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Chapter 1

General Introduction

General introduction

Stroke is the third leading cause of death after coronary heart disease and cancer. 
The clinical burden of stroke now exceeds that of coronary heart disease.1 Especial-
ly in the aging population stroke is a major disease. By the year 2020 the incidence 
of stroke in the Netherlands is expected to have increased to 2.5 per 1000 and the 
prevalence to 8.7 per 1000 for the whole population.2 Stroke is also the most com-
mon cause of disabilities in adults. Therefore not only the disease impact but also 
the healthcare impact of stroke is substantial.3

Stroke is defined as the clinical syndrome of rapid onset of focal or global cerebral 
deficit with a presumed vascular cause. Different pathological mechanisms can be 
responsible for a stroke: cerebral ischemia (≈80%), primary intracerebral hemor-
rhage (≈15%), and subarachnoid 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) is a brief episode of neurological 
dysfunction caused by focal brain or retinal ischemia, with clinical symptoms usu-
ally lasting less than 24 hours, and without evidence of acute infarction.

Three main pathophysiological mechanisms of ischemic stroke and TIA can be 
acknowledged. The first cause is large vessel disease. About 50% of all ischemic 
strokes and TIA’s are probably due to atherothrombotic disease of the extracra-
nial, or less commonly large intracranial arteries. The main locations are the aortic 
arch, the carotid artery bifurcation, the carotid siphon, the origo of the vertebral 
arteries and the intracranial vertebral artery and basilar artery. 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 vessel in the brain. The latter mechanism is by far the most 
common.3 The second cause is small vessel disease. About 25% of all ischemic 
strokes and TIA’s are caused by lacunar infarcts, which are related to occlusion of 
small arteries perforating the brain. The third cause is cardiac disease. About 20% 
of all ischemic strokes and TIA’s arise from emboli from the heart. The emboli can 
be caused by a variety of cardiac conditions, but the most common is atrial fibrilla-
tion with presumed thrombus in the right atrium. Other possible conditions include 
recent myocardial infarction, prosthetic valves, dilated cardiomyopathy, and infec-
tious endocarditis. Finally, the remainder (≈5%) of all ischemic strokes and TIA’s 
are due to some rare causes like vasculitis, arterial dissection and fibromuscular 
dysplasia.

The management of acute ischemic stroke in the acute phase consists of treatment 
with intravenous thrombolytics in patients presenting within 4.5 hours, aspirin, 
surveillance on a stroke unit and optimization of vital functions. Only in a selected 
group of patients presenting within 6 hours with persisting intracranial arterial oc-
clusion after onset of symptoms intra-arterial thrombolytic therapy is used.

 

The estimated risk of stroke after a TIA or minor stroke is 8-12% at seven days and 
11-15% at one month.4 Most ischemic strokes after TIA occur in the first days after 
the TIA.5 Therefore, secondary prevention of stroke is of utmost importance. Medi-
cal treatment with antiplatelet drugs and oral anticoagulants and treatment of the 
most important cardiovascular risk factors, such as smoking, elevated blood pres-
sure and elevated plasma cholesterol levels, reduces the risk of recurrent ischemic 
events. Secondary prevention focuses also on the underlying cause of ischemic 
stroke. Recurrent stroke risk ipsilateral to an atherosclerotic carotid artery steno-
sis is higher the more extreme the stenosis. Two large randomized trials (NASCET 
(North American Symptomatic Carotid Endarterectomy Trial) and ECST (European 
Carotid Surgery Trial)) have shown that carotid endarterectomy (CEA) in patients 
with severe symptomatic carotid artery stenosis (70−99%) is effective in the reduc-
tion of recurrent symptoms.6, 7 These studies showed that the 5 years risk for ipsi-
lateral ischemic stroke is more than 25% in patients with a stenosis of 70-99% and 
more than 15% in patients with a stenosis of 50-69%. The absolute risk reduction 
after surgery is 16% if the degree of stenosis is 70−99% and 4.6% if the degree of 
stenosis is 50−69%.8 Furthermore, the benefit of CEA also depends on the timing of 
surgery after the ischemic event. For symptomatic stenoses the benefit from surgery 
falls rapidly with increasing delay.9 In the past few years, endovascular treatment 
with placement of a stent has emerged as an alternative to CEA, although recent 
data show a higher periprocedural risk of stroke with stenting than with endarter-
ectomy.10 

It is important to select patients for surgical or endovascular treatment based on 
the severity of stenosis with a high accuracy. Besides severity of stenosis, plaque 
vulnerability is currently considered to play an essential role in cerebrovascular 
events. Detection of plaque vulnerability might improve risk prediction and could 
be used in the selection of patients for intervention. A wide range of plaque features 
have been related to plaque vulnerability: plaque volume, plaque composition, 
plaque ulceration, inflammation and neovascularisation.11, 12

Digital subtraction angiography (DSA) remains the reference standard for diagnos-
ing a carotid artery stenosis, according to the large randomized trials, such as 
NASCET and ECST.6-8 The inherent risk of this invasive procedure has led to a less 
invasive diagnostic strategy in which patients were screened with duplex ultra-
sound (DUS). If a stenosis was found by DUS, DSA was performed to confirm 
the stenosis and assess the severity of stenosis. Since then, multiple studies have 
been performed to demonstrate that magnetic resonance angiography (MRA) can 
replace DSA as a confirmative study and is as accurate as DSA in the assessment 
of the severity of stenosis.13-15 With the introduction of spiral CT, CT angiography 
(CTA) entered clinical practice. Evaluation of CTA in the assessment of a significant 
stenosis in the carotid artery (>70%) has revealed a high sensitivity and specific-
ity.16 However, single slice CTA has not gained much popularity in the diagnostic 
work-up of patients with suspected symptomatic carotid artery stenosis. This may 
have been related to limitations in required volume of contrast material (CM) (>100 
ml), scan range (<120 mm), slice thickness (≥2 mm) and available post-processing 
techniques.
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Multidetector-row CT (MDCT) has eliminated several of these limitations. It allows 
full vascular imaging from the aortic arch to the circle of Willis. Therefore, also 
other important predilection sites of atherosclerosis, like the aortic arch, the origin 
of the supra-aortic vessels, the carotid siphon, and the vertebrobasilar arteries can 
now be evaluated. This allows the evaluation of other and rare causes of ischemic 
stroke. MDCT offers an improved spatial resolution of less than 1 mm slice thick-
ness and shorter acquisition times of <15 sec. Lower doses of CM are required. An-
other advantage of MDCT angiography for atherosclerotic plaque evaluation is the 
increased in plane resolution and the subsequent ability to obtain near isotropic 
voxels. More detailed analysis of atherosclerotic plaque morphology and luminal 
plaque surface may now be possible.

The work in this thesis is focused on three topics. One: the optimization of the CTA 
scan protocol. Two: the accuracy of CTA in the detection of carotid artery stenosis 
and plaque composition. Three: the role of CTA in the workup of rare causes of 
ischemic stroke. 

Optimization of the scan protocol

To evaluate the supra-aortic vessels a homogeneous high intraluminal attenuation 
is desirable. This can be achieved by injection of a large amount of contrast media 
with a high injection rate. However, we have to search for the lowest volume of 
CM necessary for optimal analysis for several reasons. Firstly, the high cost of CM 
forces the radiologist to search for ways to decrease CM volume. Secondly, the risk 
of nephrotoxicity is related to the volume of CM and decreasing the volume of CM 
may influence the risk of subsequent nephrotoxicity. Patients referred for carotid 
imaging are usually of higher age and often show generalized arteriosclerosis com-
bined with impaired renal function.17, 18 These patients would specifically benefit 
from a reduced amount of contrast media.19, 20 Thirdly, in acute stroke patients, CTA 
of the carotid artery is often combined with CT perfusion of the brain, which re-
quires an additional injection of 50 mL of CM 21, 22. In such studies the total volume 
of CM should be restricted to what is necessary for optimal analysis. An optimal 
CM injection protocol had not yet been established for CTA of the carotid artery 
with a 16-row MDCT. The application of a saline bolus chaser after the injection 
of the CM might improve enhancement and thus may lead to a reduction in the 
volume of CM. In chapter 2 different volumes of intravenous CM with and without 
a bolus chaser were prospectively compared in order to find the optimal CM injec-
tion protocol for 16-row MDCT angiography of the carotid arteries.

With bolus tracking the CTA scan can be optimally synchronized with the passage 
of CM in the arteries.23 Normally, the CTA scan starts before the end of contrast 
injection. This results in undiluted CM in the subclavian vein, brachiocephalic vein 
and superior vena cava which produces artifacts that project over the ascending 
aorta and the origin of the supra-aortic arteries.24, 25 Such artifacts can obscure adja-
cent structures and thus hide or suggest stenosis or occlusion of the proximal supra-
aortic arteries. The addition of a bolus chaser to the main contrast bolus may lead 

to a reduced frequency of these artifacts by clearing the veins of CM. However, the 
timing of the CTA scan is not altered by the addition of a bolus chaser and artifacts 
do still occur. A craniocaudal scan direction, opposite to the flow direction, may 
reduce the number of artifacts due to delayed scanning of the apex of the thorax. In 
chapter 3 a caudocranial scan direction versus a craniocaudal scan direction was 
compared for the influence on enhancement of the carotid artery and on perive-
nous artifacts in CTA with a MDCT scanner.

CTA with MDCT scanners, with considerably more rapid acquisition times, re-
quires a high attenuation in a short period of time without a concomitant increase 
in CM volume. One way to achieve this is by modifying the iodine administration 
rate although a more practical way might entail the use of a CM with higher iodine 
concentration. In chapter 4 two different CM (iopromide 370 mgI/mL and iomeprol 
400 mgI/mL), were prospectively compared in terms of the attenuation obtained in 
an extended territory comprising the coronary arteries as well as the ascending and 
descending thoracic aorta and pulmonary arteries.

The diagnostic imaging work-up of carotid artery disease

Although DUS as the only modality in the workup of stroke patients proved to be 
a cost-effective strategy 26, most clinicians like to confirm a stenosis diagnosed on 
DUS with a second angiographic modality. In practice, this two-step strategy can 
be time-consuming due to logistic problems. Moreover, apart from the degree of 
carotid stenosis and vascular risk factors, the benefit of CEA also depends on the 
timing of surgery after the ischemic event. For symptomatic stenoses the benefit 
from surgery falls rapidly with increasing delay 9. Since CT of the brain is recom-
mended in the diagnostic work-up of patients with TIA or minor ischemic stroke 
CTA can easily be added to the CT protocol. CTA could be the initial and only 
diagnostic modality in the evaluation of symptomatic carotid arteries 27. In chapter 
5 the diagnostic accuracy of MDCT angiography alone and DUS alone in a con-
secutive cohort of patients with TIA or minor stroke symptoms was studied. For 
each patient only the severity of stenosis of the carotid artery on the symptomatic 
side was included in the analysis. CTA and DUS were compared with a reference 
standard. In case of agreement between CTA and DUS on a stenosis of <50% or 
an occlusion, DUS and CTA were used as the reference standard. If both CTA and 
DUS showed a stenosis of 80-99% and DSA was not performed to prevent treat-
ment delay, DUS and CTA were used as the reference standard. In all other cases 
the reference standard was DSA.

Beside the accuracy of an imaging technique, costs are a relevant item in the deci-
sion on the optimal imaging strategy. We propose CTA as the only diagnostic mo-
dality in the evaluation of the symptomatic carotid artery in all patients, while CTA 
is more expensive than DUS. In chapter 6 the effectiveness and cost-effectiveness 
of state-of-the-art noninvasive diagnostic imaging strategies, including MDCT an-
giography, in patients with a TIA or a minor stroke who are suspected of having ca-
rotid artery stenosis was studied. Particular attention was paid to the time window 
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between the first ischemic symptoms and carotid endarterectomy, and the cutoff 
value chosen as an indication for surgery (70−99% vs 50−99% stenosis).

Atherosclerotic plaque rupture plays an important role in acute events, like TIA and 
minor stroke.11, 28 The vulnerable rupture-prone plaques have specific morphologi-
cal 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 predictor of 
ischemic cerebrovascular events.12 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 degree of stenosis. An in 
vitro and in vivo study showed that quantification of the area (two dimensional) 
of atherosclerotic carotid plaque and its components is possible in axial thin sec-
tion MDCT angiography images, in good correlation with histology.29, 30 Further 
developments in the quantification software now enable to quantify the volume of 
atherosclerotic plaque and the volume of different plaque components. In chapter 
7 this software tool for atherosclerotic plaque and plaque component volume mea-
surements in MDCT angiography images of the carotid artery was evaluated and 
the observer variability of these measurements was assessed.

