 43  200-max Blue  Lumen 227
Stack 43 -50-max 311

d. e.L lg.

Figure 10. Semi-automatic assessment of plaque component areas in MDCT images. This software allows an observer to draw a
region of interest (ROI) (=vessel outline) (A). After the input of specific ranges of Hounsfield values (HV) (B), which should represent
specific plague components, it assesses the amount of pixels within each range of HV (C). Each range of HV is given a different color
and an MDCT-based plaque morphology image is produced (D). To differentiate lumen from the atherosclerotic plaque and from
calcified tissue, a second ROl is drawn (E). A second morphology image is produced (F), and the number of lumen pixels are calculated
(G). The exact number of fibrous and calcified pixels can now be determined. Fibrous = fibrous measurement-1 (60 to 130 HU) plus
fibrous measurement-2 (130 to 200 HU); calcified = calcified measurement-1 (>130 HU) minus lumen measurement-2 (>200 HU) minus
fibrous measurement-2 (130-200 HU). (A full color version of this illustration can be found in the color section)
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Figure 11. Linear regression analysis of plaque area and plaque component areas in MDCT images and histologic sections.

the boundaries between lumen and plaque,
and between vessel wall and surrounding tis-
sues. Validation of plaque area measurements
with histology are hampered by the effect of
histologic preparation on the tissue dimen-
sions. Shrinkage of 20-25% of the plaque area
is normally encountered during fixation. An ex
vivo and a subsequent in vivo study on carotid
atherosclerotic plaques revealed a strong cor-

relation between MSCT and histology for the
assessment of plaque area (r* = 0.81 and 0.73,
respectively).?*2In addition, the interobserver
variability of plaque area measurements with
MSCT was very low with a coefficient of varia-
tion of 10%.3

Two coronary in vivo studies compared the
plaque volume assessed with MSCT and IVUS.



One study found a strong correlation (r =
0.8) and an underestimation of the coronary
plaque volume assessed with MSCT compared
to IVUS.*” The other study found a moderate
correlation (r = 0.55) and an overestimation
of coronary plaque area assessed with MSCT
compared to [VUS 38

Plaque component quantification
The difference in density values between
the major plaque components (lipid tissue,
fibrous tissue and calcifications) is of great
interest because this allows the plaque com-
ponents to be quantified (Fig.10). An in vivo
validation study, in which MSCT images of ca-
rotid arteries were compared with histologic
sections from the endarterectomy specimens,
compared the areas of the major plaque com-
ponents (Fig. 11). As expected, MSCT overes-
timated the size of the calcifications but the
correlation was good. In addition, the correla-
tion for fibrous tissue was good, but was poor
for lipid (©* = 0.74 and 0.24, respectively). An
exploratory analysis revealed that the correla-
tion between lipid areas on histologic sections
and in MSCT images improved with a decreas-
ing amount of calcifications in the plaque (r*
is 0.81 for non-calcified plaques).3 Therefore,
MSCT is capable of quantifying calcifications
and fibrous tissue in atherosclerotic carotid
plaque in good correlation with histology, and
lipid can be adequately quantified in mildly
calcified plaques.

The interobserver variability of area measure-
ments of the different plaque components
was low, with a coefficient of variation of 8%,
11% and 20% for calcified regions, fibrous re-
gions and lipid regions, respectively.*?
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Clinical applications

Risk prediction

The severity of stenosis in the carotid artery is
a well-known predictor of cerebral infarction
and is currently used as the main parameter in
deciding whether the patient is advised to un-
dergo carotid endarterectomy or stent place-
ment. Plaque morphology is considered an
additional independent predictor of cerebral
infarction: plaques consisting of a necrotic lip-
id core covered by a thin fibrous cap (the un-
stable or vulnerable plaque) are prone to rup-
ture®+, leading to thrombo-embolic release
of particles to the brain. CT of the plaque in
the carotid bifurcation may provide clinicians
with these additional independent predictors
of (recurrent) stroke which may in the future
compete with the severity of stenosis in treat-
ment decisions.

Whether the presence of certain plaque fea-
tures is a good reason for surgical intervention
has to be demonstrated in larger prospec-
tive studies, which will determine the sig-
nificance of CT-assessed plaque features for
stroke risk. Such studies will prove whether
the concept of vulnerable plaque is applicable
to carotid atherosclerosis. Even then, a ran-
domised controlled trial will have to be per-
formed to prove that surgical intervention is
beneficial in patients with CT-assessed vulner-
able plaques in the carotid artery. Which CT-
assessed plaque features will be candidates
for an improved risk assessment? To this end,
a large prospective study is being conducted
in which 800 patients with cerebrovascular
symptoms undergo a CTA of the carotid arter-
ies, and CT-derived parameters of the plaque
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be related to future cerebrovascular
events.

will

Lumen surface morphology

Several DSA studies have demonstrated that
plaque ulcerations of a symptomatic carotid
stenosis is a strong independent predictor of
stroke.*>** Angiographic ulceration is associ-
ated with plaque rupture, intraplaque hem-
orrhage, a large lipid core and less fibrous
tissue, all features of unstable vulnerable
plaques.?® MSCT can assess luminal surface
morphology with the same or better accuracy
than DSA.

Lipid

Pathological studies have demonstrated that
plaques with a high lipid volume are prone to
rupture; additionally, the lipid content is high-
ly thrombogenic after disruption.* % Other
studies have shown no significant difference
in plaque morphology, with respect to lipid,
between symptomatic and asymptomatic
plaques. Duplex ultrasonography studies con-
firmed the hypothesis about the risk of lipid,
by demonstrating that echolucent plaques
which are supposed to correspond with lipid-
rich plaques are associated with a higher risk
for future ischemic cerebrovascular events.*
These studies failed, however, in quantifying
lipid or other plaque components. The impor-
tant role of lipid is also strengthened by the
success of lipid-lowering therapy in prevent-
ing acute atherosclerotic-related events. This

Figure 12. Sagittal MDCT image of the carotid bifurcation
with an atheroscleric plaque (A). Absolute (B) and relative

(C) area measurements of lumen, fibrous tissue, lipid tissue
and calcifications in consecutive MDCT images. The x-axis
represent the numbers of consecutive MDCT images. Volume
measurements of the different plaque components (D).
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success could be explained by the reduction
of the lipid content of vulnerable plaques.?
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Calcifications

Coronary calcification is an independent pre-
dictor of coronary heart disease and stroke.*,
49 Measures of carotid atherosclerosis, like
intima-media thickness measured with b-
mode ultrasound, are independent predictors
of stroke.® Whether carotid calcification as-
sessed with MSCT is an independent predictor
of stroke is currently under investigation in a
large population-based study which includes
over 2,500 subjects. Calcifications are one of
the components of the atherosclerotic plaque
and are related to the amount of plaque. Nev-
ertheless, atherosclerotic plaque may almost
totally consist of non-calcified components
and these plaques are missed on non-contrast
CT scans.

With CTA the total amount of plaque can
be assessed and, subsequently, the relative
contribution of calcium to the plaque. The
calcified plaque area percentage in carotid
atherosclerosis assessed with CT is two-fold
greater in asymptomatic versus symptomatic
plaques.’’ This was not confirmed in a study in
which microscopic plaque morphology from
symptomatic and asymptomatic patients was
compared.*? Another CT study demonstrated
that calcified plaques (defined as plaques with
a median density greater than 130 HU) were
21 times less likely to be symptomatic than
non-calcified plaques.® In other words, the
relative amount of non-calcified plaque com-
ponents may be related to an increased risk of
being symptomatic.
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Plaque volume

In the early phase of atherosclerosis preserva-
tion of a patent lumen is achieved by outward
remodelling of the vessel wall. Therefore, sig-
nificant atherosclerotic plaque is already pres-
ent before moderate to severe luminal com-
promise is detected on DSA.

Since CT enables the visualization of the ath-
erosclerotic plaque and the process of vas-
cular remodeling, it can detect changes in
atherosclerotic plaque volume which would
have stayed unrecognized by luminal mea-
surements only. The question arises whether
the amount of plaque will be a better predic-
tor of neurologic events than the severity of
stenosis.

Natural history of atherosclerosis
and pharmacological intervention
From manual or semi-automated measure-
ments of plaque area in consecutive CT im-
ages in which vessel thickening is present, it
is possible to calculate the plaque volume and
relative contribution of each plaque compo-
nent (Fig. 12). In addition, the spatial distribu-
tion of the plaque components can be depict-
ed. These measures can be used in follow-up
studies in which disease progression is evalu-
ated. Moreover, they can be used as surrogate
endpointsin clinical studies in which the effect
of pharmacological intervention is studied.

Chapter
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ntracranial internal carotid artery
calcifications: Association with vascular risk factors
and ischemic cerebrovascular disease

Abstract

Objective

We assessed the association between intracranial internal carotid artery calcifications and car-
diovascular risk factors in patients with ischemic cerebrovascular disease, and the association
between calcifications and the presence of ischemic cerebrovascular disease.

Materials and Methods

Patients undergoing MDCT angiography of the carotid arteries for assessment of stenosis degree
were included in the study. A semi-automatic custom-made system to quantify calcifications was
developed. The associations between the volume of calcifications and cardiovascular risk factors
and type of ischemic cerebrovascular symptomatology were assessed with logistic regression.

Results

MDCT angiography was performed in 406 patients (age 62+14 years; 242 men). Men had a sig-
nificantly higher calcification volume (66mm?) than women (33mm?). Calcification volume was
positively associated with age in both men and women. Smoking, hypercholesterolemia and
history of cardiac disease were independently related to the presence of calcifications. History
of cardiac disease and ischemic cerebrovascular disease were independently related to the vol-
ume of calcification. No association was found between calcifications and the presence or type
of ischemic cerebrovascular disease in the vascular territory of the intracranial internal carotid
artery.

Conclusions

Calcifications were associated with higher age and male gender. The presence and volume of
calcifications were independently associated with cardiovascular risk factors. Calcifications were
not related to presence or type of ischemic cerebrovascular disease.



Introduction

Coronary artery calcification, visualized with
electron beam or multidetector computed to-
mography (MDCT) and assessed with the Ag-
atston score, has been the most frequently im-
aged atherosclerotic plaque feature. Coronary
artery calcification reflects the total plaque
burden’, is associated with cardiovascular risk
factors?®, and is an independent risk factor for
future ischemic cardiac and cerebral events?¢”.
Although atherosclerotic calcifications in the
intracranial internal carotid arteries are very
frequent, their association with cardiovascu-
lar risk factors and their predictive value for
ischemic cerebrovascular events has not been
studied extensively.

The Agatston score is calculated as the prod-
uct of the area of a calcified lesion, defined
as the number of voxels with an attenuation
value =130 Hounsfield units (HU), and the
size of one voxel, and a factor assigned ac-
cording to the maximum attenuation value
of the lesion? This score can be calculated
semi-automatically when the atherosclerotic
calcifications are surrounded by soft tissue,
as in the coronary arteries and at the carotid
bifurcation. However, the Agatston score can-
not be applied semi-automatically to calcifi-
cations in the intracranial internal carotid ar-
tery, because the close relationship between
calcifications in the arterial wall and the bony
structures of the skull base prohibits an easy
segmentation of the calcifications based on
HU. Consequently, previous studies made use
of a qualitative grading system®'2, Although
Taoka et al. have used commercially avail-
able software to assess the Agatston score of
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intracranial calcifications, they had to elimi-
nate the contamination of bone density on
wide-windowed CT images'. We developed
custom-made software for quantification of
intracranial calcifications.

The purpose of this study was to evaluate the
reproducibility of a semi-automatic system for
quantification of intracranial internal carotid
artery calcifications, to assess the association
between these calcifications and cardiovascu-
lar risk factors in patients with ischemic cere-
brovascular disease, and to assess the associa-
tion between calcifications and the presence
and type of ischemic cerebrovascular disease.

Materials and Methods

Study population

Consecutive patients from the neurology de-
partment’s rapid TIA service and stroke unit,
with ischemic cerebrovascular symptoms, un-
derwent a full neurological examination and
recording of their medical history. Patients
that were selected for MDCT angiography
(MDCTA) of the carotid arteries for assessment
of possible carotid artery stenosis were in-
cluded in this study. Normally, all patients got
a MDCTA, except those with a major stroke
as judged by the treating physician, because
they lack a clinical indication for extensive
evaluation of the carotid arteries. All scanning
was part of a research protocol that was ap-
proved by the Institutional Review Board and
for which patients had given written informed
consent.
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Scanning and image reconstruction
Scanning was performed on a 16-slice MDCT
scanner (Siemens, Sensation 16, Erlangen,
Germany) with a standardized optimized con-
trast-enhanced protocol (120 kVp, 180 mAs,
collimation 16 x 0.75 mm, table feed 12 mm/
rotation, pitch 1) The MDCTA scan range
reached from the ascending aorta to the in-
tracranial circulation (2 cm above the sella
turcica). All patients received 80 ml contrast
material (lodixanol 320 mg/ml, Visipaque,
Amersham Health, Little Chalfont, UK), fol-
lowed 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.

Image reconstructions were made with field
of view 100 mm, matrix size 512 x 512 (real in-
plane resolution 0.6 x 0.6 mm), slice thickness
1.0 mm, increment 0.6 mm and with an inter-
mediate reconstruction algorithm'.

Analysis of intracranial internal
carotid artery calcifications

A trained reader (H.C.), who was blinded to
the clinical data of the patients, performed
the quantification of the calcifications in both
intracranial internal carotid arteries. A second
trained reader (T.T.d.W.) evaluated indepen-
dently 100 patients to assess interobserver
variability. The intracranial internal carotid ar-
tery comprised the horizontal segment of the
petrous internal carotid artery to the top of
the internal carotid artery (Figure 1).

Figure 1. A curved planar reformat image from the aortic arch
up to the top of the internal carotid artery. The arrows indicate
the part of the internal carotid artery at which calcifications
were segmented on axial slices. This part comprises the
horizontal segment of the petrous internal carotid artery, to the
top of the carotid artery.
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Figure 2. (a.) Regions of interest (ROI) are drawn on axial images that show calcifications. Care is taken to include the whole

calcification and not to include any other high density structures
defined for the presence of calcifications, lumen can be included

(e.g. skull base). Because a minimum attenuation of 500 HU is
in this ROI, because lumen will not reach such a high level of

attenuation. All ROls of one patient are saved within one file. (b.) The polymeasure software uses the contour file, the 500 HU
threshold and the voxel dimensions (0.234 x 0.234 x 0.6 mm), to create a color overlay image, and a statistics table. (c.) The color
overlay image shows which pixels within the ROl are above the pre-defined 500 HU threshold (blue) and which are below this
threshold (red). (d.) The statistics table presents the amount of calcium pixels and the calcium volume (mm?). (A full color version of

this illustration can be found in the color section)

The volume of calcifications was measured
with the custom-made ‘Polymeasure’ plug-in
for the freely available software ImageJ (Ras-
band, National Institute of Mental Health,
Bethesda, USA). This plug-in made it possible
for an observer to draw polygonal regions of

interest (ROI) in consecutive axial MDCTA im-
ages and to automatically calculate the total
number of pixels above a predefined HU value
within the ROI (Figure 2). The threshold value
for calcification was set at 500 HU, which is
above the normally used value of 130 HU for
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the Agatston score? This threshold was cho-
sen to enable an automatic differentiation be-
tween contrast material in the lumen, which
was <500 HU™, and calcifications in the ves-
sel wall. In case a calcification was close to the
skull base, care was taken to delineate the cal-
cification and to include it in the ROI (Figure
3). The volume of calcifications was calculated
by multiplying the number of pixels above the
threshold (500 HU), the pixel size and the in-
crement.
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b.