Rare causes of ischemic stroke

In approximately 5 to 10% of patients with a TIA or minor stroke the ischemia is 
located in the territory of the posterior cerebral artery (PCA). Most commonly, the 
PCA derives from the basilar artery. However, in 10–20% of normal subjects the 
PCA derives from the internal carotid artery (ICA) through a patent posterior com-
municating artery, while the connection with the basilar artery is hypoplastic or 
even aplastic.31-35 Such a fetal origin of the PCA in combination with atheroscle-
rotic disease or dissection of the carotid artery may cause an ischemic stroke in the 
occipital lobe.36-38 Patients with a TIA or a minor stroke in the territory of the ICA 
combined with an ipsilateral carotid artery stenosis of more than 70% benefit from 
CEA.6, 39 It follows that patients with a TIA or mild stroke in the territory of the PCA 
who have a fetal origin of the PCA and atherosclerotic disease in the ICA might 
also be candidates for CEA. Whether patients with a fetal origin of the PCA have a 
higher risk of TIA or ischemic stroke in this arterial distribution is not known.31 In 
chapter 8 the frequency of a fetal origin of the PCA in a clinical series, and the de-
gree of stenosis of the ipsilateral ICA in patients with a TIA or infarct in the territory 
of the PCA was assessed with MDCT angiography.

A less common possible cause of stroke is fibromuscular dysplasia (FMD) of the 
cervical arteries. It can be detected with conventional angiography and less sensi-
tive with DUS or MRA. In the study described in chapter 6 in which we screened 
patients with symptoms of a TIA or minor stroke for atherosclerosis and stenosis of 
the carotid artery with CTA, we encountered 2 cases of FMD of the ICA in a group 
of 400 consecutive patients. In chapter 9 these 2 cases, where FMD of the ICA was 
diagnosed with CTA are presented.
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Abstract

Purpose: To prospectively compare different volumes of intravenously adminis-
tered contrast material with and without a bolus chaser at 16-detector row com-
puted tomographic (CT) angiography of the carotid arteries.

Materials and methods: Institutional Review Board approval and informed consent 
were obtained. Seventy-five consecutive patients (44 men, 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 of 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 attenuation 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 HU ± 39 vs 351 HU ± 60, p = 0.06), 
higher maximum attenuation (393 HU ± 53 vs 425 HU ± 76, p = 0.09), and higher 
minimum attenuation (240 HU ± 34 vs 264 HU ± 48, 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 attenuation. Decreasing the volume of contrast material from 80 
to 60 mL results in a significantly lower attenuation.

Introduction

The benefit of carotid endarterectomy in patients with severe symptomatic carotid 
artery stenosis (>70%) has been established in large randomized trials.1,2 The de-
gree of stenosis in these trials was assessed with digital subtraction angiography. 
The inherent risk of this invasive procedure has led to a noninvasive diagnostic 
strategy in which patients are screened with duplex ultrasonography (US) followed 
by a magnetic resonance (MR) angiography in case of abnormal US findings.3

With the introduction of spiral computed tomography (CT), CT angiography en-
tered clinical practice.4,5 Evaluation of CT angiography for the assessment of sig-
nificant stenosis (>70%) in the carotid artery has already revealed a high sensitivity 
and specificity.6-11 However, single-section CT angiography has not gained much 
popularity in the diagnostic work-up of patients suspected of having symptomatic 
carotid artery stenosis. This may have been related to limitations in the required 
volume of contrast material (>100 mL), scan range (<120 mm), section thickness 
(≥2 mm), and available postprocessing techniques.

Multidetector row CT, and in particular, 16-detector row CT, has eliminated several 
of these limitations.12-15 It allows CT angiography of the carotid arteries to be per-
formed with an increased coverage from the aortic arch to the circle of Willis, an 
improved spatial resolution of less than 1-mm section thickness, shorter acquisition 
times of less than 15 seconds, and lower doses of contrast material.

The application of a saline bolus chaser after the injection of contrast material may 
further reduce the volume of contrast material16-20, but an optimal contrast material 
injection protocol has not yet been established for 16-detector row CT angiography 
of the carotid arteries. Thus, the purpose of our study was to prospectively compare 
different volumes of intravenously administered contrast material with and without 
a bolus chaser at 16-detector row CT angiography of the carotid arteries.

Methods

Study Population

From October 2002 to February 2003, 75 consecutive 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 outpatients and 13 inpatients). 
Indication for CT angiography was possible atherosclerotic disease of the carotid 
or vertebrobasilar vascular system in patients with a transient ischemic attack or 
minor ischemic stroke. Exclusion criteria were previous allergic reaction to iodin-
ated 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 approved the study, and 
patients provided informed consent.
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Each patient was allocated to one of three contrast material administration proto-
cols. The first 25 patients (group 1: 14 men and 11 women; mean age, 60 years; 
range, 36−81 years) received 80 mL of contrast material 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 chas-
er, 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 of 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 Solutions, Forchheim, Germany). Pa-
tients 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 parameters were 0.75-mm collimation, 12-mm (pitch 
of 1) table feed per rotation, 0.5-second rotation time, 120 kV, 180 mAs, caudo-
cranial 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; Am-
ersham Health, Little Chalfont, UK) was injected intravenously through an 
18−20-gauge cannula, depending on the size of the vein, into the antecubital vein 
by using a power injector (EnVision; MedRAD, Pittsburgh, Pa). The right antecubital 
vein was preferentially used because it provides the shortest path for the contrast 
material through the venous system and therefore the least dilution. When venous 
access on the right side could not be achieved, the left antecubital vein was used. 
The saline bolus chaser was injected immediately after the contrast material injec-
tion was completed by using a second power injector (EnVision; MedRAD). 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. Con-
trast material and saline bolus chaser injection rates were 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 by using a series of dynamic transverse low-dose moni-
toring 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 administration. CT angiography was triggered automatically on the basis 
of a threshold measured in a region of interest (ROI) in the ascending aorta. The 
size of the ROI 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 
diameter. The trigger threshold was set at an increase 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 patient was instructed not 
to swallow. Four seconds after the trigger threshold was reached, CT angiographic 
data acquisition was started automatically. All bolus timing procedures and CT 
angiographic scans were successfully completed. No adverse reactions to contrast 
material were observed.

Data Collection and Analysis

Images were reconstructed with an effective section width of 1 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-

Fig. 1 CT angiograms 
of left carotid artery. (a) 
Sagittal and (b) coronal 
curved planar reforma-
tions from the aortic arch 
to the carotid siphon. The 
curved planar reforma-
tions demonstrate a homo-
geneous attenuation in 
the artery from the aortic 
arch (arrow) through the 
carotid bifurcation (arrow-
head) to the intracranial 
circulation.
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alone workstation and evaluated by using dedicated analysis software (Leonardo; 
Siemens Medical Solutions). For clinical analysis, two curved planar reformations 
of each carotid artery from the aortic arch to the carotid siphon were created in 
perpendicular planes (Fig 1).

In each patient, the site of injection, scan coverage (in millimeters), number of 
transverse sections, scan delay (in seconds), and scan time (in seconds) were re-
corded.

Transverse images were used for attenuation measurements. The Digital Imaging 
and Communications in Medicine layout of the images showed the time at which 
the scanning was performed. At intervals of 1 second (each 40th section), an ROI 
was drawn throughout the data sets in two regions: (a) the ascending aorta to the 
right internal carotid artery (ICA) and (b) the ascending aorta to the left ICA. The 
location of the measurements was recorded as follows: the ascending aorta, aortic 
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 intracranial 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 experience with CT angiography measured 
and recorded all data. The attenuation was measured by drawing a circular ROI 
in the center of the vessel lumen. The ROIs were drawn as large as the anatomic 
configuration of the lumen allowed in the transverse section.

The mean value of the measurements on the left and right side at each time point 
was calculated. Time-attenuation curves were generated for each patient. Subse-
quently, the attenuation at time 0; the mean, minimum, and maximum attenuation; 
and the time to reach the maximum attenuation were assessed. Because attenua-
tion above 200 HU was considered optimal, the number of measurements below 
200 HU was counted.

The aforementioned analysis resulted in one to three measurements per location, 
depending on the size of the patient. To analyze the attenuation in these locations, 
the measurements obtained in these locations were averaged. The relationship be-
tween 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 Student t-test. Baseline characteristics and attenuation parameters (value at 
time 0, minimum and maximum attenuation, and time to maximum attenuation) in 
the three groups were compared with a one-way analysis of variance (ANOVA) test 
or χ2 test. In case of a significant difference, a pair-wise comparison was performed 
with the Student t-test. The mean attenuation and the attenuation at different loca-
tions 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 re-
gression 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, Chi-
cago, Ill; 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%, re-
spectively; p < 0.05). Patient demographics, weight, scan delay, scan time, scan range, 
and the number of images were not significantly different in the three groups (Table 1).

Left versus Right Injection Side

Combination of data from all 75 patients revealed a slightly higher mean attenua-
tion (2.5 HU ± 8.8) on the left side in comparison with the right side (p < 0.05) (Fig 
2). In addition, the time to maximum attenuation was slightly shorter (0.3 second 
± 1.3) on the left side (p < 0.05). The maximum and minimum attenuations on the 
left and right side were not different (Table 2).

Table 1. Patient and Scan Characteristics in Three Groups with Different Volumes of Con-
trast Material

Data in parentheses are the range. BC = bolus chaser, CM = contrast material

* = χ2 test, p < 0.05

Parameter
Group 1

(80-mL CM)

Group 2
(80-mL CM plus  

40-mL BC)

Group 3
(60-mL CM plus  

40-mL BC)
No. of patients 25 25 25
M/F 14/11 17/8 13/12
Mean age (y) 60 (36-81) 68 (27-84) 60 (22-85)
Mean weight (kg) 75 (58-107) 71 (55-92) 78 (56-103)
Right/left injection side* 24/1 22/3 17/8
Mean scan delay (sec) 18 (12-26) 18 (15-24) 19 (14-27)
Mean scan time (sec) 14 (11-17) 13 (11-16) 13 (11-15)
Mean scan coverage (mm) 331 (275-401) 325 (256-372) 316 (256-368)
Mean no. of sections 553 (459-670) 546 (427-637) 527 (427-621)
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Group 1: 80-mL Contrast Material

The mean arterial attenuation was 323 HU ± 39. The minimum and maximum arte-
rial attenuations were 240 HU ± 34 and 393 HU ± 53, respectively. Two measure-
ments in two of the 25 patients (330 measurements) had an attenuation of less than 
200 HU. Both measurements were in the intracranial arteries.

Group 2: 80-mL Contrast Material with 40-mL Saline

The mean arterial attenuation per patient was 351 HU ± 60. The minimum and 
maximum arterial attenuations per patient were 264 HU ± 48 and 425 HU ± 76, re-
spectively. Five measurements in two of the 25 patients (330 measurements) had an 
attenuation of less than 200 HU. Two of these measurements were in the ascending 
aorta or aortic arch, and three were in the carotid siphon or intracranial arteries.

Group 3: 60-mL Contrast Material with 40-mL Saline

The mean arterial attenuation per patient was 273 HU ± 53. The minimum and maxi-
mum arterial attenuations per patient were 185 HU ± 43 and 331 HU ± 64, respective-
ly. Fifty-three of the attenuation measurements in 16 of the 25 patients (326 measure-
ments) were less than 200 HU. These measurements were obtained in the ascending 
aorta, CCA, ICA, and intracranial arteries in two, 15, nine, and 27 cases, respectively.

Comparison of Time-Attenuation Curves

The attenuation value at time 0 was significantly 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 attenuation was significantly higher with the bolus chaser (p < 
0.05). The time to maximum attenuation 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 attenua-
tion (p < 0.001) in comparison to the group that received 80 mL or contrast mate-
rial without 40 mL of bolus chaser and the group that received 80 mL of contrast  
material with 40 mL of bolus chaser (Table 3). Adjustment for weight, age, and sex 
in a regression model showed the same significant differences between the groups.

Fig. 2 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 attenu-
ation on the left side in comparison with the right side.

Table 2. Paired Difference of Attenuation Parameters Obtained at the Left and Right Sides 
in 75 Patients

Parameter Paired Difference p Value

Mean attenuation (HU) 2.5 ± 8.8 < 0.05

Minimum attenuation (HU) 3.6 ± 24.9 Not significant

Maximum attenuation (HU) 0.7 ± 17.8 Not significant

Time to maximum attenuation (sec) -0.3 ± 1.3 < 0.05

Table 3. Attenuation Parameters in Three groups with Different Volumes of Contrast 
Material

Data are the mean ± standard deviation. BC = bolus chaser, CM = contrast material, NS = 
not significant

* ANOVA, p < 0.05
† Repeated measures ANOVA, p< 0.001
‡ ANOVA, p < 0.001

Parameter

Group 1

(80-mL CM)

Group 2

(80-mL CM
plus

40-mL BC)

Group 3

(60 mL CM
plus

40 mL BC)

p Value

Group
1 vs 2

Group
2 vs 3

Group 
1 vs 3

Value at time 0 (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 6.9 ± 1.4 5.0 ± 2.0 < 0.05 < 0.001 < 0.001
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Comparison of Locations

In all groups, the attenuation first increased to a maximum and then decreased dur-
ing 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 signifi-
cant difference was reached except for the aortic arch (p < 0.05).