(including present) or never smokers. Hyper-
tension was defined as a mean systolic blood
pressure over 140 mmHg and/or mean dia-
stolic blood pressure over 90 mmHg during 2
episodes of at least 15 minutes of continuous
non-invasive blood pressure measurement,
or treatment with antihypertensive medica-
tion (i.e. ACE-inhibitors, calcium antagonists,
beta-blockers and diuretics). Hypercholester-
olemia was defined as fasting cholesterol over
5.0 mmol/l, or on treatment with cholesterol-
E)X)
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Figure 3. (a.) Where calcifications merge with the skull base, it is hard to define the delineation. (b.) Changing the window-level
setting can then be of help, but observers might still disagree about the exact position of the delineation line. However, the low
observer variability assessed in the present study shows that such disagreement only minimally influences total quantification results.
Furthermore, it should be noted that the merging of calcifications and skull base prohibits, up to now, fully automated quantification.

Cardiovascular risk factors

Clinical measures and information on risk
factors and medication were obtained at ad-
mission to the hospital, or in cases were mea-
surements at this time point can be biased
(e.g. blood pressure at admission) they were
derived from clinical history or obtained at
discharge. Subjects were categorized as ever

lowering drugs. Diabetes was defined as fast-
ing serum glucose levels over 7.9 mmol/l,
nonfasting serum glucose levels over 11.0
mmol/l, or use of antidiabetic medication. In-
formation on history of cardiovascular disease
(defined as a clinical diagnosis of a history of
myocardial infarction, atrial fibrillation, angina
pectoris, chronic heart failure, or coronary ar-



tery bypass grafting) and a history of ischemic
cerebrovascular disease (defined as a clinical
diagnosis of amaurosis fugax, TIA, or ischemic
stroke) was collected.

Symptoms

Amaurosis fugax was defined as a sudden loss
of vision of presumed vascular origin and con-
fined to one eye. TIA was defined as a sudden
focal neurological deficit that was presumed
to be of vascular origin and was confined to

Table 1. Baseline characteristics of the study population.
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24 hours or which was accompanied by a rel-
evant infarct on the CT scan.

Statistics

Data are presented as mean + standard de-
viation. Baseline characteristics between men
and woman were evaluated for differences.
Interobserver differences in volume measure-
ments were presented with an intraclass corre-
lation coefficient, a coefficient of variation (de-
fined by the standard deviation of the paired

Patients 406 Men 242 (60%) Women 164 (40%) P-value

Age (mean £ SD; years) 62+ 14 62+13 62+ 14 0.57
Symptomatic artery

Carotid 351 (86%) 212 (88%) 139 (85%) 0.41

Vertebrobasilar 55 (14%) 30 (12%) 25 (15%)
Cerebrovascular symptoms

Amaurosis fugax 84 (21%) 50 (21%) 34 (21%) 0.99

Transient ischemic attack 122 (30%) 72 (30%) 50 (30%) 0.87

Minor stroke 200 (49%) 120 (50%) 80 (49%) 0.87
Risk factors

Smoking 197 (49%) 136 (56%) 61 (37%) <0.01

Hypertension 290 (71%) 177 (73%) 113 (69%) 0.35

Diabetes 61 (15%) 38 (16%) 23 (14%) 0.64

Hypercholesterolemia 319 (79%) 177 (73%) 142 (87%) <0.01

History of cardiac disease 107 (26%) 73 (30%) 34 (21%) 0.03

History of cerebrovascular disease 105 (26%) 70 (29%) 35(21%) 0.09
Calcifications

Presence 263 (65%) 171 (71%) 92 (56%) <0.01

Volume (mm?) 53+114 66+ 124 33+49 <0.01

an area of the brain perfused by a specific ar-
tery and that was resolved within 24 hours. In
addition, no relevant infarct (one that explains
the deficit) was visible on the CT scan. An
ischemic stroke was defined as a sudden fo-
cal neurologic deficit which lasted more than

difference divided by the mean of the absolute
value), and a Bland-Altman plot. Differences
between categorical data and continuous
data were analysed with Chi-squared test and
Mann-Whitney test or Student’s t-test, respec-
tively. Spearman’s correlation coefficient was
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used to analyze the association between age
and calcifications for men and women. Logis-
tic regression was used to evaluate the associ-
ation between cardiovascular risk factors and
calcifications. The presence of calcifications
(left and right summated) was compared with
the absence of calcifications and the highest
quartile of calcification was compared
to the lower 3 quartiles. Firstly, the re-
gression analysis was adjusted only for
age and gender. Secondly, additional
adjustments were made for all risk fac-
tors.

The volume of intracranial calcifica-
tions in the left and right, and symp-
tomatic and asymptomatic internal
carotid artery were compared with a
paired t-test. The association between
the volume of intracranial calcifications
in the symptomatic internal carotid ar-
tery and the type of cerebral vascular
disease was assessed with logistic re-
gression analysis with adjustment for
age, gender and cardiovascular risk
factors.

Difference in calcified volume
(Obs1-Obs2; mm3)

Results

A total of 406 patients with amaurosis fugax,
TIA or minor ischemic stroke were analyzed.
Patient characteristics are shown in Table 1.
There were no significant differences between
men and women in age, symptomatic artery
and ischemic cerebrovascular symptoms.
However, men were more often smokers, and
had more often experienced cardiac disease;
women had more often experienced hyperc-
holesterolemia.

The intraclass correlation coefficient for the as-
sessment of intracranial calcifications was ex-
cellent (0.99), and the coefficient of variation
for the inter-observer differences was very low
(7%). Absolute differences between observers
were low and did not depend on the size of
the calcifications (Figure 4).
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Figure 4. Bland-Altman plots of calcium volume assessed by two
observers. The horizontal lines express the mean difference, and the
mean difference + 2 standard deviations.

Intracranial internal carotid artery calcifica-
tions were more frequent in men than in
women (71% and 56%, respectively; p=0.003),
and they were larger in men (66 + 124 mm?
and 33 = 91 mm?, respectively; p<0.001). Fig-
ure 5 shows the association between age and
calcifications for both men and women with
a Spearman’s rho of 0.548 (p<0.001) for men
and 0.501 (p<0.001) for women, and 0.531
(p<0.001) for men and women together.
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o Table 2 presents the age and gender ad-

1000 ?ferlfiir justed and multivariate adjusted odds
Mate ratios for the associations between car-
diovascular risk factors and intracranial
70 calcium volume. Smoking, hypercholes-
terolemia, and history of cardiac disease,
were independently associated with the
presence of intracranial internal carotid
artery calcifications. History of cardiac

disease and history of ischemic cerebro-

500=

Calcified volume (mm?®)
[ ]

250=

vascular disease were independently
associated with the highest quartile of
intracranial calcium volume.

Age (years)

There was no significant difference
Figure 5. Scatterplot of calcium volume versus age for men and women bet the int ial Ici |-
separately. Correlation coefficient for men is 0.548 (p<0.001) and for etween € Intracranial calclum vo
women 0.501 (p<0.001). umes of the left and right carotid ar-

Table 2. The association between risk factors and presence of calcifications in the intracranial internal carotid artery. (A) Presence of
calcifications versus absence and (B) upper quartile versus lower 3 quartiles.

A Odds ratios adjusted Odds ratios adjusted for age,
Cl = Confidence interval for age and sex sex and all risk factors
Variable 0Odds ratio (95% Cl) P-value 0Odds ratio (95% Cl) P-value
Smoking (ever) 1.7 (1.0-2.8) 0.04 1.9(1.1-3.3) 0.01
Hypertension 1.8 (1.1-3.1) 0.03 1.6 (0.9-2.8) 0.11
Hypercholesterolemia 2.0(1.1-3.8) 0.02 1.9(1.0-3.7) 0.04
Diabetes 1.7 (0.8-3.4) 0.15 1.6 (0.8-3.4) 0.21
History of cardiac disease 23(1.3-4.2) <0.01 2.1 (1.1-4.0) 0.02
History of cerebrovascular disease 1.2 (0.7-2.0) 0.59 1.0 (0.6-1.9) 0.93
B Odds ratios adjusted 0Odds ratios adjusted for age,
for age and sex sex and all risk factors
Variable Odds ratio (95% Cl) P-value Odds ratio (95% Cl) P-value
Smoking (ever) 1.5(0.9-2.5) 0.14 1.4(0.8-2.4) 0.20
Hypertension 1.2 (0.6-2.1) 0.63 1.0 (0.5-1.8) 0.90
Hypercholesterolemia 1.7 (0.9-3.3) 0.11 1.7 (0.9-3.4) 0.13
Diabetes 1.4(0.7-2.6) 0.33 1.3(0.7-2.6) 0.44
History of cardiac disease 2.2(1.3-3.7) <0.01 2.0(1.2-3.5) 0.01
History of cerebrovascular disease 2.0(1.2-3.4) 0.01 1.9(1.1-3.3) 0.03

Chapter



140

Table 3. Calcium volumes (mean + standard deviation) in the left and right internal carotid arteries, the symptomatic and
asymptomatic internal carotid artery, and in the symptomatic artery of patients with amaurosis fugax, transient ischemic attack and

minor ischemic stroke.

N Calcifications (mm?)
Left internal carotid artery 406 26 £60
Right internal carotid artery 406 26 £57
Symptomatic internal carotid artery 351 28 £ 64
Asymptomatic internal carotid artery 351 28 £59
Vertebrobasilar symptoms 2x55 16 + 31
Amaurosis fugax 84 20+ 48
Transient ischemic attack (TIA) 97 23+55
Minor ischemic stroke 170 34+74

tery (p=0.97). Table 3 provides the intracra-
nial calcium volume for the symptomatic and
contralateral asymptomatic internal carotid
artery and the intracranial calcium volume
in the symptomatic internal carotid artery of
patients with amaurosis fugax, TIA and minor
ischemic stroke. No significant differences
were found in intracranial calcium volumes
at the symptomatic and asymptomatic side
(p=0.73). In a logistic regression analysis ad-
justed for age, sex and all risk factors, intracra-
nial calcifications were not related to the type
of symptoms (amaurosis fugax versus TIA or
minor stroke).

Discussion

This study shows that a dedicated custom-
made software tool can reproducibly quantify
intracranial internal carotid artery calcifica-
tions. Furthermore, it shows that the presence
of intracranial calcifications is associated with
smoking, hypercholesterolemia and history of

cardiac disease, and that the severity of calcifi-
cations is related to history of cardiac disease
and history of ischemic cerebrovascular dis-
ease.

No difference was found in the volume of
intracranial calcifications between the symp-
tomatic and asymptomatic internal carotid
artery, and in the volume of intracranial calci-
fications in the symptomatic artery between
patients with amaurosis fugax and patients
with TIA or minor stroke.

Previous studies®'2 had a binary or a qualita-
tive (5-point scale) grading system for classi-
fication of intracranial calcifications, probably
because quantification difficulties arose due
to the close relationship between calcifica-
tions and the bony structures of the skull. Tao-
ka et al.”® were able to use commercially avail-
able software for quantification of intracranial
calcifications but they had to eliminate the
contamination of bone density on wide-win-
dowed CT images. We dealt with this problem



by developing a custom-made software tool
which allowed manual segmentation of in-
tracranial calcifications without contamina-
tion of the bony skull, and assessed the vol-
ume of calcifications instead of the Agatston
score. Because this quantification method
was HU based, the manual outline of the
border between calcifications and the skull
was the only time-consuming part. However,
this border was in most cases clearly visible,
enabling the segmentation per patient to be
done relatively quickly (<15 min). Observer
differences were caused by the differences
in the manual outline of the border between
calcifications and skull. The very low observer
variability indicates that observers do recog-
nize the same hyperdense areas as possible
calcifications, and that their manual outlines
between calcifications and skull are very simi-
lar.

Our study in patients with ischemic cerebro-
vascular symptoms and a mean age of 73
years revealed a prevalence of intracranial in-
ternal carotid artery calcifications of 65%. Age,
gender, smoking, hypercholesterolemia, his-
tory of cardiac disease and history of ischemic
cerebrovascular disease were independently
related to the presence or volume of intrac-
ranial internal carotid artery calcifications. As-
sociations between cardiovascular risk factors
and intracranial calcifications have been stud-
ied in patients referred for brain CT'*'2 One
study had a prevalence of 36% in a group of
patients with a mean age of 51 years'', while
the second study found a prevalence of 67%
in a group of patients with a mean age of 63
years'®. Both studies confirmed the associa-
tion between age and calcifications, an as-
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sociation which was also found in coronary
artery studies?.

The present study found a higher prevalence
and volume of calcifications in men, a finding
which is in agreement with studies on coro-
nary arteries'® and carotid bifurcations'.
One study found an independent associa-
tion between gender and intracranial internal
carotid artery calcifications' while another
study did not find this association™.

In the present study, we found that smoking
and hypercholesterolemia are independently
associated with the presence of intracranial
calcifications. Other studies showed inde-
pendent associations of smoking with coro-
nary, aortic arch, carotid bifurcation calcifi-
cation*>'®" and intracranial internal carotid
artery calcifications''. Hoff et al.®* found in a
large study among asymptomatic individuals
an independent association of hypercholes-
terolemia with coronary calcification in both
men and women. However, a study by Alli-
son et al.> examining risk factors for coronary,
proximal aorta and carotid calcification, found
no independent associations with hyperc-
holesterolemia. An independent association
between hypertension and coronary calcifica-
tion®>'8, aortic arch calcification' and carotid
bifurcation calcification?, has been described,
however the present study did not find an
association between hypertension and the
presence of intracranial carotid calcifications.
Neither did we find an association between
the presence of calcifications and diabetes,
as is known from coronary literature.® A pos-
sible explanation for the absence of such asso-
ciations, could be the fact that we are dealing
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with a fundamentally different pathophysiol-
ogy. In the intracranial arteries atherosclerotic
calcifications normally develop within the
vessel wall, with little non-calcified athero-
sclerotic components and little luminal com-
promise, while in the coronary arteries the
calcified parts in the plaque are accompanied
by extensive non-calcified components and
considerable luminal narrowing.

Internal carotid artery calcifications might be
an indicator of arterial stenosis'*%. Stenosis
in the intracranial internal carotid artery car-
ries an increased risk of stroke?"?2, Therefore
we compared the volume of calcification in
the symptomatic and asymptomatic internal
carotid artery; however, no difference in in-
tracranial calcium volume was found between
the symptomatic and asymptomatic side. This
is in agreement with Babiarz et al. who found
no differences in the scores ipsilateral and
contralateral to the stroke®®. In addition, in
two cross-sectional studies®® they found that
intracranial internal carotid artery calcification
was not independently related to the extent of
white matter lesions or the presence of stroke.
In a follow-up study of 72 patients, Taoka et
al.”® did not find a association between the
intracranial internal carotid artery calcifica-
tion score and the later occurrence of stroke.
Therefore, they concluded that intracranial
calcifications should not be considered as the
cause of an ischemic event by being a source
of embolism or thrombosis, but as a marker
of systemic atherosclerotic disease, which is
closely related to stroke.

A limitation of the present study was that it is
still labor-intensive to draw a ROl on each im-
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age that shows an intracranial internal carotid
artery calcification; therefore, a tool should be
developed which locates the calcification and
quantifies it automatically. A second limitation
is the lack of a gold standard. The accuracy of
MDCTA-based assessment of the presence
and volume of intracranial internal carotid
artery calcifications could therefore not be
established. However, the ability to accurate-
ly determine and quantify calcifications has
been proven in other vascular beds?*?. In ad-
dition,, it can be addressed as a limitation, that
the calcium volume in the intracranial contral-
ateral carotid artery of patients with ischemic
cerebrovascular symptoms has been used in
the analysis as the asymptomatic volume, in-
stead of the calcium volume in intracranial ca-
rotid artery of completely asymptomatic pa-
tients. Finally, it is a limitation of our study that
we could not, due to ethical reasons, include
patients with severe stroke because especially
their data will contain relevant information on
who is at risk of developing a severe stroke.