The group that received 60 mL of contrast material and 40 mL of bolus chaser had a 
lower attenuation (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 with-
out 40 mL of bolus chaser and the group that received 80 mL of contrast material 
with 40 mL of bolus chaser (Table 4).

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 −4.4 and 
−2.6 (p < 0.01) and R2 of 0.56 and 0.42, respectively (Fig 5).

Fig. 3 Time-attenuation curves show intraluminal attenuation after start of scanning in 
group 1 (80-mL contrast material, n = 25), group 2 (80-mL contrast material plus 40-mL 
saline, n = 25), and group 3 (60-mL contrast material plus 40-mL saline, n = 25). A lower 
volume of contrast material resulted in lower attenuation.

Table 4. Attenuation Measurements at Different Locations in Three Groups with Different 
Volumes of Contrast Material

Data are the mean ± standard deviation. BC = bolus chaser, CM = contrast material, NS = 
not significant, NT = not tested

* Repeated-measures ANOVA, p < 0.05
† Repeated-measures ANOVA, p < 0.01
‡ Repeated-measures ANOVA, p < 0.001

Fig. 4 Intraluminal attenuation in group 1 (80-mL contrast material, n = 25), group 2 (80-
mL contrast material plus 40-mL saline, n = 25), and group 3 (60-mL contrast material plus 
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 addi-
tion of a bolus chaser resulted in a higher attenuation at all locations, although no signifi-
cant 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).

Location
Group 1 

(80-mL CM)

Group 2
(80-mL CM

plus
40-mL BC)

Group 3
(60-mL CM

plus
40-mL BC)

p Value

Group
1 vs 2

Group
2 vs 3

Group 1 
vs 3

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 ± 70 301 ± 77 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
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In the group that received 80 mL of contrast material and 40 mL of saline, a sig-
nificant difference was found in the mean attenuation between patients weighing 
75 kg or less and those weighing more than 75 kg (381 HU ± 45 vs 305 HU ± 52, 
p < 0.001). In the group that received 60 mL of contrast material and 40 mL of sa-
line, a significant difference was found in the 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).

Discussion

Multidetector row CT scanners allow performance of CT angiography of the ca-
rotid arteries 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 reported16-20 that a 
saline bolus chaser after the injection of contrast material may further reduce the 
volume of contrast material without a subsequent decrease in arterial attenuation. 
Yet, to our knowledge, no studies have been performed to determine the optimal 
contrast material administration protocol for CT angiography of the carotid arteries 
at multidetector row CT.

When the left carotid artery was compared with the right carotid artery, a slightly 
higher mean attenuation and a shorter time to maximum attenuation were found 
on the left side. This may be caused by the way the time-attenuation 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 ca-

Fig. 5 (a–c) Mean attenuation plotted 
against weight for each contrast mate-
rial (CM) protocol. The addition of a 
bolus chaser (BC) makes the relationship 
between mean attenuation and weight 
stronger. The best correlation was found 
in the group that received 80 mL of con-
trast material and 40 mL of saline bolus 
chaser.

Fig. 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 (asc ao) 
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 attenua-
tion 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). ao arch = aortic arch, prox CCA = proximal CCA, dist CCA = distal CCA, prox ICA = 
proximal ICA, dist ICA = distal ICA, siphon = carotid siphon, intracran = intracranial part 
of ICA.
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rotid artery, which originates directly from the aortic arch, earlier than the right 
carotid artery, where the contrast material has to follow a longer path through the 
brachiocephalic 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 material with and without a saline bolus chaser demonstrated 
higher mean and maximum attenuations along the carotid arteries, although the 
differences were not significant.

Hopper et al19 found higher attenuation in the ascending aorta with the addition 
of a 50-mL saline 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 attenuations. However, Irie et al16, who did per-
form such an analysis, failed to demonstrate a significant increase in the 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 protocols.

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 attenuation. However, 
60 mL of contrast material 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 without saline bolus chaser.

Previous studies have not revealed such a decrease in attenuation with the replace-
ment of contrast material by a saline bolus chaser. Haage et al18 found the same 
attenuation in the ascending aorta by comparing 60 mL of contrast material and 
30-mL saline bolus chaser with 75 mL of contrast material alone (240 HU for both). 
In another study, almost the same attenuation in the ascending aorta was observed 
by using 75 mL of contrast material with 50-mL saline bolus chaser and 125 mL of 
contrast material alone (254 vs 225 HU, respectively).19 In both studies, the attenu-
ation was measured in one region instead of several levels. Irie et al16, who assessed 
the time-attenuation curve in the aorta, found the same maximum attenuation with 
75 mL of contrast material alone and with 63 mL of contrast material and a 25-
mL saline bolus chaser. Cademartiri et al20 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 a 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 groups 2 and 3. However, adjustment for weight in a regression 
model still showed a difference in mean and maximum attenuations between group 
3 and groups 1 and 2.

Patient weight is inversely correlated with arterial enhancement.17,21-23 Our study 
revealed only a relationship between weight and mean attenuation in the groups 
with a bolus chaser. The best correlation was found in the group that received 80 
mL of contrast material and a 40-mL saline bolus chaser. This could be explained 
by a better circulation of the contrast material with the addition of a bolus chaser 
to the contrast material protocol. On the basis of 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 weighing 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 attenuations of more than 250 
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 contrast material forces the radiologist to 
search for ways to further decrease contrast material 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 al24 showed that 
by taking these extra costs into account there is still a cost reduction. Second, the 
risk of nephrotoxicity is related to the volume of contrast material, and decreasing 
the volume of contrast material may influence the risk of subsequent nephrotoxic-
ity.25-27 Third, in patients with acute stroke, CT angiography of the carotid artery 
has been combined with CT perfusion of the brain, which required an additional 
injection of 50 mL of contrast material.28,29 In such studies, the total volume of 
contrast material should be restricted to what is necessary for optimal analysis. Fi-
nally, it may be possible that, in comparison to what is commonly thought, the best 
contrast material protocol is not the one with the highest intraluminal attenuation. 
Which attenuation in CT angiography allows the best evaluation of 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 and semiquantitative analysis of the vessel dimensions.

Our study had several limitations. First, the patients were not randomly assigned 
to the groups. However, baseline characteristics were not substantially different 
except for the injection side. The higher frequency of the left-sided injection in 
group 3 may have led to a lower mean attenuation, because the longer path of the 
contrast material through the venous system may have diluted the contrast mate-
rial. Second, the groups may be too small to lead to a significant result. Third, we 
analyzed attenuation from the aortic arch to the circle of Willis. Ideally, a single-
level dynamic CT study will result in a more precise analysis of the contrast media 
dynamics.30 Such a study will cause extra radiation exposure to the patients, and 
we were reluctant to do this. Nevertheless, in clinical practice we are dealing with 
attenuation along the supra-aortic arteries, which reflects the way contrast material 
passes through the vessels.
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In conclusion, of the protocols we tested the integration of a saline bolus chaser 
in the contrast material protocol for evaluation of the carotid artery with 16-detec-
tor row CT leads to optimization of the attenuation but does not allow decrease 
in contrast material volume from 80 to 60 mL in all patients. Future studies may 
focus on a less strong reduction in contrast material volume, weight-adjusted dose 
of contrast material, or adjustment of the scanning protocol; increase in pitch will 
shift the maximum attenuation distally.
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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 angiography of the supra-aortic arteries.

Subjects 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 the craniocaudal direction (group 2; n = 40). All patients received 80 
mL of contrast material followed by a 40-mL saline chaser bolus, both administered 
IV at 4 mL/sec. Bolus tracking was used. Attenuation inside the arterial lumen was 
measured at intervals of 1 sec 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 was slightly lower in group 2 versus group 1 (231 HU ± 64, 348 HU ± 52, 
and 258 HU ± 48 vs 282 HU ± 43, 381 HU ± 73, and 291 HU ± 77, respectively; 
p < 0.05). Maximum and mean arterial attenuations were slightly lower in group 2 
versus group 1 (369 HU ± 58 and 303 HU ± 48 vs 401 HU ± 71 and 334 HU ± 58; 
p < 0.05). Attenuation in the SVC was much lower in group 2 versus group 1 (169 
HU ± 39 vs 783 HU ± 330; p < 0.001). Mean streak artifact score was much lower 
in group 2 versus group 1 (1.3 ± 0.9 vs 2.5 ± 0.6; p < 0.001).

Conclusion: Use of a craniocaudal scan direction results in slightly lower attenu-
ation of the carotid artery and much lower attenuation of the SVC. Streak artifacts 
are significantly reduced. This technique allows better evaluation of the ascending 
aorta and supra-aortic arteries.

Introduction

Acute ischemic neurologic symptoms are related to small-vessel disease of the 
intracranial perforating arteries, thromboembolism from atherosclerotic disease 
in the supra-aortic arteries, and cardiac embolism.1 The most common source of 
thromboembolism is atherosclerotic disease of the carotid bifurcation. However, 
atherosclerotic lesions in the aorta, the origin of the supra-aortic arteries, the com-
mon carotid artery (CCA), the internal carotid artery (ICA) distal to the bifurcation, 
and the vertebrobasilar circulation can cause transient ischemic attack or ischemic 
stroke due to thromboembolism.2,3 In the evaluation of patients with cerebrovascu-
lar disease, complete vascular imaging from the aorta to the circle of Willis must be 
performed before therapeutic decision making can be undertaken.

Fig. 1 CT angiograms of supra-aortic arteries in 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 
origin of supra-aortic 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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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.4 With bolus tracking, CTA scanning can be optimally 
synchronized with the passage of contrast material in the arteries.5 The CTA scan-
ning 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 (SVC) produces artifacts that project over the ascend-
ing aorta and the origin of the supra-aortic arteries.6,7 Such artifacts can obscure 
adjacent structures and thus hide or suggest stenosis or occlusion of the proximal 
supra-aortic arteries (Fig 1). Addition of a chaser bolus to the main contrast bo-
lus may reduce the frequency 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 
chaser bolus, and artifacts do occur. Use of a craniocaudal scan direction, oppo-
site to the direction of blood flow, may reduce the number 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 direc-
tion versus a craniocaudal scan direction on enhancement of the carotid artery and 
on the presence of perivenous artifacts in CTA with a 16-MDCT scanner.

Methods

Study Population

Between November 2002 and August 2003, 80 consecutive patients (51 men and 
29 women; mean age, 62 years; age 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 patients 
who had had a transient ischemic attack or minor ischemic stroke. Exclusion crite-
ria were previous allergic reaction to iodine contrast medium, renal insufficiency 
(serum creatinine concentration >100 mmol/L), pregnancy, and age less than 18 
years. Patients with occlusion of the carotid artery also were excluded. The insti-
tutional review board approved the study, and patients gave informed consent in 
writing. Each patient was allocated to one of two groups with different scan pro-
tocols. 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 (Sensa-
tion 16, Siemens Medical Solutions). 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 intracranial 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 approximately 15 min.

Contrast material (iodixanol 320 mg I/mL [Visipaque, Amersham Health]) was in-
jected with a double-head power injector (Stellant, Medrad) through an 18- to 
20-gauge IV cannula (depending on the size of the vein) in an antecubital vein. The 
right antecubital vein was preferentially used because it provides 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 antecubital 
vein was used. The saline chaser bolus 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 chaser bolus, both 
at an injection rate of 4 mL/sec.

Fig. 2 CT angiograms of supra-aortic 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 (74-year-old woman, B) injection of contrast material. Very high 
density of contrast material in subclavian vein and superior vena cava hides origin of 
supra-aortic arteries.

C and 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 all arteries are clearly depicted.
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Synchronization between the passage of contrast material and data acquisition was 
achieved with real-time bolus tracking. The arrival of the injected contrast mate-
rial was monitored in real time with a series of dynamic 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 triggered automatically by means of a threshold mea-
sured in a region of interest (ROI) set in the ascending aorta. The size of the ROI in 
the ascending aorta for the bolus triggering was adjusted to the size and composi-
tion of the ascending aorta but was always greater than 5 mm in diameter. The trig-
ger threshold was set at an increase in attenuation of 75 HU above baseline attenu-
ation (≈150 HU in absolute HU value). When the threshold 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 direction) 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 occurred.

Data Collection and Analysis

Images were reconstructed with an effective slice width of 1 mm, reconstruction 
interval of 0.6 mm, field of view of 100 mm, and convolution kernel B30f (medium 
smooth). The images were transferred to a stand-alone workstation and evaluated 
with dedicated analysis software (Leonardo, Siemens Medical Solutions).

For each patient, site of injection and scan delay (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 ROI was drawn throughout the 
data sets in two regions: the ascending aorta to the right ICA and the ascending aor-
ta to the left ICA. Measurements were recorded at the following locations: ascend-
ing 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 intracranial part of the ICA. Measurements in the brachiocephalic trunk were 
considered measurements in the CCA.

Two observers measured and recorded all data. Attenuation was measured by draw-
ing a circular ROI 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 measurements on the left and the right side at each time point was 
calculated. Time-attenuation curves were generated for each patient, and mean, 
minimum, and maximum attenuations were assessed. 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 measurements 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 ad-
justed from Rubin et al6 and Vogel et al8 (Fig 3). A score of 0 indicated no streak ar-
tifacts and clear anatomic detail; 1, minimal streak artifacts without notable obscu-
ration 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 mea-
sured in the most caudal slice. Reflux of contrast material in the veins of the neck 
was measured in centimeters on a coronal maximum-intensity-projection image.

Fig. 3 Contrast material–related perivenous artifacts graded on four-point scale in four dif-
ferent 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.
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Statistical Analysis

Baseline characteristics, attenuation parameters, and artifact parameters in the two 
groups were compared using Student’s t-test, chi-square test, or MannWhitney 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 correlation test was 
used for assessment of the relation between artifact parameters. The software used 
for statistical analysis was SPSS 11.5 (SPSS). A p value of < 0.05 was considered 
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 after the threshold was reached for the table to move to a cranial start 
position in comparison with a caudal start position. After correction for those 2 sec, 
there was no significant difference in scan delay between the two groups.

Caudocranial Scan Direction

Mean arterial attenuation for the caudocranial scan direction was 334 HU ± 58 
(Table 2). The minimum and maximum arterial attenuations were 255 HU ± 50 and 
401 HU ± 71. Fifteen measurements in five of the 40 patients (513 measurements) 
had an attenuation 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).

Craniocaudal Scan Direction

The mean arterial attenuation per patient was 303 HU ± 48 (Table 2). The minimum 
and maximum arterial attenuations per patient were 212 HU ± 49 and 369 HU ± 
58. Sixty-nine of the measurements in 16 of the 40 patients (493 measurements) 
had an attenuation less than 200 HU. These measurements were obtained in the 
ascending aorta (n = 23), aortic arch (n = 12), CCA (n = 15), ICA (n = 8), carotid 
siphon (n = 5), and intracranial arteries (n = 6).

Comparison of Attenuation Curves

Group 2, in whom the craniocaudal scan direction was used, had lower mean, 
maximum, and minimum attenuations (p < 0.05) than group 1, in whom the cau-
docranial scan direction was used (Tables 2 and 3, Figs 4 and 5). After adjustment 
for age and weight, no significant difference was found in mean (p = 0.07) or 
maximum (p = 0.26) attenuation. Minimum attenuation remained significantly dif-
ferent (p < 0.01). In both patient groups, maximum attenuation was reached in the 
proximal ICA.

The craniocaudal scan direction resulted in 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), 

Table 1. Patient and Scan Characteristics

Characteristic
Caudocranial Scan Direction

(Group 1)
Craniocaudal Scan Direction

(Group 2)

No. of patients 40 40

Sex (male/female) 26/14 25/15

Age (yr)

 Mean 65 59

 Range 28-85 32-89

Weight (kg)

 Mean 74 75

 Range 55-97 54-96

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

Scan delay (sec)a

 Mean 18 20

 Range 14-22 14-30

No. of slicesb

 Mean 532 500

 Range 427-637 430-564

aStudent’s t-test: p < 0.01
bStudent’s t-test: p < 0.001

Table 2: Attenuation Levels

NS = not significant
aStudent’s t-test
bMultiple linear regression

Parameter

Attenuation (HU)

pa
pb After Adjustment 
for Age and Weight

Caudocranial
scan direction (Group 1)

Craniocaudal
scan direction (Group 2)

Mean 334 ± 58 303 ± 48 < 0.05 NS

Maximum 401 ± 71 369 ± 58 <0.05 NS

Minimum 255 ± 50 212 ± 49 <0.001 <0.01
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proximal CCA (p = 0.87), distal CCA (p = 0.17), proximal ICA (p = 0.21), or distal 
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 (craniocaudal): 782 HU ± 330 (range, 183−2,083 HU) and 169 HU ± 39 (range, 
102−288 HU) (p < 0.001) (Table 4). 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 of 3) were seen in 21 (53%) of the patients in 
group 1 and in three (8%) of the patients in group 2. Reflux of contrast material in 
the neck veins measured 2.9 cm ± 2.4 (range, 0−14.4 cm) and 1.2 cm ± 1.5 (range, 
0−5.1 cm) in groups 1 and 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).

Fig. 5 Intraluminal attenuation of group 1 (caudocranial scan direction) and group 2 (cra-
niocaudal 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 = intracra-
nial arteries.

Fig. 4 Time–attenuation curves show intraluminal attenuation at slice number from caudal 
to cranial. Slightly lower attenuation is evident for craniocaudal scan direction in compari-
son with caudocranial scan direction.

Table 4: Attenuation in Relation to Artifacts

Parameter

Mean ± SD

p

Caudocranial
Scan Direction 

(Group 1)

Craniocaudal
Scan Direction 

(Group 2)

Attenuation of superior vena cava (HU) 782 ± 330 169 ± 39 <0.001

Streak artifact score 2.5 ± 0.6 1.3 ± 0.9 <0.001

Neck vein reflux (cm) 2.9 ± 2.4 1.2 ± 1.5 <0.001

TABLE 3: Attenuation by Location

NS = not significant, CCA = common carotid artery, ICA = internal carotid artery
aStudent’s t-test
bMultiple linear regression

Location

Mean Attenuation ± SD (HU)

pa
pb After Adjustment 
for Age and Weight

Caudocranial
Scan Direction 

(Group 1)

Craniocaudal
Scan Direction 

(Group 2)

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 381 ± 73 348 ± 52 <0.05 NS

Distal ICA 368 ± 75 331 ± 50 <0.05 NS

Carotid siphon 333 ± 71 288 ± 46 <0.01 <0.01

Intracranial ICA 291 ± 77 258 ± 48 <0.05 <0.05
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Comparison of Left and Right Injection Sides

In group 2 (craniocaudal scan direction) there was more reflux and a higher ar-
tifact score with left-sided injection than with right-sided injection, although the 
difference was significant only for reflux (p < 0.01) and almost significant for arti-
fact score (p = 0.08) (Table 5). Attenuation 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 attenuation of the SVC and artifact score 
(Spearman’s r = 0.62, p < 0.001) (Fig. 6). A clear cutoff point was seen at an attenu-
ation of the SVC of ± 200 HU. Above this level, artifacts interfered with evaluation 
of the arteries. There was also a significant relation between reflux in the neck veins 
and artifact score (Spearman’s r = 0.52, p < 0.001).

Discussion

Artifacts caused by the inflow of undiluted high-density contrast material in the SVC 
during thoracic helical CT have been described.5-7,9 These artifacts can cause obscura-
tion of enlarged lymph nodes, incomplete characterization of axillary and mediastinal 
masses, and obscuration of vascular lesions. During CTA, artifacts can especially ob-
scure the ascending aorta and proximal supra-aortic arteries and thus hide or suggest 
stenosis or occlusion of the origin of the supra-aortic arteries. Perivenous artifacts are 
frequently seen when the start of a CT scan occurs before injection of contrast mate-
rial ends. In case of delayed 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 al6, who performed helical CT with an injection duration of 40 sec and a 
scan delay of 25 sec, found that 3:1 dilution of contrast material resulted in dimin-
ished perivenous artifacts. To keep the same total injected iodine dose with a 3:1 
dilution, the total injected volume and the injection rate have to be increased four 
times. In CTA, however, dilution of contrast material is not an option because the 
already high injection rate should be increased to more than 10 mL/sec in main-
taining the injected iodine dose.

Haage et al5 tested the effect of the addition of a chaser bolus to the main contrast 
material bolus and subsequent reduction of contrast material. They found a reduc-
tion 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 chaser bolus after the main bolus.

In theory, to prevent perivenous artifacts, a chaser bolus 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 sec in most of the patients. Al-
though use of a chaser bolus in CTA of the supra-aortic arteries leads to optimal use 
of contrast material4, it does not decrease perivenous artifacts.

To synchronize data acquisition relative to optimal arterial enhancement, the scan 
direction in CTA usually is in the direction of blood flow.10 With 16-MDCT, scan-
ning time in CTA of the supra-aortic arteries has decreased to less than 15 sec. This 
change may allow reversal of the scan direction without a compromise in vascular 
attenuation. In addition, perivenous artifacts may decrease because of the delay 
in scanning of the apex of the thorax when a craniocaudal scan direction is used.

Fig. 6 Box and whisker plots of attenuation in superior vena cava (SVC) and of reflux of 
contrast material in neck veins according 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 indi-
cate extremes.

Table 5: Artifact Parameters According to Injection Side

Parameter

Mean ± SD

pLeft Injection (n=17) Right Injection (n=63)

Caudocranial scan direction (group 1)

 SVC (HU) 732 ± 265 791 ± 343 NS

 Artifact score 2.7 ± 0.5 2.4 ± 0.7 NS

 Reflux (cm) 2.9 ± 1.6 2.9 ± 2.6 NS

Craniocaudal scan direction (group 2)

 SVC (HU) 167 ± 56 170 ± 32 NS

 Artifact score 1.7 ± 1.0 1.2 ± 0.8 NS

 Reflux (cm) 2.2 ± 1.9 0.8 ± 1.1 <0.01

SVC = superior vena cava, NS = not significant
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Our study showed that a craniocaudal scan direction resulted in slightly lower 
attenuation of the carotid artery, although attenuation remained high enough for 
good evaluation, in comparison with a caudocranial scan direction. With both scan 
directions, peak attenuation was 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 attenu-
ation, however, was significantly lower for the craniocaudal scan direction. The 
explanation 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 caudocranial scan. This factor is also reflected in the significantly lower attenu-
ation, after adjustment for age and weight, at the ascending aorta, carotid siphon, 
and intracranial arteries and the lack of difference in attenuation at locations in 
between.

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

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 explanation is that venous return in the left sub-
clavian vein, because of its transverse course into the SVC, may be more likely to 
be affected by changes in intrathoracic pressure and to be compressed by normal 
structures, such as the aorta. These effects can cause more pooling of contrast 
material in the subclavian vein and more reflux in the neck veins with left-sided 
injection than occurs with right-sided injection.11 We found more reflux in patients 
in the craniocaudal scan direction group who received a left-sided injection (p < 
0.01) and a significant relation between reflux and artifacts (p < 0.01).

A limitation of our study was that the groups were not randomly allocated. Base-
line characteristics, however, were not significantly different. Another limitation 
was that our results probably will not apply when bolus triggering is not used to 
optimize the timing of data acquisition. The timing for a craniocaudal scan direc-
tion 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 
intracranial arteries and too late for good attenuation in the aorta.

In conclusion, we advocate the use of a craniocaudal scan direction in 16-MDCT 
angiography of the supra-aortic arteries. Right-sided injection is preferred over left-
sided injection. This protocol results in good arterial attenuation, low attenuation 
of the SVC, and few perivenous artifacts and facilitates evaluation of the ascending 
aorta and supra-aortic arteries.
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Abstract

Objective: The objective of this study was to compare intracoronary attenuation on 
16-row multislice computed tomography (16-MSCT) coronary angiography using 2 
contrast materials (CM) with high iodine concentration.

Material and Methods: Forty consecutive patients (29 male, 11 female; mean age, 
61 ± 11 years) with suspected coronary artery disease were randomized to 2 groups 
to receive 100 mL of either iopromide 370 (group 1: Ultravist 370, 370 mg iodine/
mL; Schering AG, Berlin, Germany) or iomeprol 400 (group 2: Iomeron 400, 400 
mg iodine/mL; Bracco Imaging SpA, Milan, Italy). Both CM were administered at a 
rate of 4 mL/s. All patients underwent 16-MSCT coronary angiography (Sensation 
16; Siemens, Germany) with collimation 16 × 0.75 mm and rotation time 375 ms. 
The attenuation in Hounsfield units (HU) achieved after each CM was determined 
at regions of interest (ROIs) placed at the origin of coronary arteries and on the 
ascending aorta, descending aorta, and pulmonary artery. Differences in mean at-
tenuation in the coronary arteries and on the ascending aorta, descending aorta, 
and pulmonary artery were evaluated using Student’s t-test.