This study showed that with custom-made
software quantitative evaluation is reproduc-
ible. Therefore, follow-up studies should ex-
plore the association between the presence
and volume of intracranial internal carotid
artery calcifications and (recurrent) ischemic
cerebrovascular events. Furthermore, these
studies should assess the additional value of
this measure over commonly used param-
eters in the prediction of ischemic cerebrovas-
cular events, as well as its value as a marker of
systemic atherosclerotic disease.

In conclusion, our study has shown that in-
tracranial internal carotid artery calcifications



can reproducibly be quantified with a dedi-
cated custom-made software tool, and that
age, gender, smoking, hypercholesterolemia,
history of cardiac disease and history of isch-
emic cerebrovascular disease are indepen-
dently related to the presence or volume of
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arterial calcification. Furthermore, it is shown
that the degree of calcifications does not dif-
fer between the symptomatic and contralater-
al asymptomatic artery, and that calcifications
are not related to presence or type of ischemic
cerebrovascular disease.
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therosclerotic plaque surface morphology in
the carotid bifurcation assessed with multidetector
computed tomography angiography

Abstract

Objective

Complicated (irregular or ulcerated) carotid plaques have proven to be independent predictors
of stroke. We analyzed the frequency and location of plaque irregularities in a large cohort of
patients with ischemic cerebrovascular disease, and the relation with severity of stenosis, cardio-
vascular risk factors and symptomatology.

Materials and Methods

Multidetector computed tomography angiography (MDCTA) images from 406 patients were
evaluated. Plaque surface morphology was classified as smooth, irregular or ulcerated. The loca-
tion of the ulceration was defined as proximal or distal to the point of maximum stenosis.

Results

Atherosclerotic plaques with an open lumen were present in 448 carotid arteries, these plaque
were classified as: smooth: 276(62%), irregular: 99(22%) and ulcerated: 73(16%). Sixty-two(69%)
of the ulcerations were located proximal to the point of maximum luminal stenosis. Complicated
plaques were significantly (p<0.001) more common in carotid arteries with stenosis >30%, than
in those with stenosis <30%. There is an association between complicated plaques and hyperc-
holesterolemia (OR 3.0) and a trend towards an association with smoking (OR 1.9). Complicated
plaques are more often present in the symptomatic carotid artery than in the contralateral as-
ymptomatic carotid artery, however this is fully attributed to a significantly higher degree of
stenosis in the symptomatic arteries.

Conclusions

MDCTA allows the classification of atherosclerotic carotid plaque surface. Complicated plaques
are frequent in atherosclerotic carotid disease, especially with higher stenosis degree. Ulcerations
are mostly located in the proximal part of the atherosclerotic plaque. Hypercholesterolemia and
smoking are related with the presence of complicated plaques.



Introduction

Cerebral infarction is one of the most impor-
tant causes of death and the greatest cause
of disability in the western world. About 20%-
30% of the infarcts can be related to carotid
artery stenosis'? The severity of stenosis is an
important predictor of (recurrent) ischemic
cerebrovascular events and is used in thera-
peutic decision-making: patients with symp-
tomatic or asymptomatic carotid stenosis
above a certain degree are considered candi-
dates for carotid intervention, such as carotid
endarterectomy or stent placement.

Besides the severity of stenosis, plaque ulcer-
ation on intra-arterial contrast angiography is
a strong independent predictor of stroke3“. It
is current opinion that atherosclerotic plaque
rupture plays an important role in acute
events, like transient ischemic accidents (TIA)
and stroke®. Rupture-prone plaques have
specific morphological features: the most
frequently seen vulnerable plaque type has
a large lipid-rich core with a thin fibrous cap®
and has proved to be an independent predic-
tor of ischemic cerebrovascular events®’. With
microscopic evaluation of the plaque it be-
came clear that angiographic ulceration and
irregularities were strongly associated with
the presence of plaque rupture, plaque hem-
orrhage, a large lipid core size and less fibrous
tissue, i.e. features that are all closely related
with the concept of a vulnerable plaque®.
Plaque ulceration has been more frequently
observed proximal to the point of maximum
luminal stenosis®, which is exposed to higher
wall shear stress™.
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The accuracy of digital subtraction angiogra-
phy (DSA) in the detection of ulceration, with
surgical observations as reference, has been
reported to be low (sensitivity 46% and speci-
ficity 74%)"". The first reports on the accu-
racy of computed tomography angiography
(CTA) compared with DSA in the assessment
of plaque ulcers were disappointing, but this
might be explained by the rather thick slice
thickness used with single section computed
tomography (CT)'2 A later report demonstrat-
ed that CTA was superior to DSA in the detec-
tion of plaque irregularities and ulcerations™.
Walker and colleagues evaluated 165 CTA
studies, compared them with endarterectomy
specimens, and reported a sensitivity of 60%
and a specificity of 74%'%. A recent multi-de-
tector CTA (MDCTA) study reported an even
higher sensitivity and specificity for the de-
tection of ulcerations (94% and 99%, respec-
tively)™.

The purpose of this study was to assess ath-
erosclerotic plaque surface morphology in
the carotid arteries with MDCTA in a large
consecutive cohort of patients with ischemic
cerebrovascular disease. Plaque surface mor-
phology was related to severity of stenosis,
cardiovascular risk factors, and type of isch-
emic cerebrovascular symptoms.

Materials and Methods

Study population

Consecutive patients (n=406) with ischemic
cerebrovascular disease including amauro-
sis fugax or focal cerebral ischemia (TIA and
minor ischemic stroke) were prospectively
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studied. Patients were enrolled from the neu-
rology department’s specialized TIA/stroke
outpatient clinic or neurology ward. Patients
underwent neurological examination on ad-
mission. Medical history was recorded from
all patients. All patients underwent multide-
tector CT (MDCT) of the brain and MDCTA of
the carotid arteries. In all patients MDCTA has
been performed as part of a research protocol
that was approved by the Institutional Review
Board and all patients had given written in-
formed consent. The inclusion period ranged
from November 2002 to January 2005.

Scanning and image reconstruction

Scanning was performed on a 16-slice MDCT
scanner (Siemens, Sensation 16, Erlangen,
Germany) with a standardized optimized con-
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trast-enhanced protocol (120 kVp, 180 mAs,
collimation 16 x 0.75 mm, pitch 1)'*". The
MDCTA scan range reached from the ascend-
ing aorta to the intracranial circulation (2 cm
above the sella turcica). All patients received
80 ml contrast material (lodixanol 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. Syn-
chronization between the passage of contrast
material and data acquisition was achieved by
real time bolus tracking at the level of the as-
cending aorta. The trigger threshold was set
at an increase in attenuation of 75 Hounsfield
Units (HU) above baseline attenuation (= 150
HU in absolute HU value).

b
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Figure 1. Multiplanar reformat images (1 mm thick). (a.) Smooth atherosclerotic carotid plaque surface. (b and c.) Irregular plaque

surface.



Image reconstructions were made with field
of view 100 mm, matrix size 512 x 512 (real in-
plane resolution 0.6 x 0.6 mm), slice thickness
1.0 mm, increment 0.6 mm and with an inter-
mediate reconstruction algorithm',

Analysis of the atherosclerotic
plaque

The MDCTA images were sent to a stand-alone
workstation (Leonardo - Siemens Medical So-
lutions, Forchheim, Germany) with dedicated
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the presence of an atherosclerotic lesion was:
the presence of a calcification and/or thicken-
ing of the vessel wall. If a plaque was visible,
the surface of the plaque was evaluated and
classified as ulcerated, irregular or smooth
(Figure 1, Figure 2). Plagues were classified as
ulcerated if extension of contrast material was
present beyond the vascular lumen into the
surrounding plaque. Ulcerated plaques were
categorized according to the shape of the ul-
cer as type 1 to 4 (Figure 2), as previously de-

Figure 2. Multiplanar reformat images (1 mm thick) with (a.) a Type 1, (b.) a Type 2, (c.) a Type 3, and (d.) a Type 4 atherosclerotic
carotid plaque ulceration.

3D analysis software. On the workstation both
carotid bifurcations were evaluated with multi-
planar reformatting (MPR) software. With this
software oblique planes can be adjusted in or-
der to evaluate the carotid bifurcation in mul-
tiple reformations in the short axis and long
axes with respect to the carotid artery.

Firstly, the presence of an atherosclerotic
plaque was evaluated. The criterion used for

scribed by Lovett et al®. Type 1 is an ulcer that
points out perpendicular to the lumen; type 2
has a narrow neck, and points out proximally
and distally; type 3 has an ulcer neck proxi-
mally and points out distally, and type 4 has
an ulcer neck distally and points out proxi-
mally. The location of the ulcer was defined
as proximal or distal to the point of maximum
luminal stenosis. Plaques were classified as ir-
regular if pre- or post-stenotic dilatation was
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present and/or if the plaque surface morphol-
ogy showed irregularities without any sign of
ulceration. If the plaque was not ulcerated or
irregular, it was classified as smooth. To cal-
culate interobserver reproducibility a second
observer reassessed 100 consecutive MDCTA
scans.

Severity of stenosis

The severity of stenosis on CTA was measured
according to the North American Symptom-
atic Carotid Endarterectomy Trial (NASCET)"
criteria. Oblique MPR images, parallel to the
central lumen line were used for measure-
ments. The severity of stenosis was defined as
the remaining lumen at the site of stenosis as
percentage of the normal lumen distal to the
stenosis, and categorized into 0-29%, 30-49%,
50-69%, 70-99% and 100%.

Cardiovascular risk factors

Clinical measures and information on risk
factors and medication were obtained at ad-
mission to the hospital. Subjects were cat-
egorized as current, past and never smokers.
Hypertension was defined as systolic blood
pressure over 140 mmHg and/or diastolic
blood pressure over 90 mmHg during two
episodes of at least 15 minutes of continuous
non-invasive blood pressure measurement or
treatment with antihypertensive medication.
Blood pressure lowering drugs comprised ACE
inhibitors, calcium antagonists, beta-blockers
and diuretics.

Hypercholesterolemia was defined as fasting
cholesterol over 5.0 mmol/l, or on treatment
with cholesterol-lowering drugs. Diabetes
was defined as fasting serum glucose levels
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over 7.9 mmol/l, nonfasting serum glucose
levels over 11.0 mmol/I, or use of antidiabetic
medication.

Information on previous cardiovascular dis-
ease (myocardial infarction, atrial fibrillation,
angina pectoris, chronic heart failure, coro-
nary artery bypass grafting) and previous isch-
emic cerebrovascular disease (TIA or ischemic
stroke other than the event for which the pa-
tient was currently evaluated) was collected.
Symptoms

Amaurosis fugax was defined as a sudden, fo-
cal neurological deficit that was presumed to
be of vascular origin and confined to the eye.
TIA was defined as a sudden, focal neurologi-
cal deficit that was presumed to be of vascular
origin and was confined to an area of the brain
perfused by a specific artery and that lasted
less than 24 hours. In addition, no relevant in-
farct (one that explains the deficit) should be
seen on the CT scan. An ischemic stroke was
defined as a sudden focal neurologic deficit
which lasted more than 24 hours or which was
accompanied by a relevant infarct on the CT
scan.

Statistics

Data are presented as mean + standard devia-
tion. Analysis was performed for complicated
(irreqular or ulcerated) plaques. Reliability
of assessment of plaque surface morphol-
ogy was measured using the kappa statis-
tics. Differences between categorical data
and continuous data were analysed with a
Chi-squared test and a Mann-Whitney test
or Student'’s t-test, respectively. In an explor-
atory analysis we evaluated the association
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between the presence of complicated plaque
and possible determinants (severity of steno-
sis and cardiovascular risk factors (smoking,
hypertension, hypercholesterolemia, diabe-
tes, previous cardiovascular disease, previous
ischemic cerebrovascular disease)). All deter-
minants were included in a multiple logistic
regression model to assess their association
with complicated plaque independently from

Table 1. Baseline characteristics of the study population.

of stenosis. All calculations were made with
SPSS 14.0 for Windows.

Results

The MDCTA images and medical histories of
406 patients were evaluated. Two patients
were excluded because of poor image quality

Patients 404 Men 242 (60%) Women 162 (40%) p-value

Age (mean = SD; years) 62+ 14 62+13 62+ 14 0.57
Symptomatic artery

Carotid 350 (87%) 212 (88%) 138 (85%) 0.48

Vertebrobasilar 54 (13%) 30 (12%) 24 (15%)
Cerebrovascular symptoms

Amaurosis fugax 83 (21%) 50 (21%) 33 (20%) 0.94

Transient ischemic attack 122 (30%) 72 (30%) 50 (31%) 0.81

Minor stroke 199 (49%) 120 (50%) 79 (49%) 0.87
Risk factors

Smoking 195 (48%) 136 (56%) 59 (36%) <0.01

Hypertension 288 (71%) 177 (73%) 111 (69%) 0.31

Diabetes 61 (15%) 38 (16%) 23 (14%) 0.68

Hypercholesterolemia 317 (78%) 177 (73%) 140 (86%) <0.01

Previous cardiac disease 107 (26%) 73 (30%) 34 (21%) 0.04

Previous cerebrovascular disease 105 (26%) 70 (29%) 35 (21%) 0.10

other determinants. No stepwise procedures
were used. The associations were expressed
as odds ratios with 95% confidence intervals,
which implies we used P<0.05 as the value for
statistical significance. The same analysis was
repeated for ulcerated plaques only. Finally, in
the patients with symptoms in territory of the
carotid arteries the association between the
presence of complicated plaque and symp-
tomatic side was evaluated with a logistic re-
gression model after adjustment for severity

due to dental artifacts. General patient char-
acteristics are shown in Table 1. With respect
to age, the symptomatic artery, and ischemic
cerebrovascular disease, there were no signifi-
cant differences between men and women.
However, men were more frequently smokers
and had more frequently experienced previ-
ous cardiac disease, while women had more
frequently hypercholesterolemia.
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Table 2. Plaque surface morphology characteristics of 448 atherosclerotic the 808 studied arteries, 337 (42%)
(L:Islacr(e):ia(:iz:.eries with number, type (Type 1-4) and location of plaque were normal without atherosclerot-
Carotid arteries with atherosclerosis ic plaque, 448 (55%) were diseased,
emooth surface 276 (62%) and 23 (3%) were occluded. Table 2
Irregular surface 99 (229%) shows the plaque surface morphol-
Ulcerated surface 73 (16%) ogy characteristics of the remain-
Number of ulcerations per carotid artery ing 448 (55%) carotid arteries with

1 61 (84%) atherosclerotic plaque. We found

> 8 (11%) 90 ulcers in 73 carotid arteries of 61

3 3 (4%) patients. Both carotid arteries were

4 1(1%) ulcerated in 12 patients, and some

Type of ulceration patients had multiple (up to 4) ul-

1 43 (48%) cerations in the same carotid artery.

2 12 (13%) The prevalence of ulceration among

3 24 (27%) the patients with at least one ath-

4 11 (12%) erosclerotic carotid artery (n=258)
Location of ulceration was 24%. Most of the ulcerations
Proximal 62 (69%) (69%) were located proximal to the
Distal 28 (31%) point of maximum stenosis, and

ulcer type 1 and ulcer type 3 were
most frequently observed. An irreg-
In 142 patients (35%) both carotid arteries  ular plaque was demonstrated in 22% of the
were free of atherosclerosis, in 68 patients  carotid arteries with atherosclerotic disease.
(17%) presence of atherosclerosis was deter-  The two observers agreed on the presence of
mined in one of the carotid arteries, in 190 pa-  complicated plaque in 93% of the cases (kap-

Table 3. Cross-table with the degree of stenosis according to the NASCET criteria compared with plaque surface morphology of 448
atherosclerotic carotid arteries. The presence of irregular and ulcerated plaques is significantly different between the lowest degree
of stenosis (0-29%) and the higher degrees of stenosis (30-99%) (p-value for both <0.001).