Results: The mean attenuation achieved at each anatomic site was consistently 
greater after iomeprol 400 than after iopromide 370. At the origin of coronary arter-
ies, the mean attenuation after iomeprol 400 (340 ± 53 HU) was greater (p < 0.05) 
than that after iopromide 370 (313 ± 42 HU). Similar findings were noted for the 
mean attenuation in the ascending aorta, descending aorta, and pulmonary artery.

Conclusion: The intravenous administration of iomeprol 400 provides higher atten-
uation of the coronary arteries and of the great arteries of the thorax as compared 
with iopromide 370 using the same injection parameters.

Introduction

Current data suggest that significant coronary artery stenosis can be detected with 
16-row multidetector computed tomography (16-MDCT) angiography.1-7 The in-
creased number of detector rows and faster gantry rotation with 16-MDCT com-
pared with the previous 4-MDCT generation have improved the diagnostic perfor-
mance of the technique and reduced the time needed to cover the entire heart to 
approximately 20 seconds.3 The type and iodine concentration of contrast media 
(CM) used in CT angiography (CTA) have assumed increasing importance because 
the attenuation that can be achieved in vessels greatly affects image quality and 
thus diagnostic yield.8-10 These considerations are even more important for imaging 
the coronary arteries because of the small caliber and tortuous anatomy of these 
vessels, and because of the presence of often extensive vessel wall disease.

The attenuation achievable in vessels can be improved by optimizing synchroniza-
tion between the arterial passage of the CM and CT data acquisition and by modi-
fying the injection parameters for intravenous (IV) administration of CM.8 Whereas 
various bolus-tracking techniques are available to improve synchronization,11 mod-
ification of the injection parameters to increase vascular attenuation might involve 
altering the rate of CM injection, the volume injected, and/or the iodine concentra-
tion of the CM used.8 Recently, we have demonstrated that CM with higher iodine 
concentrations yields significantly higher attenuation in the coronary arteries and 
descending aorta.12 Although several iodinated CM are available on the market, 
very few are formulated to contain a high or very high concentration of iodine (ie, 
>350 mgI/mL). The purpose of the present study was to prospectively compare 2 
different CM, one with a high concentration of iodine (iopromide 370 mgI/mL) and 
one with a very high concentration of iodine (iomeprol 400 mgI/mL), in terms of 
the attenuation obtained in an extended territory comprising the coronary arteries 
as well as the ascending and descending thoracic aorta and pulmonary arteries.

Methods

Patient Population

A total of 40 patients (29 men, 11 women; mean age, 61 ± 11 years; age range, 
34−79 years) referred for noninvasive MSCT coronary angiography for suspected 
coronary artery disease were enrolled prospectively. Exclusion criteria for coronary 
CTA were irregular heart rate, previous allergic reaction to iodine contrast media, 
renal insufficiency (serum creatinine >120 mmol/L), pregnancy, respiratory impair-
ment, unstable clinical status, or marked heart failure. Institutional Review Board 
approval was received and all patients gave informed consent to participate in the 
study.

Patients were assigned randomly to 2 groups to receive either 100 mL of iopromide 
370 (Ultravist 370; Schering AG, Berlin, Germany; 370 mg iodine/mL) (group 1) or 
100 mL of iomeprol 400 (Iomeron 400; Bracco Imaging SpA, Milan Italy; 400 mg 
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iodine/mL) (group 2). Patients with a preexamination heart rate equal to or greater 
than 65 beats per minute (bpm) were given 100 mg of metoprolol orally 1 hour 
before the scan. The heart rate during the examination was recorded continuously.

Multislice Computed Tomography Examination Protocol

MSCT coronary angiography was performed on a 16-row detector system (Sensa-
tion 16; Siemens, Forchheim, Germany) in the craniocaudal direction. The scan 
parameters were as follows: number of detector rows: 16, individual detector 
width: 0.75 mm, gantry rotation time: 375 ms, tube voltage: 120 kV, tube current: 
600−700 mAs, feed/rotation: 3.0 mm, scan range: 120−140 mm.

CM administration was performed intravenously (antecubital vein) using a proto-
type double-head power injector (Stellant; MedRAD, Pittsburgh, PA) through an 
18-G Venflon needle. All CM administrations were performed intravenously at a 
rate of 4 mL/s and were followed by 40 mL of saline flush at the same rate. The re-
sulting iodine administration rate was 1.48 g iodine/s for group 1 and 1.6 g iodine/s 
for group 2.

Synchronization between the passage of contrast material and data acquisition 
was achieved with real-time bolus tracking (CARE bolus; Siemens, Forchheim, Ger-
many) using a region of interest (ROI) positioned on the ascending aorta. Auto-
matic triggering of the scan acquisition occurred at a threshold attenuation of +100 
Hounsfield units (HU) above baseline average attenuation.

Data Collection

Data collection and analysis was performed using previously reported methodol-
ogy with some modifications.13 Two datasets were reconstructed using retrospective 
electrocardiographic gating with a time window beginning 400 ms before the next 
R wave. The first dataset was reconstructed for the purpose of coronary artery atten-
uation assessment. Reconstruction of this dataset was performed with the follow-
ing parameters: effective slice width: 1 mm, reconstruction interval: 0.5 mm (50% 
overlap), field of view (FOV): 160 mm, and convolution filter: medium-smooth (Sie-
mens Medical Solutions; factory filter: B30f). The second dataset was reconstructed 
to assess the vessels of the thorax. Reconstruction of this dataset was performed 
with the following parameters: effective slice width: 3 mm, reconstruction interval: 
3 mm, FOV: 200 mm, and convolution filter: medium-smooth.

Measurements of Attenuation

Coronary Arteries

Axial slices in the first dataset were scrolled to find the best location to measure the 
attenuation (HU) at the origin of the 4 main coronary arteries (right coronary artery 
[RCA], left main artery [LM], left anterior descending artery [LAD], circumflex [CX]) 
(Fig. 1). The ROIs were drawn as large as possible on the vessels with care taken to 
avoid calcifications, plaques, and stenoses.

Great Vessels

The attenuation was determined at ROIs positioned on consecutive slices (at inter-
vals of approximately 1 second) on the ascending aorta through to the left ventricle 
(ROI1), the descending aorta (ROI2), and the pulmonary artery through to the right 
ventricle (ROI3). A fourth ROI (ROI4) was positioned on the superior vena cava 
(Fig. 2). The attenuation after each CM and the bolus geometry of the CM in each 
vessel were determined.

Figure 1. Assessment of attenuation at the origin of coronary vessels. In A and B, 2 oblique 
para-axial maximum intensity projection reconstructions show the ascending aorta (Ao) 
and the origin of the right coronary artery (RCA) and left main coronary artery (LM). The 
superior vena cava (SVC) is also shown with very high attenuation. The assessments of at-
tenuation at the origin of the main coronary arteries are performed for RCA, for LM, for the 
left anterior descending (LAD) artery and for the circumflex (CX), as shown in C, D, and E, 
respectively.
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Data Analysis

The attenuation values of the 4 coronary arteries were averaged for all patients in 
each group, and the overall average was used to compare the 2 groups.

The attenuation values obtained from the ROIs positioned on the ascending and 
descending aorta and pulmonary artery in each patient were averaged at each time 
point to generate average time/density curves. The average vascular attenuation in 
these vessels indicated quantitatively the amount of CM present in the vessel dur-
ing the scan. Two additional parameters were considered descriptive of vascular 
attenuation in the great vessels of the thorax: the attenuation at the beginning of 
the scan (time 0) and the maximum enhancement value (MEV; peak of attenuation) 
determined from the time/density curve.

Significant differences between the 2 groups were assessed using a Student’s t-test. 
A p value of < 0.05 was considered significant.

Results

The mean (± standard deviation) age, body weight, and heart rate (HR) of patients 
in each group are shown in Table 1 along with the mean scan delay and mean 
scan time of the MSCT examinations. No significant differences (p > 0.05) in any 
parameter were apparent between the groups. Of the 40 patients enrolled for the 
study, 22 (55%) were already on long-term beta-blockers. A total of 28 of 40 (70%) 
patients received additional oral beta-blockers before the scan. The average heart 
rate at patient presentation for the scan was 69 ± 11 bpm, which dropped to 57 ± 
8 bpm after beta-blocker administration.

All examinations and bolus timing procedures were successfully completed in all 
patients. No significant adverse reactions to contrast material were observed in any 
patient and no changes in heart rate were noted either during the administration of 
contrast material or during the MSCT examination itself.

Table 1. Demographic Data

Group 1 Group 2

No. patients 20 20

Male/female 15/5 14/6

Age (yrs) 59 ± 12 63 ± 10

Weight (kg) 73 ± 9 75 ± 11

Heart rate (beats/min) 61 ± 7 60 ± 8

Mean scan delay (sec) 21.7 ± 1.9 20.6 ± 2.3

Mean scan time (sec) 18.0 ± 2.1 18.5 ± 2.4

Values are expressed as mean ± standard deviation.

No significant differences (p > 0.05) were noted between the 2 groups for any parameter.

Table 2. Attenuation at Origin of Coronary Arteries

Vessel Group 1 Group 2 ∆

RCA (HU) 315 ± 58 357 ± 66 +42

LM (HU) 322 ± 45 350 ± 52 +28

LAD (HU) 295 ± 57 321 ± 65 +34

CX (HU) 287 ± 46 331 ± 60 +44

Average* 313 ± 42 340 ± 53 +27

*The average attenuation at the origin of coronary arteries was significantly lower for group 
1 (Ultravist 370) compared with group 2 (Iomeron 400) (p < 0.05).

SD, standard deviation; ∆, relative difference (group 2 average HU – group 1 average HU).

Figure 2. Assessment of bolus geometry through the dataset. The assessment of bolus 
geometry in the great vessels of the thorax was performed using regions of interest (ROI) 
positioned on each vessel on consecutive slices. ROIs on the ascending aorta (ROI1) were 
positioned at the beginning of the scan (A and B) and at the point of entry of contrast 
material into the left ventricle (C). ROIs on the descending aorta (ROI2) were positioned 
on consecutive slices throughout the dataset (A–D). ROIs on the pulmonary artery (ROI3) 
were positioned at the beginning of the scan (A), at the right ventricle outflow tract (B), and 
in the right ventricle (C). A fourth (ROI4) was positioned on the superior vena cava at the 
beginning of the scan (A).
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Coronary Artery Attenuation

The mean attenuation at the origin of the 4 coronary arteries was always higher 
after Iomeron 400 (340 ± 53 HU) than after iopromide 370 (313 ± 42 HU) (Table 2; 
Fig. 3). Comparison of the mean overall difference between the 2 groups revealed 
significantly (p < 0.05) higher mean attenuation after Iomeron 400 than after io-
promide 370.

Great Vessel Attenuation

The average attenuation was in all cases significantly (p < 0.05) higher after Iom-
eron 400 than after iopromide 370 (ascending aorta: 353 ± 59 HU vs 312 ± 47 HU; 
descending aorta: 350 ± 55 HU vs 307 ± 48 HU; pulmonary artery: 317 ± 72 HU 
vs 282 ± 52 HU, respectively) (Table 3; Fig. 3). Similar findings were obtained for 
the attenuation at time zero. Determinations of the MEV revealed significantly (p < 
0.05) greater attenuation with Iomeron 400 in the ascending and descending aorta 
but not in the pulmonary artery.

Discussion

Imaging of the coronary arteries is hampered by their small size and tortuous course 
and, when a stenosis or obstruction is present, by reduced blood flow. Improved 
visualization of these vessels can be achieved by increasing the iodine administra-
tion rate either by increasing the injection rate to provide a progressively higher 
vascular attenuation or by increasing the iodine concentration of the administered 
CM.14 Although increasing the injection rate is possibly a more readily feasible ap-
proach than increasing the iodine concentration of the CM, the injection rates used 
in routine clinical practice for coronary artery imaging are already typically 4 to 5 
mL/s. To increase the injection rate further would require larger needles and larger 
veins and more time to set the intravenous supply. Moreover, the risk of CM ex-
travasation would also increase. The use of a CM with higher iodine concentration 
may thus be an attractive alternative, particularly for the improved visualization of 
vessels that contain a smaller volume of blood.9,10

A number of reports have discussed the role of CM with high iodine concentration 
for CT angiography.12,14,15 In a recent study comparing several contrast agents with 
differing iodine concentrations (iohexol 300 mgI/mL, iodixanol 320 mgI/mL, io-
hexol 350 mgI/mL, iomeprol 350 mgI/mL, and iomeprol 400 mdI/mL) for MSCT of 

Table 3. Bolus Geometry in the Great Vessels of the Thorax

Figure 3. Results of attenuation assessment of coronary arteries and great thoracic vessels. 
The results of the attenuation assessment at the level of coronary arteries show slightly 
lower values for group 1 but not significantly different in all 4 sample regions (A). The aver-
age time/density curves in the ascending aorta and descending aorta are almost identical 
for groups 1 and group 2 (B and C). For the pulmonary artery, instead, group 1 shows more 
“pooling” of contrast material in the right chambers of the heart (D).

Group 1 Group 2 ∆ p

Ascending Aorta

Average (HU) 312±47 353±59 +41 <0.05

Time 0 (HU) 309±45 348±55 +39 <0.05

MEV (HU) 339±48 390±70 +51 <0.05

Descending Aorta

Average (HU) 307±48 350±55 +43 <0.05

Time 0 (HU) 292±47 330±53 +38 <0.05

MEV (HU) 341±49 408±73 +67 <0.05

Pulmonary Artery

Average (HU) 282±52 317±72 +35 <0.05

Time 0 (HU) 330±85 405±109 +75 <0.05

MEV (HU) 317±52 352±100 +35 0.17

Measurements of vascular attenuation for the main vessels of the thorax are displayed for 
group 1 (Ultravist 370) and group 2 (Iomeron 400).

∆, relative difference (group 2 average HU – group 1 average HU).
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the coronary arteries, we have shown that significantly higher vascular attenuation 
is achieved with the highest iodine concentration and that significantly lower at-
tenuation is achieved with the lowest iodine concentration.12 Our findings support 
the findings of an earlier study by Becker et al16 in which 2 different iodine con-
centrations (iomeprol 300 and 400 mgI/mL) were compared at 2 different injection 
rates (2.5 and 3.5 mL/s) for 4-MSCT angiography of coronary arteries. Their con-
clusion was that the vascular attenuation achieved with 400 mgI/mL and 3.5 mL/s 
was significantly higher than the other protocols and that 300 mgI/mL and 2.5 mL/s 
provides significantly lower attenuation. More recently, a study by Rist et al has 
shown that 63 mL of a CM with high iodine concentration (Iomeron 400) injected 
at a rate of 2.5 mL/s provides equivalent attenuation to that achieved after injection 
of 83 mL of a CM with standard iodine concentration (Iomeron 300) at a rate of 3.3 
mL/s (Rist, personal communication).

Our prospective study was aimed at further defining the benefits of CM with high 
iodine concentration by comparing the attenuation achieved in the coronary arter-
ies and great vessels of the thorax after administration of 2 CM with high iodine 
concentration (iopromide 370 and Iomeron 400). Along with iopamidol 370 (Iso-
vue 370; Bracco Diagnostics, Princeton, NJ), these 2 CM contain the highest con-
centrations of iodine of any CM currently available on the market. With all other 
injection variables (volume, injection rate) and examination parameters kept con-
stant, significantly higher attenuation was found in all vessels with the CM with the 
highest concentration of iodine (400 mg/mL). These findings suggest that modest 
increases in the concentration of iodine can lead to significant increases in the at-
tenuation observed and thereby improve the visualization of the vessels of interest.

With the advent of newer, faster 16- and 64-slice CT scanners with considerably 
more rapid acquisition times, there is a greater need to achieve high attenuation in 
a shorter period time without a concomitant increase in CM volume. Although one 
way to achieve this is by modifying the iodine administration rate through altera-
tion of the CM injection rate, a more practical way might entail the use of a CM 
with higher iodine concentration. Given the greater attenuation seen in the present 
study with Iomeron 400, and the fact that no differences were observed in either 
the incidence of adverse events or the heart rate before and after injection, the CM 
with the highest concentration of iodine can be recommended for CT angiography 
of small arteries.

In conclusion, our study has demonstrated that the use of CM with higher iodine 
concentration provides higher vascular attenuation in the coronary arteries as well 
as in the ascending and descending thoracic aorta and pulmonary arteries.
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Abstract

Purpose: To determine the diagnostic accuracy of multidetector CTA and DUS in 
the assessment of carotid stenosis.

Materials and methods: 351 patients with amaurosis fugax, TIA or minor ischemic 
stroke underwent DUS and CTA of the symptomatic carotid artery. If one or both 
modalities showed a stenosis of 50-99%, or if one of the modalities was uninter-
pretable, DSA was performed as reference standard. If both CTA and DUS demon-
strated a stenosis of <50%, or both showed an occlusion, DUS and CTA were used 
as the reference standard. If both CTA and DUS showed a stenosis of 80-99% and 
DSA was not performed to prevent treatment delay, DUS and CTA were used as the 
reference standard.

Results: CTA resulted in a sensitivity of 91% (95%CI, 71-99%) and a specificity 
of 99% (95%CI, 98-100%) in identifying stenoses of 70-99% and a sensitivity of 
100% (95%CI, 88-100%) and a specificity of 98% (95%CI, 96-99%) in identifying 
stenoses of 50-99%. DUS resulted in a sensitivity of 59% (95%CI, 36-79%) and 
a specificity of 99% (95%CI, 97-100%) in identifying stenoses of 70-99% and a 
sensitivity of 79% (95%CI, 59-92%) and a specificity of 98% (95%CI, 96-99%) in 
identifying stenoses of 50-99%.

Conclusion: CTA can replace DUS and DSA in providing an accurate and fast diag-
nosis in patients suspected of a symptomatic carotid stenosis.

Introduction

The benefit of carotid endarterectomy (CEA) in patients with severe symptomatic 
carotid artery stenosis (≥ 70%) has been established in large randomized trials.1-3 
The degree of stenosis in these trials was assessed with digital subtraction angiog-
raphy. The inherent risk of this invasive procedure led to a less invasive diagnostic 
strategy in which patients were screened with duplex ultrasound (DUS). If a ste-
nosis was found by DUS, digital subtraction angiography (DSA) was performed to 
confirm the stenosis and assess the severity of stenosis. Since then, multiple studies 
have been performed to demonstrate that magnetic resonance angiography (MRA) 
and computed tomography angiography (CTA) can replace DSA as a confirmative 
study and is as accurate as DSA in the assessment of the severity of stenosis.4-7

Although DUS as the only modality in the workup of stroke patients proved to be 
a cost-effective strategy8, most clinicians like to confirm a stenosis diagnosed on 
DUS with a second angiographic modality. In practice, this two-step strategy can 
be time-consuming due to logistic problems. Moreover, apart from the degree of 
carotid stenosis and vascular risk factors, the benefit of CEA also depends on the 
timing of surgery after the ischemic event. For symptomatic stenoses the benefit 
from surgery falls rapidly with increasing delay.9

We therefore propose CTA as the initial and only diagnostic modality in the evalua-
tion of symptomatic carotid arteries.10 Since CT of the brain is recommended in the 
diagnostic work-up of patients with TIA or minor ischemic stroke CTA can easily be 
added to the CT protocol. The purpose of our study was to determine the diagnostic 
accuracy of multidetector CTA and DUS in a consecutive cohort of patients with TIA 
or minor stroke symptoms. The study was reported according to the STARD criteria.11

Materials and methods

Study Population

The study was approved by the Institutional Review Board, and all patients gave 
written informed consent. Consecutive patients with cerebrovascular symptoms in 
the territory of the carotid artery were included in a prospective diagnostic study. 
Inclusion criteria were: symptoms of carotid artery disease in the preceding 6 
months (amaurosis fugax, TIA or minor ischemic stroke with a Rankin score ≤ 3) 
and age ≥ 18 years. Exclusion criteria were: contraindication for iodinated intra-
venous contrast material which includes impaired renal function (creatinin > 150 
mmol/l), allergy for iodinated contrast material, thyroid carcinoma, pregnancy, and 
no informed consent.

Patients underwent complete neurological examination on admission. Medical 
history was recorded for all patients. Clinical measures and information on risk 
factors and medication were obtained on admission to the hospital. Patients un-
derwent DUS and CTA of the carotid arteries preferably on the same day. If both 



70 CT Angiography in Ischemic Stroke: Optimalization and Accuracy 71

Chapter 5

Diagnostic accuracy of CTA and DUS for the detection of carotid artery stenosis

DUS and CTA agreed on a stenosis of <50% or an occlusion of the symptomatic 
artery, no DSA was performed. If either DUS and/or CTA showed a stenosis of 50-
99% of the symptomatic artery or one of the modalities was uninterpretable, DSA 
was performed. However, if both DUS and CTA showed a stenosis of ≥80% of the 
symptomatic artery, DSA was not mandatory, in order to prevent unnecessary risks 
of invasive testing and treatment delay.

Diagnostic Tests

DUS

DUS was performed with HDI 3000 or HDI 5000 ultrasound machine and a 12 
MHz transducer (Advanced Technology Laboratories, Bothell, Wash). DUS exami-
nations were performed by dedicated vascular technologists with more than 5 years 
of experience blinded to the results of the other tests.

The degree of stenosis on DUS was determined on the basis of the peak systolic ve-
locity (PSV) in the proximal part of the internal carotid artery (ICA).12 Cutoff criteria 
for the PSV for different stenosis categories in our laboratory were defined using data 
from a previously performed study.13 DUS PSV thresholds for 50%, 70% and 80% 
stenosis were 189 cm/s, 262 cm/s and 308 cm/s, respectively. Slow flow in combina-
tion with a visualized severe stenosis was categorized as 80%-99% stenosis.

CTA

CTA of the carotid artery was performed on a 16-row MDCT scanner (Siemens 
Medical Solutions, Forchheim, Germany). The CTA scan range reached from the as-
cending aorta to the intracranial circulation. All patients received 80 mL of contrast 
material (320 mg/ml) and 40 mL saline bolus chaser, both with an injection rate 
of 4 mL/sec. Images were reconstructed with effective slice width 1 mm, recon-
struction interval 0.6 mm, FOV 100 mm and convolution kernel B30f (= medium 
smooth).14 The radiation exposure was 2.6 mSv.

The level of maximum stenosis was determined on the axial images. Manual mea-
surements using calipers were performed on Multi Planar Reformat (MPR) images 
created parallel to the axis of the carotid artery at the level of maximum stenosis 
and reference segment distal to the stenosis. One reader (C.M.) with 3 years of gen-
eral radiology training and 3 years of experience in vascular radiology evaluated all 
CTA examinations, blinded to clinical information and the results of the other tests.

The grade of stenosis on CTA was measured according to the North American 
Symptomatic Carotid Endarterectomy Trial (NASCET) criteria and categorized into 
0-49%, 50-69%, 70-99% and 100%. The degree of stenosis (in percentage) was 
defined as 100 minus the minimal lumen diameter (mean of three measurements) at 

the site of the stenosis as percentage of the normal lumen diameter (mean of three 
measurements) distal to the stenosis.

DSA

DSA was performed using an Integris V3000 angiographic unit (Philips Medical Sys-
tems, Best, the Netherlands) with an image intensifier matrix of 1024 x 1024. An intra-
arterial catheter was selectively placed in both common carotid arteries. From each 
carotid bifurcation 3 projections (lateral, posteroanterior, and oblique) were acquired.

The DSA was read on printed hard copies or on the PACS station by a neuroradi-
ologist (A.L.) with more than 4 years experience in interpreting DSA examinations, 
blinded to clinical information and the results of the other tests. 

Manual measurements using calipers were performed. The grade of stenosis on 
DSA was measured and categorized in the same manner as for CTA.

Data Analysis

The test result of CTA and DUS were compared with the reference standard. We in-
cluded for each patient only the stenosis of the carotid artery on the symptomatic side 
in the analysis.15 In case of agreement between CTA and DUS on a stenosis of <50% or 
an occlusion, DUS and CTA were used as the reference standard. If both CTA and DUS 
showed a stenosis of 80-99% and DSA was not performed to prevent treatment delay, 
DUS and CTA were used as the reference standard. In all other cases the reference 
standard was DSA. Sensitivity and specificity (and their 95% confidence intervals) were 
calculated for CTA and DUS for a stenosis of 70%-99% and for a stenosis of 50%-99% 
as these are the relevant categories for surgical or interventional treatment.