Number of carotids Smooth Irregular Ulcerated
0% - 29% 346 265 (77%) 49 (14%) 32 (9%)
30% - 49% 48 8 (17%) 23 (48%) 17 (35%)
50% - 69% 29 1(3%) 13 (45%) 15 (52%)
70% - 99% 25 2 (8%) 14 (56%) 9 (36%)
Total 448 276 929 73

tients (47%) both carotid arteries showed ath-  pa =0.84; 95%Cl = 0.70-0.97), on the presence
erosclerosis, in 21 patients at least one of the  of ulcerated plaque in all cases (kappa = 1;
carotid arteries was occluded. Overall, from  95%Cl =0.86-1.00), on the location of plaque
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Table 4. (a.) The multivariable adjusted odds ratios for associations between the complicated carotid plaques and cardiovascular risk
factors for all patients with atherosclerosis (n=258). (b.) The multivariable adjusted odds ratios for associations between the ulcerated
carotid plaques and cardiovascular risk factors for all patients with atherosclerosis (n=258). In both analyses the most severe stenosis

per patient and the most severe plaque surface morphology per patient was used.

a. Complicated plaque

Variable Odds ratio (95% Cl) P-value
Age (per increasing decade) 1.1 (0.8-1.5) 0.50
Gender 1.1 (0.5-2.3) 0.88
Previous cerebrovascular disease 1.8 (0.9-3.7) 0.12
Previous cardiac disease 0.8 (0.4-1.7) 0.55
Hypertension 0.9 (0.4-2.3) 0.87
Hypercholesterolemia 3.0(1.0-8.9) <0.05
Diabetes 0.6 (0.2-1.9) 0.43
Smoking 1.9 (0.9-4.1) 0.09
Degree of stenosis (per 10% increase) 2.3(1.9-2.9) <0.001
b. Ulcerated plaque

Variable Odds ratio (95% Cl) P-value
Age (per increasing decade) 1.0 (0.7-1.4) 0.92
Gender 1.2 (0.6-2.6) 0.61
Previous cerebrovascular disease 1.0 (0.5-2.0) 0.94
Previous cardiac disease 0.8 (0.4-1.6) 0.52
Hypertension 0.9 (0.4-2.2) 0.27
Hypercholesterolemia 0.9 (0.4-2.2) 0.89
Diabetes 0.5(0.2-1.4) 0.21
Smoking 1.6 (0.8-3.3) 0.23
Degree of stenosis (per 10% increase) 1.5(1.4-1.8) <0.001

ulceration in 96% of the cases (kappa =0.91;
95% = 0.54-1.00) and on the types of plaque
ulceration in 98-100% of the cases (kappa =
0.98-1.00; 95%CI = 0.89-1.00).

Table 3 shows a cross-table with the degree
of stenosis compared with the plaque sur-
face morphology. It can be observed that
ulcerated and irregular plaques are signifi-
cantly (p<0.001) more common, and smooth
plaques less common among carotid arter-

ies with a higher degree of stenosis (30-99%).
There were not enough ulcerated plaques to
determine significant differences in the distri-
bution of ulcer type among the different de-
grees of stenosis.

The odds ratio for the association between
complicated plaques and severity of stenosis
(per 10% increase) adjusted for age and gen-
der is 2.3 (95%CI 1.9-2.9). The odds ratio for
the association between ulcerated plaques
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Table 5. Plaque surface morphology in symptomatic and asymptomatic carotid arteries stratified for cerebrovascular symptoms.

Cerebrovascular symptoms
Total Amaurosis fugax TIA / Minor stroke

:;lg‘l“g::r:‘ll?tic carotid artery 350 83 267

Atherosclerotic plaque (%) 193 (55%) 39 (47%) 154 (58%)

Complicated plaque (%) 89 (25%) 14 (17%) 75 (28%)
Q:?r::lrzlt;:lr:::)ic carotid artery 458 83 267

Atherosclerotic plaque (%) 255 (56%) 41 (49%) 155 (58%)

Complicated plaque (%) 83 (18%) 14 (17%) 54 (20%)

For patients with vertebrobasilar symptoms both carotidarteries were considerd asymptomatic. Symptomatic vs. asymptomatic
complicated plaque for all patients: p = 0.01; Symptomatic vs. asymptomatic complicated plaque surface for patients with TIA or

minor stroke: p =0.03.

and severity of stenosis (per 10% increase)
adjusted for age and gender is 1.5 (95%CI 1.3-
1.7).

The multivariable adjusted odds ratios for the
association between cardiovascular risk fac-
tors and complicated plaque in one of the
carotid arteries with at least atherosclerotic
disease in one of the carotid arteries (n=258)
are shown in Table 4. A significant association
was found with hypercholesterolemia (OR 3.0,
95%Cl 1.0-8.9), and a trend towards an asso-
ciation with smoking (OR 1.9, 95%Cl 0.9-4.1).

The multivariable analysis for the associa-
tion between cardiovascular risk factors and
plaque ulceration in one of the carotid arteries
showed no significant association between
cardiovascular risk factors and plaque ulcer-
ation.

Table 5 shows that atherosclerotic plaques
were present in both symptomatic and as-
ymptomatic carotid arteries (55% vs 56%).
Symptomatic carotid arteries more often

harbored complicated plaques than asymp-
tomatic carotid arteries (25% vs 18%, p=0.01,
respectively). However, multivariable analysis
showed that this can be attributed to the sig-
nificantly higher degree of stenosis present
in symptomatic arteries compared to asymp-
tomatic arteries (p <0.01).

Complicated plaques were less often ob-
served among patients with amaurosis fugax
(17%) compared to patients with focal cere-
bral ischemia (28%); moreover, in the patients
with amourosis fugax symptomatic arteries
were not more often complicated than asymp-
tomatic arteries (17% vs 17%), as opposed to
patients with focal cerebral ischemia (28% vs
20%; p=0.03). Nonetheless, also in patients
with focal cerebral ischemia the difference in
incidence of complicated plaques was attrib-
utable to the significantly higher stenosis de-
gree present in symptomatic arteries.



Discussion

This study demonstrates that MDCTA can as-
sess atherosclerotic carotid plaque surface
morphology, with differentiation between
smooth, irregular and ulcerated surfaces. It
shows that the majority of ulcerations are lo-
cated proximally to the maximum stenosis,
and that ulcerated and irregular plaques are
more frequently encountered with a higher
degree of stenosis. Of all cardiovascular risk
factors, hypercholesterolemia was associ-
ated with complicated plaque while smoking
showed a trend towards an association with
complicated plaque.

Finally, it was shown that complicated plaque
is more common in the symptomatic artery of
patients with cerebrovascular symptomatol-
ogy than in the asymptomatic artery, however
this can be ascribed to the significantly higher
stenosis degree present in symptomatic arter-
ies compared to asymptomatic arteries.

The present study found ulceration in 11% of
the symptomatic carotid artery, and in 40% of
the carotid arteries with a moderate to severe
degree of stenosis (30-99%). Although, the
proportion of ulcerated plaques in high grade
stenosis is not significantly different from the
proportion in the group with 50-69% steno-
sis our results are suggestive for the fact that
there might be a real discrepancy, for which
we can think of two possible explanations: 1)
With severe stenosis calcifications are larger,
which hampers identification of ulcerations
with MDCTA. 2) The risk of rupture might differ
with plaque composition. Plaques with a mod-
erate stenosis degree have a larger proportion
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of lipid, while plaque with severe stenosis are
more calcified.

Based on the DSA data of the ECST study
Lovett et al.’ reported a prevalence of ulcer-
ation of 14% in 3007 symptomatic carotid
arteries in patients with atrial fibrillation, TIA
or minor stroke patients, and a prevalence
of 18% for symptomatic carotid arteries with
a stenosis >30%. In the NASCET study ulcer-
ations were found in 35% of symptomatic
carotid arteries with a stenosis >70%?. In the
present study, complicated plaque was pres-
ent in 89% of the carotid arteries with stenosis
>30%, which exceeds the reported frequency
(63%) of carotid plaque surface abnormality
detected with DSA* The discrepancy in the
frequencies of ulceration with MDCTA and
DSA can be explained by the higher sensitiv-
ity of MDCTA in the detection of ulcerations’:
MDCTA has a reported sensitivity of 60-
949%'*'5, whereas DSA has a sensitivity of 46%-
69%*"". The lower sensitivity for DSA might
be a result of the limited viewing directions
(usually two). Besides MDCTA and DSA, MRA
has been used for the assessment of athero-
sclerotic carotid plaque surface morphology.
One study made a comparison between these
techniques (n=22, number of carotids stud-
ied 44) and concluded that luminal surface
irregularities were most frequently seen at
CTA, and that with CTA and MRA more ulcer-
ations were detected than with DSA'. Saba
et al.” have recently showed that ultrasound
has a high specificity (93%), but a low sensi-
tivity (38%) for the detection of carotid ulcer-
ation, which is in concordance with previous
studies?®*'. The low sensitivity can be ascribed,
in part, to the fact that acoustic shadowing
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from calcifications obscures the presence of
ulcerations.

A recent histological study? of symptomatic
carotid endarterectomy specimens from 526
consecutive patients with a stenosis degree of
75-90% found ulceration in 58% of the speci-
mens. The discrepancy in the frequencies of
ulceration between MDCTA and histology in
patients with a severe degree of stenosis can
be explained by the higher resolution of his-
tology which enables the detection of small
ulcerations, the higher volume of calcifications
in severe stenosis, which hampers accurate
detection of small ulcerations by MDCTA. In
addition, thrombus formation on the location
of a rupture may fill the ruptured site, which
will lead to non-visualization with MDCTA.

Lovett et al.® characterized ulcerations as type
1 to 4, and determined that type 1 and type
3 are the most frequent type of rupture; the
present study confirms these findings. How-
ever, the categorization of ulcers is only im-
portant when their occurrence can be related
to different clinical behavior; this has not yet
been demonstrated.

Ulcerations were most frequently seen at the
proximal site of the maximum stenosis. The
ECST data revealed the same distribution of
ulcer location in the carotid artery (71% at the
proximal site) as in the present study®. An in-
tracoronary ultrasound study found that 69%
of the ulcerated ruptured plaques (80%) were
proximal to the minimal lumen site?. The
proximal site as predilection site for ulceration
is in concordance with shear stress theories.
It is thought that high shear stress on the

156

plaque surface (due to the lumen narrowing)
weakens the cap through numerous signal-
ing pathways'®. Indeed, in a recent case report
Groen et al.** showed in a serial MRI study that
the ulceration was located at the high shear
stress region. Shear stress may therefore play
an important role in the rupture of plaques.

The present study showed that plaque ul-
ceration is not only present in high-grade
stenosis, but can also occur in hemodynami-
cally insignificant stenosis. A similar obser-
vation was made on the ECST data“. Most of
the patients with an ischemic stroke did not
have a severe stenosis, despite the accumula-
tion of a substantial amount of atherosclerotic
plaque in the carotid bifurcation. Detection of
plaque ulceration thereby provides a clue to
the underlying pathophysiology of the pre-
viously occurring ischemic stroke: rupture
of the plaque may have been accompanied
by thrombus formation and embolisation of
plaque material or thrombus into the intrac-
ranial circulation. In addition, detection of
plaque ulceration indicates that a patient has
an increased risk of a new ipsilateral ischemic
stroke*. Whether surgical or endovascular in-
tervention in symptomatic patients without
a significant stenosis but with a plaque ulcer-
ation is justified remains to be demonstrated
in larger prospective studies. Ideally, these
studies should use the non-invasive imaging
tools that are currently available.

In the present study hypercholesterolemia is
positively and significantly associated with
the presence of complicated plaques, while
smoking, had a positive (but not significant)
association with the presence of complicated



plaques. Previous studies with univariate anal-
ysis revealed associations between irregular
plaques and gender?, age*, carotid stenosis*,
hypercholesterolemia* and previous myocar-
dial infarction®. Since irregular plaques are re-
lated to the severity of stenosis, multivariable
analysis with adjustment for the severity of
stenosis is necessary to demonstrate whether
certain cardiovascular risk factors are inde-
pendently related to the presence of irregular
plaques.

The association with hypercholesterolemia
might be explained by the atherogenic effect
of lipoprotein(a) in the presence of high plas-
ma LDL-C levels, which increases lipid deposi-
tion in atherosclerotic plaque??, making the
plaque probably more vulnerable for rupture.
Cigarette smoking is considered to influence
inflammation and hemostasis in such a way
that plaque inflammation and thrombogenic-
ity increases, with cap degradation, plaque
rupture and subsequent thrombus formation
as a possible result?.

In the present study, ulcerated and irregular
plaques are significantly more common in the
ipsilateral symptomatic carotid artery than
in the asymptomatic carotid artery, which is
in line with the findings of Sitzer et al.”®, who
concluded that plaque ulceration is more
common in carotid endarterectomy speci-
mens from symptomatic arteries, than from
asymptomatic arteries. However, multivariate
analysis showed that this difference does not
remain significant when severity of stenosis
was added to the model. This indicates that
besides local factors like plaque composition
or shear stress, also systemic factors are im-
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portant in the occurrence of plaque rupture.
A reasoning that is supported by the findings
of Rothwell et al.?®, who reported that patients
with irregular plaque in the symptomatic ca-
rotid artery were more likely to have irregular
plaques in the contralateral artery, and by a
study from Fisher et al.** which concluded
that plaque ulceration was more common in
symptomatic patients than in asymptomatic
patients, but that the prevalence of ulceration
in the ipsilateral and contralateral carotid ar-
tery in symptomatic patients was the same.
Although, the recent paper by Saba et al.”
showed that MDCTA is an excellent technique
to evaluate carotid ulceration, we realize that
it is a limitation of our study that we do not
have a gold standard (e.g. histologic speci-
mens). Unfortunately, correlation with histo-
logical results is troublesome, because only
patients with a severe stenosis (NASCET >70%
stenosis) are eligible for intervention, which in
our hospital includes stenting in approximate-
ly 50% of the cases. Therefore, it is not possible
to obtain histology from a vast majority of pa-
tients.

A second limitation of our study is its cross-
sectional design. The evaluation of the causal
association between severity of stenosis and
complicated plaques, between cardiovascu-
lar risk factors and complicated plaques, and
between complicated plaques and ischemic
cerebrovascular disease requires a prospective
design in which the atherosclerotic plaque is
evaluated serially to detect changes in plaque
surface morphology.
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Conclusion severity of stenosis, and that the site of ulcer-

ation is mostly proximal to the most stenotic

This study shows that MDCTA can classify ath-  site. In addition, it is shown that hypercholes-
erosclerotic carotid plaque surface morphol-  terolemia and probably smoking are related
ogy. Furthermore, it shows that the presence  with the presence of complicated plaques.
of a complicated plaque surface in an athero-

sclerotic plaque is strongly related with the
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olume and composition of the symptomatic
atherosclerotic carotid plaque on MDCTA and the
relationship with severity of stenosis and risk factors

Abstract

Objective

Luminal stenosis as a parameter of carotid artery disease does not necessarily reflect the amount
of atherosclerosis. Therefore, we assessed the volume and composition of carotid plaque, and
related these to the severity of stenosis and to the presence of risk factors.