We performed complete case analyses and sensitivity analyses adjusted for the 
18/351 missing values of the reference standard. Two adjustment methods were 
explored. The first method used inverse-probability weighting with weights equal 
to the probability of verification with the reference standard.16 The probability of 
verification was calculated in a logistic regression model using the non-invasive 
test results, age, gender, and symptoms at presentation as predictors. Each patient 
with known reference standard result was subsequently weighed in the analysis 
with the inverse of the probability that he/she would be verified conditional on his/
her predictors.12 In the second method we performed conditional mean single im-
putation of the percentage stenosis on DSA assuming missingness at random using 
the non-invasive test results, age, gender, and symptoms at presentation as predic-
tors to estimate the degree of stenosis.17-19

The analyses were performed with SPSS version 14.0 (SPSS Inc., Chicago, Illinois 
USA) and STATA version 10 (StataCorp, College Station, Texas USA).
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Results

Study Population

In 2 years and 3 months 541 patients with amaurosis fugax, TIA or minor stroke 
visited our outpatient clinic or neurology ward (Fig 1). Sixty patients were not 
asked to participate due to logistic reasons. One hundred eighteen patients were 
excluded because they refused to participate (n=107), were not capable of giving 
informed consent (n=5) or had a contraindication for iodinated contrast material 
(n=9). In 8 patients the CTA was not successfully performed because of CT scan 
failure (n=1), restlessness of the patient (n=1), contrast extravasation (n=1) or ve-
nous access could not be achieved (n=5). In 4 patients DUS was not performed 
because of logistic reasons. This resulted in 351 patients with both DUS and CTA of 
the carotid arteries.  Baseline characteristics and relevant medical history are listed 
in Table 1. No adverse events related to CTA were registered. CTA was performed 
on the first day of the hospital visit in 74% of the patients, within 1-7 days in 14%, 
within 8-14 days in 5% and with a delay of more than 14 days in 7% of the patients. 
CTA and DUS were performed on the same day in 298 patients (85%), within 1-7 
days in 33 patients (9%) and with a delay of more than 7 days in 20 patients (6%).

According to protocol DSA was not performed in 296 of the 351 patients: DUS and 
CTA showed a stenosis of <50% (n=286) or a total occlusion (n=10). In 4 patients 
both DUS and CTA showed a stenosis of ≥80%. One of these patients received a 
carotid endarterectomy without prior diagnostic DSA to prevent therapeutic delay 
and one patient refused surgical treatment, which made the risk of DSA unjustified. 
The other two patients underwent carotid stent placement and DSA prior to inter-
vention confirmed the presence of a stenosis > 70%. In the remaining 51 patients 
DUS and CTA were discordant (n=28), the carotid artery could not be analyzed 

with DUS (n=7), CTA could not be analyzed due to dental streak artefacts (n=1) 
or DUS and CTA showed both a stenosis between 50% and 80% (n=15).  In 32 of 
these 51 patients DSA was performed according to protocol. In 1 patient the opera-
tion report recorded a subtotal occlusion and this was used as the reference stand-
ard instead of a DSA result. 18 cases remained unverified: In 16 patients DSA was 
not performed because the neurologist already decided that no treatment would 
follow for the following reasons: CTA showed no atherosclerotic disease and no 
stenosis at all  (n=4), CTA showed abnormalities of the symptomatic carotid artery 
that were not treatable, i.e. dissection, fibromuscular dysplasia, very long stenosis 
or radiation arteriitis (n=4), the patients clinical condition was a contraindication 

Characteristic Men (n=212) Women (n=139) Total (n=351)

Age (years) 62 (22 – 88) 61 (19 – 90) 62 (19 – 90)

Symptoms *
 Amarosis Fugax (%)
 TIA (%)
 Minor Stroke (%)

51 (24%)
56 (26%)

105 (50%)

33 (24%)
43 (31%)
63 (45%)

84 (24%)
99 (28%)

168 (48%)

Hypertension (%) 153 (72%) 90 (65%) 243 (69%)

Hypercholesterolemia (%) 154 (73%) 119 (86%) 273 (78%)

Diabetes mellitus (%) 36 (17%) 22 (16%) 58 (17%)

Smoking
 Currently (%)
 Past (%)
 Never (%)

81 (38%)
34 (16%)
97 (46%)

39 (28%)
11 (8%)

89 (64%)

120 (34%)
45 (13%)

186 (53%)

Previous Cardiac disease (%) 63 (30%) 27(19%) 90 (26%)

Previous Cerebrovascular disease (%) 64 (30%) 34 (24%) 98 (28%)

Eligible (n=541) 

Included (n=363) 

Exclusion: 
 -Contraindication for CM (n=9) 
 -Refused to participate (n=107) 
 -Not capable of giving IC (n=5) 

DUS + CTA (n=351) 

No CTA performed 
 -scan failure (n=1) 
 -contrast extravasation (n=1) 
 -no venous access (n=5) 
 -restless patient (n=1) 

No DUS performed 
 -logistic reasons (n=4) 

Agreement DUS and CTA 
 0-49% (n=286) 
 -Occlusion (n=10) 

Agreement DUS and CTA 
 50-79% (n=15) 

Or 
Disagreement DUS and CTA (n=28) 

Or 
DUS not assessable (n=7) 

Or 
CTA not assessable (n=1) 

Agreement DUS and CTA 
 80-99% (n=4) 

DSA (n=32) 

Direct stent + DSA (n=2) 
Direct CEA, no DSA (n=1) 
Refused treatment, no 
DSA (n=1) 

No DSA (n=19)  
No further Dx (n=296) 

Not asked to participate due to 
logistic reasons (n=60) 

Table 1. Baseline Characteristics of the Study Population

* 0 - 6 months prior to inclusion

Figure 1. Flow chart.
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for treatment (n=5), the patient refused treatment (n=2) or DUS showed a stenosis 
of <50% and CTA showed a stenosis slightly over 50% (n=1). In 2 patients CTA 
showed a subtotal stenosis and DUS showed a stenosis between 70% and 80%. 
They were treated with endarterectomy without prior DSA to prevent treatment de-
lay. No adverse events related to DSA were registered. Median time delay between 
the first day of the hospital visit and DSA was 29 days (range 6-93 days).

Diagnostic Test Results

In Table 2a and 2b the test results of CTA and DUS according to category of stenosis 
degree are presented compared to the reference standard. Table 3a and 3b show 
the accuracy of CTA and DUS. For the baseline analysis the unverified cases were 
not included in the analysis. CTA resulted in a sensitivity of 91% (95%CI, 71-99%) 
and a specificity of 99% (95%CI, 98-100%) in identifying severe ICA stenosis (70%-
99%). CTA resulted in a sensitivity of 100% (95%CI, 88-100%) and a specificity of 
98% (95%CI, 96-99%) in identifying moderate and severe ICA stenosis (50%-99%). 
DUS resulted in a sensitivity of 59% (95%CI, 36-79%) and a specificity of 99% 
(95%CI, 97-100%) in identifying severe ICA stenosis (70%-99%). DUS resulted in 
a sensitivity of 79% (95%CI, 59-92%) and a specificity of 98% (95%CI, 96-99%) 
in identifying moderate and severe ICA stenosis (50%-99%). The correction for 

missing values of the unverified cases with probability of verification analysis and 
imputation analysis resulted in very small changes in sensitivity and specificity for 
both CTA and DUS.

Discussion

We performed a study in the setting of routine clinical practice to determine the 
accuracy of CTA and DUS in detecting a significant stenosis of the symptomatic 
internal carotid artery in the diagnostic work-up of patients with amaurosis fugax, 
TIA or minor stroke. The results of this study show a very high sensitivity and spe-
cificity of CTA for both 70%-99% and 50%-99% stenoses. The sensitivity of DUS 
on the contrary is much lower for both 70%-99% and 50%-99% stenoses, while the 
specificity of DUS is comparable to the specificity of CTA.

This study was designed to test CTA as a first-line investigation. The major strength 
of this study is the inclusion of a large group of consecutive patients with amaurosis 

DUS stenosis categories
Reference standard stenosis categories

0%-49% 50%-69% 70%-99% 100% Unverified Total
0%-49% 289 1 4 1 9 304
50%-69% 2 4 4 0 0 10
70%-99% 1 1 13 0 3 18
100% 0 0 1 10 1 12
NA* 2 0 0 0 5 7
Total 294 6 22 11 18 351

CTA stenosis categories
Reference standard stenosis categories

0%-49% 50%-69% 70%-99% 100% Unverified Total
0%-49% 289 0 0 0 4 293
50%-69% 5 4 2 0 5 16
70%-99% 0 2 19 0 8 29
100% 0 0 0 11 1 12
NA* 0 0 1 0 0 1
Total 294 6 22 11 18 351

Table 2a. Categorized Stenosis Measurements of Symptomatic ICA: CTA versus Reference 
Standard

* NA = not accessable

* NA = not accessable

Table 2b. Categorized Stenosis Measurements of Symptomatic ICA: DUS versus Reference 
Standard

Sensitivity analysis

DUS
Complete  

Case analysis
Inverse probability 

weighting Imputation

Sensitivity
70%-99% 59% (36%-79%) 52% (29%-76%) 63% (43%-82%)

50%-99% 79% (59%-92%) 71% (51%-91%) 66% (51%-81%)

Specificity
70%-99% 99% (97%-100%) 99% (98%-100%) 98% (96%-99%)

50%-99% 98% (96%-99%) 98% (97%-99%) 97% (96%-99%)

Sensitivity analysis

CTA
Complete  

Case analysis
Inverse probability 

weighting Imputation

Sensitivity
70%-99% 91% (71%-99%) 93% (83%-100%) 93% (82%-100%)

50%-99% 100% (88%-100%) 100% (88%-100%) 100% (100%-100%)

Specificity
70%-99% 99% (98%-100%) 99% (97%-100%) 98% (97%-100%)

50%-99% 98% (96%-99%) 98% (96%-100%) 98% (97%-100%)

Table 3a. Accuracy of CTA Compared with the Reference Standard in Diagnosing Symp-
tomatic ICA Stenosis. Results of the complete case analysis and two sensitivity analyses are 
presented. In the sensitivity analyses adjustments were made for the 18 unverified cases 
(See text for details). 

Data in parentheses are 95%CIs.

Table 3b. Accuracy of DUS Compared with the Reference Standard in Diagnosing Symp-
tomatic ICA Stenosis. Results of the complete case analysis and two sensitivity analyses are 
presented. In the sensitivity analyses adjustments were made for the 18 unverified cases 
(See text for details).

Data in parentheses are 95%CIs.
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fugax, TIA or minor ischemic stroke. Thus, CTA was performed in a patient popu-Thus, CTA was performed in a patient popu-
lation without selection based on prior imaging, which was commonly the case 
in previous studies.7,20,21 Secondly, only the symptomatic artery is included in the 
analysis. This approach is recently advocated22 based on differences in accuracy of 
CTA and DUS in assessing the severity of stenosis in symptomatic and contralateral 
asymptomatic carotid arteries.15,23

Stenosis of more than 70% was present in the symptomatic artery of 7-8% of the 
patients with amaurosis fugax, TIA or minor stroke. This prevalence is much lower 
than the prevalence of 24-46% reported in previous studies.4,20,21 This large differ-
ence can be explained by the fact that in these validation studies CTA, MRA or DSA 
were performed based on prior DUS, while this selection bias does not play a role 
in our study.

Two meta-analyses reported lower sensitivities and specificities of CTA for the di-
agnosis of 70%-99% stenosis.5,7 Both meta-analyses included CTA studies, which 
were performed on a single slice CT scanner and mostly used post-processing tech-
niques like Shaded Surface Display (SSD), Volume Rendering (VR) and Maximum 
Intension Projections (MIP) for grading of the stenosis. Our study shows a higher 
sensitivity of 91%. This might be explained by the fact that our study was performed 
on a 16-slice MDCT-scanner resulting in images with a higher spatial resolution 
and that grading of stenosis was done using MPR images. The accuracy of CTA data 
analysed with MPR images instead of MIP is higher.24 Other large studies on the 
accuracy of multidetector CTA have not been performed yet.

It is important to diagnose moderate stenoses (≥50%) accurately. When treated very 
quickly after the ischemic event, both patients with a severe stenosis of 70%-99% 
and those with a stenosis of 50%-69% benefit from CEA (9). Our study demon-
strated a high sensitivity in detecting stenoses of more than 50% with CTA. There 
are very limited data available on the detection of 50%-99% symptomatic stenoses 
with CTA. Alvarez et al25 found a sensitivity of 93% (95%CI 81-98%) for the detec-
tion of stenoses of 50%-99%, which is comparable to our results. A meta-analysis 
reported on the sensitivity of CTA to detect stenoses of 50%-69%, which was 67% 
(95%CI 30-90%).7 However, assessment of the accuracy in detecting stenoses of 
50%-69% has little clinical relevance because if they are treated they will have the 
same treatment and same prognosis as 70%-99% stenoses. Misclassification of a 
moderate stenosis (50%-69%) as severe stenosis (70%-99%) is then a non-relevant 
false negative result.

The sensitivity of DUS in our study was relatively low (59%, 95%CI 36%-79% for 
70%-99% stenosis) compared to other studies.7 Validation studies of DUS of symp-Validation studies of DUS of symp-
tomatic arteries have frequently performed a reference test in case DUS revealed an 
abnormal PSV.26-28 In these studies normal DUS examinations in symptomatic arter-
ies were not verified systematically. In most studies, verification was performed on 
normal DUS findings in asymptomatic arteries, contralateral to the symptomatic 
artery. Based on our study one might conclude that if DUS is used as a screening 
modality, a considerable number of patients will be erroneously not scheduled for 
further diagnostic evaluation and consequently receive no treatment. 