Materials and Methods

Hundred patients (61 male; mean age 61 + 15.3 years, range 19-88 years) with TIA or minor isch-
emic stroke underwent MDCT angiography. We measured plaque volume (PV) manually. The
contribution of different plaque components to the PV was measured with ranges of HU-values
(calcification >130 HU, fibrous tissue 60-130 HU, lipid core <60 HU).

Results

Fifty-seven patients had symptomatic carotid plaque and the mean PV was 773 + 685 mm3. The
mean proportion of the lipid, fibrous and calcified plaque component was 18 % + 12 %, 68 % +
14 % and 13% + 11%, respectively. Severity of stenosis and PV were correlated (R = 0.66). Age
and smoking were independently related to PV (odds ratio 3.1 per 10 years; 95% Cl 1.7-5.6 and
4.9; 95% Cl 1.2-19.3). Patients with hypercholesterolemia had significantly less lipid and more
calcium in their plaques than patients without hypercholesterolemia (12% versus 26.0% and
9.9% versus 2.0%, respectively). Other risk factors were not significantly related to PV or plaque
composition.

Conclusions

PV was moderately related to severity of stenosis. PV was associated with age and smoking and
plaque composition was associated with hypercholesterolemia. PV and plaque composition
might play a role in the assessment of stroke risk.



Introduction

Accumulation of atherosclerotic plaque causes
luminal stenosis in the carotid bifurcation.
Stenosis is an important risk factor for (recur-
rent) stroke and is used to decide which pa-
tients could benefit from carotid intervention
like endarterectomy and or stent placement.
However, most symptomatic patients have
only mildly stenotic lesions whereas most pa-
tients with severe carotid stenosis are asymp-
tomatic. This demonstrates that other plaque
features besides the degree of stenosis play a
role in an acute ischemic event and may help
in the assessment of stroke risk.

Accumulation of atherosclerotic plaque in the
carotid artery may lead to positive remodel-
ling in which the artery enlarges to preserve
the luminal area’. In addition, a certainamount
of atherosclerosis should be present in the ca-
rotid bulb before it will cause stenosis. Thus,
plaque volume (PV) is usually underestimated
by the degree of stenosis.

Rupture of an atherosclerotic plaque, which
leads to embolisation of thrombus or plaque
material to the intracranial arteries, is consid-
ered as animportant underlying event of cere-
brovascular symptoms. It is current opinion
that plaque vulnerability to rupture is related
to the composition of the plaque. Therefore,
volume of the plaque and the its components
(lipid, fibrous tissue, and calcifications) may
be parameters, which may help in a better
risk prediction and selection of patients who
could benefit from surgical or endovascular
intervention.
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CTA has established itself as an accurate mo-
dality to assess the presence of atherosclerotic
disease and to grade the severity of stenosis.
In addition, MDCTA has the ability to identify
the different components (lipid, fibrous tis-
sue and calcifications) of the atherosclerotic
plaque and to quantify PV and volume of dif-
ferent components*® In this cross-sectional
study, we measured the volume of the ath-
erosclerotic plaque and the proportion of the
different plaque components in symptomatic
carotid arteries with MDCTA. We analyzed the
relationship of these volumes with severity of
stenosis and risk factors for atherosclerosis.
We hypothesized 1) that severity of stenosis
was not closely related to PV and 2) that risk
factors are more related to PV than to severity
of stenosis.

Materials and Methods

Subjects

We studied 107 consecutive patients with
cerebrovascular symptoms (amaurosis fugax,
retinal infarct, hemispheric transient ischemic
attack, or stroke) in the territory of the carotid
artery. Seven patients were excluded from
this study because their symptomatic carotid
artery was occluded. The study was approved
by the Institutional Review Board; all patients
had given written informed consent.

Scan protocol and image
reconstruction

Scanning of the carotid arteries was per-
formed on a 16-slice MDCT scanner (Siemens,
Sensation 16, Erlangen, Germany) with a stan-
dardized optimized contrast-enhanced proto-
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col (120 kVp, 180 mAs, collimation 16 x 0.75
mm, table feed 12mm/rotation, pitch 1)°.
Image reconstructions were made with a 12
mm field of view, a matrix size of 512 x 512,
a slice thickness of 1.0 mm, an increment 0.6
mm and with an intermediate reconstruction
algorithm.

Volume of plaque and its
components

We measured plaque and plaque-component
volumes with a polymeasure plug-in® for the
freely available software package Imagel)
(Rasband, National Institute of Mental Health,
Bethesda, USA).

This plug-in made it possible to draw ROl over
the outer vessel wall contour in consecutive
axial MDCTA images and to automatically
calculate the total number of pixels and the
number of pixels of different HV ranges within
these ROI. Different HV ranges represent dif-
ferent plaque components (Figure 1).
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The cut-point between calcifications and fi-
brous tissue was set at 130 HU. The cut-point
between fibrous tissue and lipid was set at 60
HU as assessed in previous studies?. We ad-
justed the cut-point between atherosclerotic
plaque and lumen for each patient on the ba-
sis of the full-width-half-maximum principle
(mean lumen attenuation plus mean fibrous
tissue attenuation (= 88 HU) divided by two).
The pixels around the lumen, with a HV be-
tween 130 HU and the adjusted cut-off value,
were considered to be fibrous tissue.

To assess the border between lumen and ath-
erosclerotic plaque it was necessary to draw
a second ROl in each image. Normally, the
lumen area was then automatically differen-
tiated from atherosclerotic plaque on the ba-
sis of the adjusted cut-off value. But in those
plagques in which calcifications bordered the
lumen and the two structures merged with
each other, lumen area and calcifications had
to be separated by manual drawing.
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Figure 1. Semi-automatic assessment of plaque component areas in MDCT images. Axial MDCT image of an atherosclerotic
carotid plaque; the region of interest is drawn on the outer vessel wall (A). Ranges of Hounsfield values represent 3 different plaque
components Yellow = lipid core (<60 HU), red = fibrous tissue (60 to 130 HU), and white = calcification (>130 HU) (B). (A full color

version of this illustration can be found in the color section)



The volume of the atherosclerotic plaque
and its components was calculated by mul-
tiplying the calculated number of pixels, the
pixel size and the increment. Two observers
(S.R; T.T.d.W.) performed the volume measure-
ments. The proportion of plaque components
was calculated as the ratio of volume of the
component to the total plagque volume mul-
tiplied by 100. The length of the plaque was
calculated by multiplying the number of slices
which contained plaque with the increment
(0.6 mm).

We evaluated the reproducibility of the vol-
ume measurements in 56 patients. The aver-
aged interclass correlation coefficient was
0.88 for PV, 0.97 for % calcification, 0.90 for %
fibrous tissue and 0.76 for % lipid tissue®.

Severity of stenosis

One observer (C.d.M.) measured the severity
of stenosis according to the NASCET criteria
on MPR images parallel to the central lumen
line. Severe stenoses with a collapsed distal
internal carotid artery were classified as 99%.
Negative stenosis grades were considered as
a stenosis grade of 0%. We categorized the
severity of stenosis into five categories (0%,
1-29%, 30-49%, 50-69% and 70-99%)).

Cardiovascular risk factors

We obtained clinical measures and informa-
tion on risk factors and medication during
the patient’s visit at the outpatient clinic. Sub-
jects were categorized as currently, ever, or
never smoking. Hypertension was defined as
systolic blood pressure over 140 and/or dia-
stolic blood pressure over 90 mmHg during 2
episodes of at least 15 minutes of continuous
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non-invasive blood pressure measurement
and/or treatment with antihypertensive med-
ication. Blood-pressure-lowering drugs com-
prised ACE-inhibitors, calcium- antagonists,
beta-blockers, and diuretics.

Hypercholesterolemia was defined as fast-
ing cholesterol over 5.0 mmol/l, and/or use
of cholesterol-lowering drugs. Diabetes was
defined as fasting serum glucose levels over
7.9 mmol/Il, nonfasting serum glucose levels
over 11.0 mmol/l, or use of antidiabetic medi-
cation.

Information was collected on previous cardio-
vascular events and conditions (myocardial
infarction, atrial fibrillation, angina pectoris,
chronic heart failure, coronary artery bypass
grafting) and previous cerebrovascular events
(ischemic stroke or TIA).

Statistical analysis

Data are presented as mean + SD. Spearmen’s
correlation coefficients (Rs) were calculated
to analyse the relation between 1) severity of
stenosis and PV, 2) the proportion of plaque
components and PV and 3) age and PV.
Logistic regression was used to determine the
associations between cardiovascular risk fac-
tors and PV or stenosis. The highest quartile
of volume or stenosis was compared to the
lower 3 quartiles. Firstly, age and gender were
entered into the model. Secondly, all cardio-
vascular risk factors were added. To analyze
the association of cardiovascular risk factors
with plaque composition, we used linear re-
gression, adjusting for age, sex, PV and all risk
factors. Because the distribution of the pro-
portion of plaque components was skewed,
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we made a natural log-trans-
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Figure 2. The relation between luminal stenosis and PV.

Results

Scatter plots showing the relation between severity of stenosis (%) and total PV

(mm?) in 57 patients.

Baseline characteristics

The baseline clinical characteristics are pre-
sented in table 1. Fifty-seven of 100 patients
had atherosclerotic plaque in the symptom-
atic carotid artery. The length of the 57 symp-
tomatic atherosclerotic plaques was 20.9 +
13.5 mm (range 3.6-70.2 mm). PV of the 57

Table 1. Demographic and clinical characteristics in patients
with cerebrovascular symptoms (n = 100).

Characteristic
Age (yrs)* 61+15
Male sex (%) 61
Symptoms
Amaurosis fugax, retinal infarct (%) 27
Transient ischemic attack (%) 19
Ischemic stroke (%) 54
Hypertension (%) 70
Hypercholesterolemia (%) 73
Diabetes Mellitus (%) 11
Smoking: current or past (%) 53
Previous cardiac disease (%) 18
Previous cerebrovascular disease (%) 24

* Mean and standard deviation.

atherosclerotic plaques was 773 + 685 mm3.
Fibrous tissue and lipid were present in all
plaques. Calcifications were present in 54 of
the 57 plaques. The contribution of the lipid,
fibrous and calcified plaque component was
18 £12 %, 68 £ 14 % and 13 £ 11%, respec-
tively.

Plaque volume and severity of
stenosis

Table 2 shows the volume of the plaque and
the contribution of the plaque components
for the different grades of stenosis. In 20 out
of 61 patients with a stenosis grade of 0%,
atherosclerotic plaque was present (PV =
4114472 mm3). In 18 of the 20 patients with
a stenosis grade of 1-29% plaque was present
with a PV of 543+464 mm3. The correlation
between PV and severity of stenosis in the
group of patients who had an atherosclerotic
plague (n=57) was moderate with an Rs of
0.66 (p<0.0001) (Figure 2 and 3).
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Table 2. Severity of stenosis, number of patients with a certain degree of stenosis, number of patients with atherosclerotic plaque
and plaque volume (PV) characteristics in the patients with atherosclerotic plaque.

Stenosis(%) n n(PV>0) PV(mm3)* Calcium(%)* Lipid(%)* Fibrous(%)*
0 61 20 411472 10+£8 1311 769
1-29 20 18 543+464 1313 169 70+12
30-49 6 6 930+367 14+10 23+13 63+14
50-69 5 5 1734+675 24+13 26+8 50+7
70-99 8 8 1480+708 14+11 30+13 55+17
Total 100 57 773685 13+11 18+12 68+14

* Mean and standard deviation.

Plaque volume and plaque
composition

Figure 4 shows the relationship between
the contribution of calcium, fibrous tissue,
and lipid and total PV in the 57 patients with
atherosclerotic plaque. With increasing PV,
the contribution of fibrous tissue decreased
(Rs = -0.83, p<0.001) and the contribution of
lipid increased (Rs = 0.62, p<0.001). With an
increase in PV the contribution of calcium in-
creased slightly (Rs = 0.42, p=0.001).

Risk factors

There was a moderate relationship between
age and PV for both men and women (Rs =
0.493, p=0.001 and Rs = 0.484, p<0.001 re-
spectively). Table 3 shows the age and gender-
adjusted odds ratios (ORs) and the multivari-
able adjusted ORs for associations between
cardiovascular risk factors and 1) atheroscle-
rotic carotid PV and 2) severity of stenosis (up-
per quartile versus lower 3 quartiles). Smok-
ing was independently related to PV (OR 4.9,
95%Cl 1.2-19.3) and to severity of stenosis (OR
4.6,95%Cl 1.2-18.1).

Figure 3. CT angiograms of the carotid bifurcation with lesion
Sagittal (A,D) and axial (B,C, E,F) images of atherosclerotic
plaques in the carotid bifurcation The left panels showed an
extensive calcified atherosclerotic plaque (PV=1318 mm3)
without severe stenosis (20%). The right panels revealed a focal
lesion at origin of internal carotid artery with moderate amount
of atherosclerosis (PV=169 mm3) but a severe stenosis (73%).
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Table 3. Relation between risk factors and atherosclerotic plaque volume or severity of stenosis in the symptomatic carotid artery
(n=100).

ORT (95% Cl)* OR (95% Cl)
Variable adjusted for adjusted for
age and gender all risk factors
Plaque volume
Age (per 10 years) 2.3(1.4-3.6) 3.1(1.7-5.6)
Gender (male versus female) 2.0(0.7-6.3) 1.7(0.5-5.5)
Hypertension (yes versus no) 1.7(0.5-5.9) 2.3(0.6-8.7)
Hypercholesterolemia (yes versus no) 0.9(0.3-3.0) 0.8(0.2-3.0)
Diabetes mellitus (yes versus no) 0.4(0.1-2.3) 0.5(0.1-4.0)
Smoking (ever versus never) 3.9(1.1-13.2) 4.9(1.2-19.3)
Previous cardiac disease (yes versus no) 1.8(0.5-6.3) 2.5(0.6-9.6)
Previous cerebrovascular disease (yes versus no) 1.3(0.4-4.2) 1.0(0.3-3.6)
Severity of stenosis
Age (per 10 years) 2.0(1.3-3.0) 2.9(1.6-5.4)
Gender (man versus female) 2.0(0.7-6.1) 1.9(0.6-6.2)
Hypertension (yes versus no) 1.7(0.5-5.6) 1.7(0.5-6.0)
Hypercholesterolemia (yes versus no) 1.8(0.5-5.9) 2.5(0.6-10.7)
Diabetes mellitus (yes versus no) 0.4(0.1-2.3) 0.5(0.1-4.1)
Smoking (ever versus never) 4.4(1.3-14.8) 4.6(1.2-18.1)
Previous cardiac disease (yes versus no) 0.9(0.8-7.7) 0.8(0.2-3.3)
Previous cerebrovascular disease (yes versus no) 2.5(0.8-7.7) 2.4(0.7-8.4)

*Cl=confidence interval. tOR=0dds ratio

Table 4. Cardiovascular risk factors and the In proportion calcium, lipid and fibrous tissue in patients with atherosclerotic plaque
(n=57)

Variable

Ln calcium

Ln lipid

Ln fibrous

Age (per 10 years)

Gender (male versus female)

Plaque volume mm3 (per SD)
Hypertension (yes versus no)
Hypercholesterolemia (yes versus no)
Smoking (ever versus never)

Diabetes mellitus (yes versus no)
Previous cardiac disease (yes versus no)

Previous cerebrovascular disease (yes versus no)

0.21(-0.12;0.54)
0.03(-0.7;0.8)
0.46(0.07;0.85)
-0.38(-1.21;0.45)
1.61(0.70;2.53)
0.52(-0.28;1.33)
-0.20(-1.53;1.13)
0.84(-0.00;1.69)
-0.44(-1.26;0.38)

-0.09(-0.23;0.05)
0.15(-0.17;0.46)
0.39(0.23;0.55)
0.17(-0.18;0.51)

-0.76(-1.14;-0.38)
0.10(-0.26;0.42)
0.23(-0.32;0.78)

-0.30(-0.65;0.05)
0.17(-0.17;0.51)

-0.02(-0.05;0.02)
-0.02(-0.10;0.06)
-0.18(-0.22;-0.14)
-0.04(-0.13;0.04)
0.03(-0.06;0.13)
-0.07(-0.15;0.01)
-0.04(-0.18;0.10
0.02(-0.07;0.11)
0.04(-0.04;0.13)

Values are adjusted mean differences (95%Cl) in a natural log-transformation (In) of the proportion of plaque component. The linear
regression analysis was adjusted for age, gender, plaque volume, and all cardiovascular risk factors.
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Figure 4. The relation between PV and plaque components.

Scatter plot demonstrates the relation between the contribution of the different components of the plaque and total plaque volume

in 57 patients.

Table 4 shows the associations between car-
diovascular risk factors and the contribution
of the different plaque components in the
patients with atherosclerotic plaque (n=57).
Patients with hypercholesterolemia had a sig-
nificantly higher contribution of calcium and
a significantly lower contribution of lipid in
the atherosclerotic plaque. The mean propor-
tion of calcium in the plaque of patients with
and without hypercholesterolemia was 9.9%
and 2.0%, respectively. The In mean difference
was 1.61 (95%Cl 0.70-2.53). The mean propor-
tion of lipid in the plaque of patients with and

without hypercholesterolemia was 12.2% and
26.0%, respectively. The In mean difference
was -0.76 (95%Cl -1.14 - -0.38).

Discussion

In this study, we quantified and characterized
atherosclerotic carotid plaque with MDCTA
and examined the relation between PV and
the severity of luminal stenosis. In conformity
with our hypothesis, the relation between the
severity of luminal stenosis and PV was not
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strong. Smoking was associated with both PV
and severity of stenosis. Our hypothesis that
cardiovascular risk factors were more strongly
associated with PV than severity of stenosis
was not supported in this study. We demon-
strated that an increasing PV is associated
with a change in plaque composition: the pro-
portion of calcium and lipid increased and the
proportion of fibrous tissue decreased. Finally,
hypercholesterolemia was independently re-
lated to plaque composition.

Plaque volume and stenosis
Assessment of the severity of atherosclero-
sis in the carotid artery has long been based
on the evaluation of luminal compromise
caused by the accumulation of atherosclerotic
plaque. The main reason for this approach
was the availability of (digital subtraction)
angiography and the absence of an optimal
cross-sectional imaging tool for quantifica-
tion of the amount of atherosclerotic plaque.
The results of the NASCET and ECST trial es-
tablished the severity of luminal stenosis as
an important parameter in risk prediction and
decision-making.

There are several reasons why severity of
stenosis is not a good reflection of the amount
of atherosclerotic disease. Firstly, extensive
atherosclerotic disease can be present without
stenosis of the lumen and vice versa, steno-
sis can be caused by a focal accumulation
of a small amount of atherosclerotic plaque
(Figure 3). Secondly, the configuration of a
normal carotid bulbus and bifurcation allows
the accumulation of extensive atherosclerotic
plaque before a luminal stenosis become vis-
ible on angiography. Thirdly, vessel remodel-
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ling plays an additional role since the discrep-
ancy between the atherosclerotic plaque load
and angiographic appearance of the lumen is
also present in other vessel beds. A recent MRI
study shows that luminal stenosis provides
an incomplete picture of atherosclerotic pro-
gression and regression and that expansive
remodelling occurs specifically in the earlier
stage of atherosclerosis development in ca-
rotid arteries’.

Multiple studies with intracoronary ultra-
sound have demonstrated that atherosclerot-
ic disease is present in angiographically nor-
mal coronary segments®°. This phenomenon
could be demonstrated also in coronary arter-
ies with MDCTA.

It is well known that atherosclerosis with low-
grade stenosis in the carotid bifurcation may
result in cerebrovascular events'. In the pres-
ent study, a relatively large proportion of the
patients with cerebrovascular symptoms had
atherosclerotic plaque with no luminal nar-
rowing measured according to the NASCET
criteria. Since PV is a better descriptor of the
severity of atherosclerotic disease than de-
gree of stenosis and CT and MRI allows now-
adays the quantification of atherosclerotic
plague we advocate to evaluate the role of PV
as an additional parameter in the assessment
of stroke risk and finally in treatment decision
making.



Plaque volume and composition

The composition of the atherosclerotic plaque
changes during the progression of atheroscle-
rotic disease and this plays animportantrolein
the development of a vulnerable plaque. Until
now most data on the temporal change of the
composition of the atherosclerotic plaque is
based on cross-sectional studies in which ves-
sel specimens obtained during autopsy or op-
eration (carotid endarterectomy) were evalu-
ated. Atherosclerotic plaques were classified
based on their composition and that classifi-
cation was considered to reflect the temporal
natural history of atherosclerotic disease.
Such studies have provided tremendous in-
formation on the process of atherosclerotic
disease and the occurrence of clinical events.
However, much more can be expected from
serial evaluation of an atherosclerotic plaque
with clinical imaging tools because this will
truly provide insight in the natural history of
atherosclerotic plaque and in the causal asso-
ciation of changes in plaque composition and
clinical events. With regard to the natural his-
tory, the present cross-sectional imaging study
shows that plaque composition changes with
increasing PV. According to the AHA-criteria,
which describe that advanced atherosclerot-
ic lesions in the carotid artery contain more
lipid and more calcium, we found an increase
of the proportion lipid and calcification with
increasing PV. It will be of interest to confirm
with serial MDCTA these temporal changes
in PV and composition. One other cross-sec-
tional imaging study has also demonstrated
that plaque composition in the carotid artery
changed with an increase in plaque content: a
study on the relation between IMT and quan-
tity of carotid calcification concludes that

171

these two features were strongly associated'.
MRI studies of the carotid artery were mostly
performed on severely diseased arteries and
reports on this relation between plaque size
and plaque composition are not available yet.

Plaque volume and cardiovascular risk factors
The relation between cardiovascular risk fac-
tors and the severity of atherosclerotic dis-
ease is difficult to evaluate and most studies
have correlated cardiovascular risk factors
to indirect instead of direct measures of ath-
erosclerotic plaque burden'. Several large
population-based studies have demonstrated
independent associations between cardiovas-
cular risk factors like smoking, hypertension,
hypercholesterolemia and diabetes and US
measured IMT in the carotid artery™, severity
of stenosis in the carotid artery', carotid cal-
cification’®, coronary stenosis'?, and coronary
calcification'.

In our study, smoking was independently re-
lated to severity of stenosis and PV. Other risk
factors did not reach a statistically significant
association due to the limited number of stud-
ied patients. Severity of stenosis as an indirect
parameter of atherosclerotic plaque burden
has its limitations. It reflects luminal narrow-
ing and not the true amount of atherosclerot-
ic disease. Two recent studies demonstrated
that the relation between severity of stenosis
and cardiovascular risk factors was less strong
than the relation between IVUS-assessed ath-
erosclerotic plaque burden and cardiovascular
risk factors was'” '8, Nicholls et al. concluded
that probably different mechanisms drive
stenosis development and atheroma accumu-
lation.

Chapter



In the present study, we hypothesized that the
risk factors were more related to PV than to se-
verity of stenosis. Probably due to the smaller
number of patients in comparison to the coro-
nary studies, we did not find a difference in
the relation with risk factors.

Plaque composition and
cardiovascular risk factors

Besides the association between cardiovascu-
lar risk factors and PV, it might be that the risk
factors are also associated with plaque com-
position. Plaque composition is considered as
an important feature of the so-called vulner-
able plaque. Histological studies that exam-
ined carotid endarterectomy specimens have
shown that the composition of the plaque is
influenced by cardiovascular risk factors: hy-
percholesterolemia and hyperfibrinogenemia
were correlated with plaques rich in foam
cells™ 2,

To our knowledge, this is the first study, which
describes the relationship between the pro-
portions of three different carotid plaque
components measured with MDCTA, and
risk factors for atherosclerosis. We found that
hypercholesterolemia independently
associated with the proportion of lipid and
calcium in the plaque. In contrast to the his-
tological studies, we found that patients with
hypercholesterolemia had a smaller propor-
tion lipid and larger proportion calcium in
their symptomatic plaques. This might be ex-

was
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plained by the large proportion of patients on
lipid lowering drugs. IVUS studies in coronary
arteries have revealed that statins reduce the
lipid content of atherosclerotic plaques?'. MRI
studies on the carotid plaque have shown that
prolonged lipid lowering drug therapy is as-
sociated with markedly decreased lipid con-
tent®.

Limitations

The first limitation of this study is the relatively
small number of patients on whom we per-
formed our analysis. We expect that analysis of
a larger number of patients will provide more
evidence for the associations we investigated.
A second limitation is the cross-sectional de-
sign of this study. Longitudinal studies are
necessary to prove the value of PV as a param-
eter for risk stratification.

Despite these limitations, the conclusion of
our study might have some clinical implica-
tions. Firstly, the quantity of atherosclerotic
plaque, expressed as plaque volumes, was not
closely associated with the severity of steno-
sis, which implicates that PV might be an im-
portant additional parameter in the analysis
of atherosclerosis in the carotid artery. Sec-
ondly, PV and plaque composition are related
to each other and to risk factors for atheroscle-
rosis. Non-invasive imaging of these plaque
parameters will increase the understanding of
the natural history of atherosclerotic disease
in humans.
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This thesis evaluates the role of MDCT an-
giography in 1) the depiction of atheroscle-
rotic disease and subsequent luminal steno-
sis in the arteries that supplies the brain with
blood, and 2) the assessment of atheroscle-
rotic plaque features that have been related
to plaque vulnerability.

The studies can be subdivided in three main
categories: 1) optimization of data acquisition
protocol, 2) validation studies, including as-
sessment of the accuracy of MDCTA in com-
parison to histology and interobserver stud-
ies, and 3) clinical cross-sectional studies.

Part 1: Optimization of contrast,
scanning and reconstruction
protocol

Optimization of contrast material injection
protocol with a saline bolus chaser was evalu-
ated in Chapter 1. Contrast material is expen-
sive and potentially nephrotoxic. The use of a
saline bolus chaser after contrast material ad-
ministration can potentially decrease the use
of contrast material. This study revealed that
the addition of a 40 ml bolus chaser to 80 ml
contrast material results in a significantly high-
er enhancement in the supra-aortic arteries.
The peak enhancement was near the carotid
bifurcation. However, decreasing the volume
of contrast material from 80 ml to 60 ml, when
using a bolus chaser, results in significantly
lower vessel enhancement. The study also re-
vealed that vessel enhancement was inversely
correlated with body weight. Therefore, 60 ml
contrast media with 40 ml saline chaser was
sufficient for optimal vessel attenuation in pa-
tients weighing less than 75 kg.
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Scan direction in CTA is normally based on the
direction of the blood flow. With a caudocra-
nial scan direction the presence of undiluted
contrast material in the subclavian vein, bra-
chiocephalic vein and/or superior caval vein
frequently produces perivenous artifacts,
which can obscure adjacent structures and
hamper adequate vessel imaging.

The work in Chapter 2 shows that a change
in scan direction from caudocranial to cran-
iocaudal reduced the number of perivenous
artifacts and that, although arterial enhance-
ment slightly decreased, a better evaluation
of the ascending aorta and origo of the su-
praaortic arteries was possible.

Blooming artifacts of calcifications on CT im-
ages result in a larger appearance of the cal-
cifications, which hampers an accurate char-
acterization of the non-calcified part of the
plaque and quantification of plaque compo-
nents. An optimal voltage and CTimage recon-
struction algorithm setting might reduce this
hampering effect. In Chapter 3 we show that
increasing the tube energy, reduces the size
of the calcifications. Furthermore, we demon-
strated that smooth and sharp reconstructed
images resulted in less interpretability due to
averaging of contrast differences and edge-
enhancement artefacts, respectively, and that
intermediate algorithms showed good inter-
pretability.

Based on these studies, we recommend to use
120 kVp and a medium sharp reconstruction
algorithm for atherosclerotic plaque imaging.



Part 2: Validation studies

MDCT angiography has the potential to char-
acterize and quantify plaque components in
carotid endarterectomy specimens. To vali-
date this technique, we performed an in vitro
and in vivo study. In the first study we matched
MDCTA images of 15 endarterectomy speci-
mens with corresponding histologic sections,
and measured the Hounsfield unit value (HV)
of pure lipid regions and pure fibrous regions.
A receiver-operating-characteristic curve re-
vealed 60 HU as the optimal cut-off point to
differentiate between lipid and fibrous tissue
(Chapter 3).

Subsequently we matched in vivo MDCTA im-
ages of 15 significant atherosclerotic lesions
with corresponding histologic sections. We
determined the HV of pure lipid regions and
pure fibrous regions. Again, 60 HU emerged
as the optimal cut-off point to differentiate
between lipid and fibrous tissue. Re-analysis
of the in vivo MDCTA images, in which all hy-
podense regions with a HV <30 or <60 HU were
detected based on thresholding, revealed that
the positive predictive value of a hypodense
region in the plaque with a density value <30
HU for a lipid-rich region was 97%, while the
positive predictive value of a hypodense re-
gion with a density value between 30 and 60
HU was 23% (Chapter 4).

Besides the detection of specific plaque
components MDCTA enables to quantify the
plague volume, and the absolute and relative
contribution of specific plaque components to
the total plaque volume. With freely available
software and custom-made plug-ins we were
able to semi-automatically assess plaque and
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plaque component areas in the MDCT images.
The in vitro study revealed strong correlations
between MDCTA and histology area measure-
ments for total plaque area, calcified area and
lipid area (R*=0.81, R>=0.83 and R’=68, respec-
tively) and a poor correlation for fibrous tissue
area measurements (R’=0.26) (Chapter 3). Our
in vivo study showed strong correlations for to-
tal plaque area, calcified area and fibrous area
(R’=0.73, R*=0.74, and R?=0.76, respectively)
and a poor correlation for lipid area (R’=0.24).
However, when we performed an exploratory
analysis by evaluating the lipid area measure-
ments in severely and mildly calcified plaques
the correlation between lipid areas improved
for the mildly calcified plaques, while it re-
mained poor for the severely calcified plaques
(Chapter 4).

Because plaque and plaque component area
measurements are performed semi-automat-
ically with a custom-made software tool, we
performed an interobserver variability study.
The in vivo MDCTA area measurements of
two observers showed significant differences
(p<0.05) for the assessment of total plaque
area, fibrous tissue area and lipid core area. The
lumen area and calcified area were assessed
with no significant difference (p>0.05). The
interobserver coefficients of variation for the
absolute measurement of lumen, plaque, cal-
cified, fibrous tissue and lipid core areas were:
4%, 19%, 16%, 21% and 40%, respectively,
and the interobserver coefficients of variation
for the relative measurement (%) of calcified,
fibrous tissue and lipid core areas were: 26%,
10% and 20%, respectively (Chapter 4).

Summary and Conclusions



After this validation, the software tool was up-
dated to allow analysis of consecutive MDCTA
images in order to measure plaque volume
and plaque component volume. An interob-
server study revealed that the interclass corre-
lation coefficient (ICC) was excellent for all vol-
ume measurements (ICC>0.80), except for the
lipid core volume measurements, for which
it was good (ICC=0.76 (range 0.54-0.87)). The
coefficient of variation between observers for
plaque volume ranged from 17 to 24%, for
calcified volume it ranged from 13 to 33%, for
fibrous tissue volume from 18 to 24%, for lipid
core volume from 37 to 47%, and for lumen
volume from 3 to 10%. The coefficient of varia-
tion between observers for the assessment of
calcified volume percentage ranged from 15
to 26%, for fibrous volume percentage from
10 to 15%, and for lipid core volume percent-
age from 21 to 30% (Chapter 5).

The same software tool was used to assess
the volume of intracranial calcifications and
was also validated by an observer variability
analysis. We showed that the ICC between two
observers for the assessment of intracranial
calcifications was excellent (ICC = 0.99), and
that the coefficient of variation for the inter-
observer differences was very low (< 7%). Fur-
thermore, it was shown that the absolute dif-
ferences between observers did not depend
on the size of the calcifications (Chapter 7).

Finally, the observer variability in the assess-
ment of plaque surface morphology was anal-
ysed. Two observers agreed on the presence
of ulcerated plaque in all cases (kappa = 1;
95%Cl =0.86-1.00), on the presence of irregu-
lar plaque in 93% of the cases (kappa =0.84;
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95%Cl = 0.70-0.97), and on the location of
plaque ulceration in 96% of the cases (kappa
=0.91; 95% = 0.54-1.00) (Chapter 8).

Part 3: Clinical studies

The first clinical study (Chapter 7) revealed
that intracranial internal carotid artery calci-
fications were very frequent in patients with
cerebrovascular symptoms. Men more fre-
quently had intracranial calcifications than
women (71% and 56%, respectively) and the
volumes were larger in men (66 = 124 mm?
vs. 33 £ 91 mm?, respectively). Presence and
size of the calcifications were associated with
higher age. The presence or volume of calci-
fications was independently associated with
smoking, hypercholesterol-emia, history of
cardiac disease, and history of ischemic cere-
brovascular disease.

Furthermore, we showed that the degree of
calcifications does not differ between the
symptomatic and contralateral asymptomatic
artery. Intracranial calcifications were not re-
lated to the type of symptoms (amaurosis fu-
gax versus TIA or minor stroke).

Our second clinical study (Chapter 8) showed
that MDCTA can differentiate and classify ul-
cerated, irregular and smooth plaques. The
presence of ulcerated plaques in the carotid
artery was strongly related with the severity of
stenosis. Ulcerated plaques were significantly
(p<0.001) more common in carotid arteries
with stenosis >30%, than in those with stenosis
<30% (40% versus 9%, respectively; p=0.001).
The ulceration was mostly located proximal to
the site with the severest stenosis. This find-
ing supports the hypothesis that shear stress



plays a crucial role in the development of vul-
nerable plaque and plaque rupture.

Hypercholesterolemia and probably smoking
were independently related to the presence
of complicated plaques (ulcerated and/or ir-
regular).

Symptomatic carotid arteries more of-
ten showed a complicated plaque surface
than asymptomatic carotid arteries (25% vs
18%, respectively), however this is fully at-
tributed to a significantly higher degree of
stenosis in the symptomatic arteries. A com-
plicated plaque was less often observed
among patients with amaurosis fugax (17%)
compared to patients with focal cerebral isch-
emia (28%).

In our third clinical study (Chapter 9) we mea-
sured the volume of the atherosclerotic plaque
and the proportion of the different plaque
components in symptomatic carotid arteries
with MDCTA. We showed that plaque volume
was moderately related to severity of stenosis,
and that plaque volume was associated with
age and smoking. In addition, it appeared that
hypercholesterolemia was positively associat-
ed with a larger volume of calcifications, and
with a smaller volume of lipid.

Conclusions

From the first part of this thesis we can con-
clude that an optimal protocol for MDCT an-
giography of the supra-aortic arteries incor-
porates the use of 80 ml contrast material and
a 40 ml saline bolus chaser, a craniocaudal
scan direction, and in respect to atheroscle-
rotic carotid plaque imaging a tube current of
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120 kVp and an intermediate reconstruction
algorithm.

The second part of this thesis allows to con-
clude that MDCTA is capable of characterizing
and quantifying plaque and plaque compo-
nent areas in good correlation with histology.
However, lipid core can only be adequately
quantified in mildly calcified plaques, and in
vivo assessment of atherosclerotic plaque and
plague component volumes is feasible with
a moderate reproducibility. In addition we
can conclude that, with MDCT angiography,
intracranial carotid artery calcifications can
reproducibly be quantified and that carotid
plaque surface morphology can be assessed
with a high reproducibility.

In the third part of this thesis we evaluated the
characteristics of possible MDCTA-assessed
plague parameters (the volume of intracranial
calcifications, carotid plaque morphology, and
carotid plaque volume and plague component
volumes). Associations were found with sev-
eral cardiovascular risk factors. Some plaque
parameters were related to the presence and
type of cerebrovascular symptomatology.

We conclude that atherosclerotic plaque pa-
rameters can be imaged adequately with
MDCTA. These parameters seem to have a
possible additional value, besides the degree
of stenosis, as a marker of atherosclerotic dis-
ease and as predictor of (recurrent) ischemic
cerebrovascular events.

Summary and Conclusions



Direction of further research

MDCTA emerges as an efficient means to im-
age vulnerable atherosclerotic plaque pa-
rameters. Furthermore, we hypothesize that
MDCTA-assessed vulnerable plaque param-
eters are at least equally important as luminal
stenosis for the development of acute neuro-
vascular events. Therefore, follow-up studies
are planned that will explore the association
between these vulnerable plaque parame-
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ters and (recurrent) ischemic cerebrovascular
events.

In addition, the required prospective design of
these studies allows assessment of changes in
serially imaged vulnerable plaque parameter
characteristics, which might further clarify the
natural course of atherosclerotic disease in the
carotid arteries (Figure 1.). This follow-up al-
lows to evaluate the role of shear stress in the

=y 16 months <G

Stenosis(%) | Plaque (mm?3) | Lipid (mm?®) | Fibrous (mm?) Calcified (mm?)
R 60-90 +201 +211 -19 +9
L 30-30 +206 +41 +31 +35

Figure 1. Serial imaging by MDCT angiography of a bilateral atherosclerotic carotid bifurcation allows the detection of changes in

stenosis degree, plaque volume and plaque component volume.



development of plaque rupture. Shear stress is
most frequently found at the upstream part of
aplaque. However, little is known about the in-
fluence of shear stress on plaque progression,
change in plaque composition and plaque
surface morphology (rupture). MDCTA-based
3D lumen geometry assessment allows the
calculation of hemodynamic parameters such
as local shear stress. Serial MDCTA will reveal
the temporal changes in shear stress, plaque
volume and composition, as well as the preva-
lence and incidence of plaque rupture.

Specific research questions we plan to address
are: a) What is the prevalence of atherosclerot-
ic disease (plaque volume, composition, rup-
ture and shear stress) in patients with TIA or
minor ischemic stroke? b) What is the natural
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course of atherosclerotic disease in the carot-
id artery? c) Can a change in plaque volume,
plaque composition and plaque rupture be
predicted based on risk factor profiles, current
plaque status and shear stress? and d) What is
the predictive value of atherosclerotic plaque
features (at baseline and after changes) for
risk of recurrent ipsilateral stroke?

Elucidating the relation between atheroscle-
rotic plaque morphology and composition
and risk of stroke will lead to improved insight
in the pathophysiology of ischemic stroke, to
treatment decisions based on the assessment
of plaque features, and to new treatment
strategies focused on the morphology and
components of the atherosclerotic plaque.

Summary and Conclusions
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Dit proefschrift evalueert het gebruik van
MDCT angiografie (MDCTA) voor 1) het af-
beelden van atherosclerose en bijbehorende
bloedvat vernauwing in de bloedvaten die de
hersenen van bloed voorzien, en 2) het afbeel-
den van atherosclerotische plaque kenmerken
die gerelateerd zijn aan een instabiele plaque
formatie.

De gedane onderzoeken kunnen als volgt
worden verdeeld: Deel 1) onderzoeken met
betrekking tot optimalisatie van het data ac-
quisitie protocol, Deel 2) validatie onderzoe-
ken, waaronder evaluatie van de accuratesse
van MDCTA in vergelijk met histologie, en
interoberserver onderzoeken, en Deel 3) klini-
sche cross-sectionele onderzoeken.

Deel 1: Optimalisatie van contrast,
scan en reconstructie protocol

Het optimaliseren van het contrastmiddel
protocol door het inspuiten van een zoutop-
lossing direct na het beéindigen van het in-
spuiten van contrastmiddel (het zogenoemde
bolus chaser principe) wordt beschreven in
Hoofdstuk 1. Contrastmiddelen zijn kostbaar
en potentieel nefrotoxisch. Het gebruik van
een bolus chaser kan het gebruik van con-
trastmiddel doen laten afnemen. Dit onder-
zoek laat zien dat het toedienen van 40 ml
zoutoplossing na het gebruik van 80 ml con-
trastmiddel leidt tot een significant hogere
aankleuring van de supra aortale arterién,
waarbij de hoogste aankleuring wordt bereikt
ter hoogte van de carotis bifurcatie. Desalniet-
temin, leidt het verminderen van het volume
aan contrastmiddel van 80 ml naar 60 ml, bij
het gebruik van een bolus chaser toch tot een
significant lagere vaat aankleuring. Dit onder-
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zoek laat bovendien zien dat vaat aankleuring
omgekeerd evenredig is gecorreleerd aan
lichaamsgewicht. Daarom, wordt er als aan-
beveling gesteld dat 60 ml contrastmiddel
gevolgd door injectie van 40 ml zoutoplos-
sing leidt tot een optimale vaat aankleuring in
patiénten die minder dan 75 kg wegen.

De scan richting bij CTA is normaal gebaseerd
op de richting van de bloedstroom. Met een
scan in caudocraniale (van voeten naar hoofd)
richting komt het veelvuldig voor dat onge-
mengd contrastmiddel voor periveneuze ar-
tefacten zorgt in de vena subclavia, vena bra-
chiocephalica en/of in de vena cava superior,
waardoor de beoordeling van aanliggende
structuren en ook adequate vaatbeoordeling
kan worden gehinderd. Het onderzoek be-
schreven in Hoofdstuk 2 laat zien dat een wij-
ziging in scan richting van caudocraniaal naar
craniocaudaal het optreden van periveneuze
artefact vorming verminderd, en ofschoon
de arteriéle aankleuring iets afneemt, er een
betere beoordeling mogelijk is van de aorta
ascendens en de origo van de supra aortale
vaten.

Blooming artefacten van verkalkingen op CT
beelden zorgen voor een grotere dan reéle
afbeelding van die verkalkingen, hetgeen een
belemmerend effect heeft op accurate karak-
terisatie van het niet gecalcificeerde deel van
de atherosclerotische plaque en op de kwan-
tificatie van plaque componenten. Een opti-
male instelling van voltage en reconstructie
filter zou dit belemmerende effect mogelijk
kunnen reduceren. In Hoofdstuk 3 laten we
zien dat bij het verhogen van het voltage het
afgebeelde volume van verkalkingen vermin-



derd. Bovendien laten we zien dat ‘smooth’
en ‘sharp’ reconstructie filters leiden tot ver-
minderde interpreteerbaarheid ten gevolge
van middeling van contrast verschillen en het
ontstaan van edge-enhancement artefacten,
respectievelijk, en dat de ‘intermediate’ re-
constructie filters goed interpreteerbaar zijn.
Gebaseerd op dit onderzoek adviseren we het
gebruik van 120 kVp en een ‘intermediate’ re-
constructie filter voor beeldvorming van athe-
rosclerotische plaque.

Deel 2: Validatie studies

MDCTA kan mogelijk atherosclerotische pla-
que en plague componenten karakterise-
ren en kwantificeren. Om deze techniek te
valideren hebben we een in vitro en een in
vivo studie uitgevoerd. In de eerste studie
hebben we MDCTA beelden van 15 endar-
terectomie specimens gematched met de
overeenkomende  histologische  coupes,
waarna we de Hounsfield unit (HU) waarde
van puur vet weefsel en puur fibreus weefsel
hebben gemeten. Een ‘receiver-operating-
characteristic curve ' (ROC curve) liet zien
dat 60 HU het optimale afkappunt is om te
differentiéren tussen vet en fibreus weefsel
(Hoofdstuk 3).

Vervolgens hebben we in vivo MDCTA beel-
den van 15 significant atherosclerotische lea-
sies gematched met corresponderende histo-
logische coupes, en werd de HU waarde van
puur vet weefsel en puur fibreus weefsel vast-
gesteld. Wederom bleek 60 HU het optimale
afkappunt te zijn om te differentiéren tussen
vet en fibreus weefsel. Een tweede analyse op
de in vivo MDCTA beelden, waarin alle hypo-
dense zones met een HU waarde van <30 HU
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en <60 HU werden bepaald door middel van
thresholding, liet zien dat de positief predic-
tieve waarde van een hypodense zone in een
atherosclerotische plaque met een densiteit
van <30 HU voor de aanwezigheid van vet
weefsel 97% bedroeg, terwijl de positief pre-
dictieve waarde van een zone met een densi-
teit van tussen de 30 en 60 HU 23% bedroeg
(Hoofdstuk 4).

Naast de detectie van specifieke plaque com-
ponenten maakt MDCTA het mogelijk om het
plaque oppervlak en de relatieve bijdrage van
specifieke plaque componenten ten opzichte
van het totale plaque oppervlak te kwantifice-
ren.

Met vrij verkrijgbare software en custom-
made plug-ins waren wij in staat om semi-
automatisch in MDCTA beelden oppervlakten
van plaque en plaque componenten te be-
rekenen. Onze in vitro studie liet een sterke
correlatie zien tussen MDCTA gebaseerde en
histologie gebaseerde metingen van het to-
tale plaque oppervlak, het verkalkte opper-
vlak en het vet oppervlak (R>=0.81, R*=0.83 en
R’=68, respectievelijk), en een zwakke correla-
tie voor het meten van het fibreuze oppervlak
(R’=0.26) (Hoofdstuk 3). Onze in vivo studie
liet een sterke correlatie zien voor het totale
plague oppervlak, het verkalkte oppervlak
en het fibreuze oppervlak (R*=0.73, R’=0.74,
en R’=0.76, respectievelijk) , en een zwakke
correlatie voor het vet oppervlak (R’=0.24).
Maar, bij het verrichten van verdere analyse,
waarbij we keken naar de correlatie van het
vet oppervlakin ernstig, en mild verkalkte pla-
ques, bleek de correlatie voor mild verkalkte
plaques significant beter te worden, terwijl de

Samenvatting en Conclusies



correlatie voor ernstig verkalkte plaques zwak
bleef (Hoofdstuk 4).

Omdat plaque en plaque componenten me-
tingen semi-automatisch worden uitgevoerd
met een custom-made software tool heb-
ben we een interobserver variabiliteits studie
uitgevoerd. De in vivo MDCTA oppervlakte
metingen van 2 observers lieten significante
verschillen (p<0.05) zien ten aanzien van het
meten van het totale plaque oppervlak, het
fibreuze oppervlak, en het vet oppervlak. Me-
tingen van het lumen oppervlak en het ver-
kalkte oppervlak toonden geen significante
verschillen (p>0.05) tussen observers. De ‘in-
terobserver coefficients of variation’ voor de
absolute meting van lumen, plaque, verkalkt,
fibreus en vet oppervlak bedroegen: 4%, 19%,
16%, 21% en 40%, respectievelijk, en de ‘in-
terobserver coefficients of variation’ voor de
relatieve meting (%) van verkalkt, fibreus en
vet oppervlak bedroegen: 26%, 10% en 20%,
respectievelijk (Hoofdstuk 4).

Na deze validatie werd onze software tool
gelpdatet zodat analyse van opeenvolgende
MDCTA beelden en dus het meten van plaque
volume en plaque component volume moge-
lijk werd gemaakt. Een interobserver studie
tussen drie observers liet zien dat de ‘inter-
class correlation coefficient (ICC)’ exellent was
voor alle volume metingen (ICC>0.80), be-
halve voor de vet volume metingen, die was
goed (ICC=0.76 (range 0.54-0.87)). De ‘interob-
server coefficient of variation’ varieerde voor
plague volume tussen 17-24%, voor verkalkt
volume tussen 13-33%, voor fibreus volume
tussen 18-24%, voor vet volume tussen 37-
47%, en voor lumen volume tussen 3-10%.
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De ‘interobserver coefficient of variation’ va-
rieerde voor het percentage verkalkt volume
tussen 15-26%, fibreus volume tussen 10-15%
en voor vet volume tussen 21-30% (Hoofd-
stuk 5). Dezelfde software werd gebruikt om
het volume van intracraniéle verkalkingen te
meten, en werd wederom gevalideerd mid-
dels een observer variabiliteits analyse. We
lieten zien dat de ICC tussen twee observers
voor het meten van intracraniéle kalk volumes
excellent is (ICC=0.99), en dat de ‘coefficient of
variation’ voor interobserver verschillen zeer
laag is (<7%). Bovendien, werd aangetoond
dat de absolute verschillen tussen observers
niet afhankelijk waren van de grootte van de
verkalkingen (Hoofdstuk 7).

Als laatste werd de observer variabiliteit be-
paald bij het beoordelen van plaque opper-
vlakte morfologie. Twee observers waren het
in alle gevallen eens over de aanwezigheid
van ulceraties (kappa = 1; 95%Cl =0.86-1.00),
over de aanwezigheid van irregulaire plaques
in 93% van de gevallen (kappa =0.84; 95%Cl =
0.70-0.97), en over de locatie van een plaque
ulceratie in 96% van de gevallen (kappa =0.91;
95% = 0.54-1.00) (Hoofdstuk 8).

Deel 3: Klinische studies

De eerste klinische studie (Hoofdstuk 7) liet
zien dat intracraniéle carotis interna verkal-
kingen vaak voorkomen bij patiénten met
cerebrovasculaire symptomen. Mannen va-
ker intracraniéle verkalkingen hebben dan
vrouwen (71% en 56%, respectievelijk) en dat
het volume van de verkalkingen groter is bij
mannen (66 £ 124 mm? vs. 33 £ 91 mm?, res-
pectievelijk). Aanwezigheid en grootte van
de verkalkingen bleek geassocieerd te zijn



met een hogere leeftijd. De aanwezigheid en
grootte van verkalkingen was onafhankelijk
geassocieerd met roken, hypercholesterol,
cardiale voorgeschiedenis, en ischemische ce-
rebrovasculaire voorgeschiedenis. Hiernaast
lieten we zien dat de mate van verkalking niet
verschilt tussen de symptomatische en con-
tralaterale asymptomatische arterie, en dat
intracraniéle verkalkingen niet geassocieerd
zijn met het type klachten (amaurosis fugax vs
TIA or minor stroke).

Onze tweede klinische studie (Hoofdstuk
8) liet zien dat MDCTA gladde, irregulaire en
geulcereerde plaque oppervlakken kan dif-
ferentiéren en classificeren. De aanwezigheid
van geulcereerde plaques in de arterie caro-
tis was sterk geassocieerd met de mate van
stenosis. Geulcereerde plaques werden sig-
nificant vaker aangetroffen in carotiden met
een stenose graad van >30%, dan in carotiden
met een stenose graad van <30% (40% versus
9%, respectievelijk; p=0.001). Ulceraties waren
meestal proximaal van de meest ernstige ste-
nose gelegen. Deze bevinding ondersteunt de
theorie dat ‘shear stress’ (wrijvingsspanning)
een cruciale rol speelt bij het ontstaan van rup-
tuur gevoelige plaques en uiteindelijke pla-
que ruptuur. Hypercholesterol en waarschijn-
lijk ook roken zijn onafhankelijk geassocieerd
met de aanwezigheid van plaque ulceratie of
irregulariteit. Symptomatische arterién carotis
hadden vaker een plaque oppervlak irregula-
riteit of ulceratie dan asymptomatishe arterién
carotis (25% vs 18%, respectievelijk).

Eenirregulair of geulcereerd plaque oppervlak
werd minder vaak gezien onder patiénten met
amourosis fugax (17%) dan onder mensen met

187

focale cerebrale ischemie (28%). Symptomati-
sche arterién waren niet significant vaker ir-
regulair of geulcereerd dan asymptomatische
arterien carotis als er werd gecorrigeerd voor
stenose graad.

In onze derde klinische studie (Hoofdstuk 9)
hebben we in MDCTA beelden in de sympto-
matische arterien carotis het volume van de
atherosclerotische plaque en de proportie van
de verschillende plaque componenten ge-
meten. We lieten zien dat het plaque volume
matig geassocieerd was met de ernst van de
stenose, en dat plaque volume geassocieerd
was met leeftijd en roken. Bijkomend bleek
dat hypercholesterol positief geassocieerd
was met een groter volume aan kalk en een
kleiner volume aan vet.

Conclusies

Uit het eerste deel van deze thesis kunnen we
concluderen dat een optimaal protocol voor
MDCT angiografie van de supra-aortale arte-
rién gebruik maakt van 80 ml contrastmiddel
gevolgd door injectie van 40 ml zoutoplossing
, een craniocaudale scan richting, en met het
0og op atherosclerotische carotis plaque af-
beelding een buis voltage van 120 kVp en een
‘intermediate’ reconstructie filter.

Het tweede deel van deze thesis staat de con-
clusie toe dat MDCTA plaque en plaque com-
ponenten kan differentiéren en kwantificeren
in een goede correlatie met histologie. Echter,
vet gebieden binnen de plaque kunnen alleen
adequaat gekwantificeerd worden in mild ge-
calcificeerde plaques. Hiernaast, concluderen
we dat in vivo volume metingen van plaque
en plaque componenten mogelijk zijn met
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een redelijke reproduceerbaarheid, en dat
met MDCTA intracraniéle arterie carotis ver-
kalkingen reproduceerbaar kunnen worden
gekwantificeerd en dat het plaque oppervlak
in atherosclerotische arterien carotis beoor-
deeld kan worden met een excellente repro-
duceerbaarheid.

In het derde deel van deze thesis hebben we
de karakteristieken van mogelijke MDCTA-ge-
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baseerde plaque parameters (het volume van
intracraniéle kalk, plaque oppervlak morfolo-
gie, plagque volume en plaque componenten
volumes) geévalueerd. Er werden correlaties
gevonden met verschillende cardiovasculaire
risicofactoren. Enkele plaque parameters ble-
ken gecorreleerd aan de aanwezigheid van
het optreden en het type van cerebrovascu-

laire symptomatologie.

=y 16 months <G

Stenosis(%) | Plaqgue (mm?3) | Lipid (mm?) | Fibrous (mm?) |Calcified (mm?)
R 60-90 +201 +211 -19 +9
L 30-30 +206 +41 +31 +35

Figuur 1. Seriéle beeldvorming middels MDCT angiografie van een beiderzijds atherosclerotische arterie carotis bifurcatie, maakt het
mogelijk om veranderingen waar te nemen in stenose graad, plaque volume en plaque componenten volumina.



Wij concluderen dat atherosclerotische pla-
que parameters adequaat kunnen worden af-
gebeeld met MDCTA. Deze parameters lijken
mogelijk een additionele waarde te hebben,
naast de mate van stenose, als marker van
atherosclerotische ziekte en bij het voorspel-
len van het risico op een (recidief) ischemisch
cerebrovasculair event.

Richting van toekomstig onderzoek
MDCTA ontwikkelt zich als een doeltreffende
manier om atherosclerotische plaque para-
meters af te beelden. Daarnaast, verwachten
wij dat MDCTA-gebaseerde plaque parame-
ters minstens even belangrijk blijken te zijn
als lumen vernauwing tijdens de ontwikkeling
van cerebrovasculaire events. Daarom staan
er follow-up studies in de planning, die de
correlatie moeten onderzoeken tussen deze
MDCTA gebaseerde atherosclerotische pla-
que parameters en (hernieuwd) optredende
ischemische cerebrovasculaire events.

Daarnaast, biedt de noodzakelijke prospectie-
ve opzet van deze studies de mogelijkheid om
seriéle veranderingen in plaque parameter
karakteristieken op te merken, welke mogelijk
meer inzicht zouden kunnen verschaffen in
het natuurlijk beloop van atherosclerose in de
arterién carotis (zie Figuur 1.).

Tenslotte biedt deze follow-up setting de mo-
gelijkheid om de rol van shear stress bij het
ontstaan van plaque ruptuur te onderzoe-
ken. Hogere shear stress waarden worden ge-
woonlijk proximaal van de ernstigste stenose
gevonden. Echter, er is maar weinig bekend
van de invloed van shear stress op plaque
progressie, verandering in plaque compositie
en oppervlak morfologie (ruptuur). MDCTA-
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gebaseerde 3d lumen geometrie beoordeling
maakt het mogelijk om hemodynamische pa-
rameters zoals lokale shear stress te bereke-
nen.

Seriéle MDCTA kan daardoor de temporele
veranderingen aantonen in shear stress, pla-
que volume en compositie, evenals de preva-
lentie en incidentie van plaque ruptuur.

Specifieke onderzoeksvragen betreffen: a)
Wat is de prevalentie van atherosclerose (pla-
que volume, compositie, ruptuur en shear
stress) in patiénten met TIA of minor ischemic
stroke?, b) Wat is het natuurlijk beloop van
atherosclerose in de arterie carotis?, c) Kun-
nen veranderingen in plaque volume, plaque
compositie en plaque ruptuur voorspelt wor-
den op basis van risicofactor profiel, huidige
plaque status en shear stress?, d) Wat is de
predictieve waarde van atherosclerotische
plaque kenmerken (bij de uitgangswaarden
en na veranderingen) voor het optreden van
(hernieuwde) ipsilaterale cerebrovasculaire
ischemie?

Verder inzicht in de relatie tussen atheroscle-
rotische plaque morfologie en compositie en
het risico op cerebrovasculaire ischemie zal
lijden tot een verbeterd inzicht in de pathofy-
siologie, verbeterde behandeling gebaseerd
op de aanwezigheid van specifieke plaque
kenmerken, en mogelijk tot nieuwe behan-
delingsopties welke zich dan zouden moeten
richten op de morfologie en componenten
van de atherosclerotische plaque.
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Chapter 3, page 60

Figure 2. Assessment in histologic
sections of plaque component areas with a
microscopy image analysis system (Clemex
vision 3.5). Step 1, total plaque area was
determined with a color threshold (any
color = plaque). Step 2, calcified areas were
manually drawn. Step 3, fibrous tissue

was determined automatically with color
threshold (red = collagen) and manually
(tunica media). Step 4, remaining tissue
was considered to be lipid.

Total plague Calcified Fibrous tissue Lipid area
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Figure 1. Semi-automatic assessment of plaque component areas in MDCT images with the ImageJ plug-in ‘MultiMeasure”. (a1.) This
plug-in allows an observer to draw a region of interest (ROI) (=vessel outline). (a2.) After the input of specific ranges of Hounsfield
values (HV), which should represent specific plaque components, the amount of pixels (a3.) within each range of HV is assessed. (a4.)
Each range of HV is given a different colour and a MDCT-based plaque morphology image is produced. (b1.) To differentiate lumen
from the atherosclerotic plaque and from calcified tissue, a second ROl is drawn. (b2.) After the input of specific ranges of HV, which
should differentiate lumen and fibrous tissue located at the border of the lumen, the amount of pixels (b3.) within each range of HV is
assessed. (b4.) Each range of HV is given a different colour and a second MDCT-based plaque morphology image is produced.

The number of lumen pixels has now been calculated (b3). The exact number of fibrous and calcified pixels can now be determined
(fibrous = fibrous measurement a (60 to 130 HU) plus fibrous measurement b (130 to 200HU); calcified = calcified measurement a (>130
HU) minus lumen measurement b (>200HU) minus fibrous measurement b (130-200HU)).

Color Section
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Chapter 4, Page 83

Figure 5. Column A: three axial MDCT images of the carotid artery with atherosclerotic plaque. Column B: MDCT plaque morphology
images based on differences in Hounsfield Units. Column C and D: Corresponding histological sections with Sirius Red (SR) and
haematoxylin eosin (HE) staining, respectively). The blue regions in the MDCT morphology images correspond well with the lumen
and calcifications (arrow) on HE stained histological sections. The red regions in the MDCT morphology images correspond well with
the red collagen-rich regions in the SR stained histological sections. The yellow regions in the MDCT morphology images correspond
well with lipid core (i.e. lipid, haemorrhage 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).
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Figure 2. One mm multiplanar reformat (a.) and 2 mm maximum intensity projection (b.) in the sagittal plane
depicts the carotid bifurcation with an atherosclerotic plaque. The startpoint (Im 1) and endpoint (Im 50) of
atherosclerotic plaque volume assessment in this patient, and the position (C, D, E) of the three thin sliced (0.75 mm
) axial MDCT images (c., d. and e.) of the internal carotid artery and their associated color overlay images (c’,, d".and
e’) are indicated. A graphical representation of the absolute (f.) and relative (g.) volume measurements of lumen,

calcifications, fibrous tissue, and lipid per MDCT image. The x-axis represents the consecutive MDCT images, the y-axis

represents the volume. (h.) A table with the total lumen, total calcified, total fibrous tissue and total lipid volume.
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Figure 10. Semi-automatic assessment of plaque component areas in MDCT images. This software allows an observer to draw a
region of interest (ROI) (=vessel outline) (A). After the input of specific ranges of Hounsfield values (HV) (B), which should represent
specific plaque components, it assesses the amount of pixels within each range of HV (C). Each range of HV is given a different color
and an MDCT-based plaque morphology image is produced (D). To differentiate lumen from the atherosclerotic plaque and from
calcified tissue, a second ROl is drawn (E). A second morphology image is produced (F), and the number of lumen pixels are calculated
(G). The exact number of fibrous and calcified pixels can now be determined. Fibrous = fibrous measurement-1 (60 to 130 HU) plus
fibrous measurement-2 (130 to 200 HU); calcified = calcified measurement-1 (>130 HU) minus lumen measurement-2 (>200 HU) minus

fibrous measurement-2 (130-200 HU).
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Figure 2. (a.) Regions of interest (ROI) are drawn on axial images that show calcifications. Care is taken to include the whole
calcification and not to include any other high density structures (e.g. skull base). Because a minimum attenuation of 500 HU is
defined for the presence of calcifications, lumen can be included in this ROI, because lumen will not reach such a high level of
attenuation. All ROlIs of one patient are saved within one file. (b.) The polymeasure software uses the contour file, the 500 HU
threshold and the voxel dimensions (0.234 x 0.234 x 0.6 mm), to create a color overlay image, and a statistics table. (c.) The color
overlay image shows which pixels within the ROl are above the pre-defined 500 HU threshold (blue) and which are below this
threshold (red). (d.) The statistics table presents the amount of calcium pixels and the calcium volume (mm?®).

Chapter
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Chapter 9, Page 164

Figure 1. Semi-automatic assessment of plaque component areas in MDCT images. Axial MDCT image of an atherosclerotic
carotid plaque; the region of interest is drawn on the outer vessel wall (A). Ranges of Hounsfield values represent 3 different plaque
components Yellow = lipid core (<60 HU), red = fibrous tissue (60 to 130 HU), and white = calcification (>130 HU) (B).
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