One important reason to suggest CTA as the initial and only diagnostic modality is 
to prevent treatment delay with an increased risk on recurrent stroke. The benefit 
from surgery falls rapidly with increasing delay between presentation of the symp-
toms and treatment.9 Since all patients with symptoms of TIA or stroke receive a CT 
scan of the brain, it only takes less than 15 minutes to add CTA to the scan protocol. 
A complete diagnostic workup with recommendation for treatment can be made 
on the day of the visit to the hospital. CTA has an additional advantage over DUS 
as screening modality. Although the severity of stenosis caused by atherosclerosis 
in the carotid bifurcation is the most important risk factor for (recurrent) stroke 
and is used to decide which patients could benefit from carotid endarterectomy, 
pathological studies have shown that other atherosclerotic plaque features play a 
role in an acute ischemic event. Atherosclerotic plaque volume, composition and 
morphology could be parameters, which may help in a better risk prediction and 
selection of patients who could benefit from surgical intervention.29 CTA is better 
equipped to assess these plaque features than DUS. Additionally, CTA provides 
information on the presence of atherosclerotic plaque and stenosis at other loca-
tions in the vascular tree, i.e. the ascending aorta, and proximal common carotid 
arteries, as well as intracranially.

A drawback of performing CTA in all patients suspected of having an ICA stenosis 
is radiation exposure and the risk of contrast-induced nefropathy. However, the 
majority of these patients are relatively old and radiation exposure is for this reason 
of less importance.30 Contrast induced nephropathy can be reduced by exclusion 
of patients with impaired renal function. MRA could also replace DUS and/or DSA, 
but is less suitable as a first-line investigation because of lower availability, higher 
costs and higher percentage of contraindications. Also, the longer duration of the 
examination can be a problem in acute patients.

Our study has several limitations: verification bias may exist if the decision to 
perform the reference standard procedure depends on the result of the test under 
investigation.16 In our study no DSA was performed if DUS and CTA agreed on a 
stenosis of less than 50% or an occlusion. Although not expected it could still be 
that DSA would have yielded a different result. It was however not ethical to per-
form DSA in all patients because of the risks of DSA.8 When DUS and CTA agreed 
on a stenosis of >80%, DSA was not performed in order to prevent treatment delay 
which was extremely important in these tight stenoses.9

Another limitation is that 18 of the 51 moderate to severe stenoses remained un-
verified. In the setting of clinical practice this is a problem that cannot be avoided. 
If there were reasons for the neurologist to decide that no treatment would follow, 
it was no longer ethical to perform a DSA. This decision was sometimes patient-
related but also sometimes based on the CTA result. However, sensitivity analyses 
revealed no important differences in sensitivity and specificity.

In conclusion, our study demonstrated that CTA can provide an accurate and fast 
diagnosis in patients suspected of having a carotid stenosis in the setting of routine 
clinical practice.
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Abstract

Purpose: To assess the effectiveness and cost-effectiveness of state-of-the-art non-
invasive diagnostic imaging strategies in patients with a transient ischemic attack 
(TIA) or minor stroke who are suspected of having carotid artery stenosis (CAS).

Materials and methods: All prospectively evaluated patients provided informed con-
sent, and the local ethics committee approved this study. Diagnostic performance, 
treatment, long-term events, quality of life, and costs resulting from strategies em-
ploying duplex ultrasonography (US), computed tomographic (CT) angiography, 
contrast material–enhanced magnetic resonance (MR) angiography, and combina-
tions of these modalities were modelled in a decision tree and Markov model. 
Data sources included a prospective diagnostic cohort study, a meta-analysis, and a 
review of the literature. Outcomes were costs, quality-adjusted life-years (QALYs), 
incremental cost-effectiveness ratios, and net health benefits (QALY-equivalents), 
with a willingness-to-pay threshold of €50000 per QALY and a societal perspective. 
The strategy with the highest net health benefit was considered the most cost effec-
tive. Extensive one-way, two-way, and probabilistic sensitivity analyses to explore 
the effect of varying parameter values were performed. The reference case analysis 
assumed that patients underwent surgery 2–4 weeks after the first symptoms, and 
the effect of earlier intervention was explored.

Results: The reference case analysis showed that duplex US combined with CT 
angiography and surgery for 70%–99% stenoses was the most cost-effective strat-
egy, with a net health benefit of 13.587 and 15.542 QALY-equivalents in men and 
women, respectively. In men, the CT angiography strategy with a 70%–99% cut off 
yielded slightly more QALYs, at an incremental cost of €71 419 per QALY, com-
pared with duplex US combined with CT angiography. In patients with a high-risk 
profile, in patients with a high prior probability of disease, and when patients could 
be treated within 2 weeks after the first symptoms, the CT angiography strategy with 
surgery for 50%–99% stenoses was the most cost-effective strategy.

Conclusion: In diagnosing CAS, duplex US should be the initial test, and, if its re-
sults are positive, CT angiography should be performed; patients with 70%–99% 
stenoses should then undergo carotid endarterectomy. In patients with a high-risk 
profile, a high probability of CAS, or who can undergo surgery without delay, im-
mediate CT angiography and surgery for 50%–99% stenoses is indicated.
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Introduction

In 10%–30% of patients with a transient ischemic attack (TIA) or stroke, the cause 
is a carotid artery stenosis (CAS) of 70% or greater.1,2 Detection of a CAS is essential 
to reduce the probability of a (recurrent) stroke. Carotid endarterectomy reduces 
the absolute risk of ipsilateral ischemic stroke by 18% in patients with 70%–99% 
symptomatic CAS and by 8% in patients with a stenosis of 50%–69%, as document-
ed in the North American Symptomatic Carotid Endarterectomy Trial (NASCET).3,4 
The benefit of carotid endarterectomy, however, depends on the delay between the 
first symptoms of ischemia and surgery: The benefit from surgery decreases rapidly 
with an increasing delay.5

Digital subtraction angiography (DSA) remains the reference standard for diagnos-
ing a CAS, according to several large randomized trials, such as NASCET and the 
European Carotid Surgery Trial.1,4,6 Because DSA is both invasive and expensive,3 
the question arises as to whether alternatives exist that overall would yield better 
outcomes. Although this question has been studied before, results of an analysis of 
the effectiveness and cost-effectiveness of, in particular, multidetector computed 
tomographic (CT) angiography alone and in comparison to duplex ultrasonography 
(US) and contrast material enhanced magnetic resonance (MR) angiography have, 
to our knowledge, not yet been published.3,7–10

The purpose of this study was to assess the effectiveness and cost-effectiveness of 
state-of-the-art noninvasive diagnostic imaging strategies in patients with a TIA or 
a minor stroke who are suspected of having CAS. Particular attention was paid to 
the time window between the first ischemic symptoms and carotid endarterectomy 
and the cut-off value chosen as an indication for surgery (70%–99% vs 50%–99% 
stenosis).

Materials and methods

Study Population

The target patient population was patients with a TIA or minor stroke who were 
suspected of having CAS.

Decision Model

A decision model was developed to evaluate and compare various diagnostic strat-
egies by using decision-analytical software (TreeAge Pro, version 3.5, 2009; Tree-
Age, Williamstown, Mass). We assessed all feasible strategies in normal practice, 
all tests separately, and CT angiography or contrast-enhanced MR angiography 
combined with duplex US. In the combination strategies, if duplex US results ap-
peared positive or uninterpretable, a CT angiography or contrast-enhanced MR 

angiography examination followed. A noninvasive test with uninterpretable results 
was followed by a DSA examination in single noninvasive test strategies and if the 
results of the second test in a combination strategy were uninterpretable. We con-
sidered two cutoff values for the indication for carotid endarterectomy: 70%–99% 
or 50%–99% stenosis. These cutoff values were also the positivity criteria used in 
interpreting test results. In combination strategies, we considered additional strate-
gies by using the 50%–99% positivity criterion in interpreting the duplex US results 
if the indication for endarterectomy was 70%–99%, to maximize sensitivity (Fig 1). 
Both the advantages and the disadvantages of diagnostic tests and of treatment with 
endarterectomy were modeled.

A Markov model with a 1-year cycle length was developed to extrapolate and eval-
uate long-term outcomes of diagnostic work-up and subsequent treatment. More 
details about the decision model and Markov model are given in the Appendix and 
Figure E1 (Appendix).

Figure 1: Schematic representation of decision tree.  = Decision node,  = chance node, 
M = Markov node. After a positive result, carotid endarterectomy (CEA) is performed. 
DSA has the same structure as a single-test strategy. Clone = the structure of the tree at 
that point is identical to that of another subtree, which is marked with a black line and a 
corresponding number. Only one combination strategy (duplex US [DUS] plus CT angi-
ography [CTA]) and one solo strategy (duplex US) have been expanded to limit the size 
of this figure. The other strategies have a similar structure, however, when combined with 
another test. * = For the other combination strategy, (duplex US plus contrast-enhanced 
MR angiography [CE-MRA]), the second test would be contrast-enhanced MR angiography 
instead of CT angiography. FN = false-negative, FP = false-positive, TN = true-negative, TP 
= true-positive.
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Data Sources and Assumptions

Prior probability. The prior probability of CAS was based on results of a cross- 
sectional prospective diagnostic cohort study of 351 patients with a TIA or minor 
stroke who were admitted between November 2002 and January 2005 to Erasmus 
University Medical Center, Rotterdam, the Netherlands. Percentage stenosis was 
categorized by using the NASCET method.1 Data in 194 male and 139 female pa-
tients who had a TIA or minor stroke were included in the study. Nineteen (9.8%) 
male patients and three female patients (2.2%) had a severe stenosis (70%–99%), 
and four (2.1%) male patients and two female patients (1.4%) had a moderately 
severe stenosis (50%–69%). To keep the input data consistent, we derived the prior 
probability from the same study from which we derived the accuracy of CT angi-
ography. Nevertheless, we performed sensitivity analysis by using a wide range of 
possible prior probabilities to explore the effect of this variable on the decision. On 
average, male patients were 62 years of age and female patients were 61 years of 
age. The age range of the entire population was 19–90 years, with an average age 
of 62 years. All patients underwent duplex US and multidetector CT angiography 
of the carotid arteries. If one of the examinations showed a stenosis of 50%–99%, a 
DSA examination of the carotid arteries followed in the context of the prospective 
diagnostic cohort study. If neither duplex US nor CT angiography showed a steno-
sis of greater than 50%, or if both examinations showed a stenosis of greater than 
80%, DSA was not performed, to avoid unnecessary risk to the patient. Results of 
duplex US and CT angiography were interpreted independently. In the model, we 
used sex-specific prior probabilities of CAS (Table 1).

Parameter Point Estimate* Source

Prevalence of CAS

 0%-49% Stenosis 0.88 (0.84, 0.92) Prospective diagnostic cohort study

 Men 0.84 (0.78, 0.88) Prospective diagnostic cohort study

 Women 0.95 (0.90, 0.98) Prospective diagnostic cohort study

 50%-69% Stenosis 0.02 (0.01, 0.04) Prospective diagnostic cohort study

 Men 0.02 (0.00, 0.05) Prospective diagnostic cohort study

 Women 0.01 (0.00, 0.05) Prospective diagnostic cohort study

 70%-99% Stenosis 0.07 (0.04, 0.10) Prospective diagnostic cohort study

 Men 0.10 (0.06, 0.15) Prospective diagnostic cohort study

 Women 0.02 (0.00, 0.06) Prospective diagnostic cohort study

 100% Stenosis 0.03 (0.02, 0.06) Prospective diagnostic cohort study

 Men 0.05 (0.02, 0.09) Prospective diagnostic cohort study

 Women 0.01 (0.00, 0.05) Prospective diagnostic cohort study

Carotid endarterectomy

 Risk of stroke in men 0.055 (0.015, 0.15) Reference 3

 Risk of stroke in women 0.070 (0.02, 0.26) References 3, 11

 Mortality 0.0106 (0.003, 0.03) Reference 3

 Costs† 4535 (3402, 5669 Cost analysis

 Time cost for patients (min) 4320 (3240, 5400) Cost analysis

Contrast enhanced MR angiography

 Sensitivity for 70%-99% stenosis 0.94 (0.88, 0.97) Reference 8

 Specificity for 70%-99% stenosis 0.93 (0.89, 0.96) Reference 8

 Sensitivity for 50%-99% stenosis 0.96 (0.90, 0.99) Reference 8

 Specificity for 50%-99% stenosis 0.96 (0.90, 0.99) Reference 8

 Uninterpretable (%) 0.114 (0.09, 0.143) Reference 3

 Mortality due to contrast agent allergy 0.0000007 (0, 0.000016) Reference 12

 Costs† 384 (288, 480) Cost analysis

 Time cost for patients (min) 120 (90, 150) Cost analysis

CT angiography

 Sensitivity for 70%-99% stenosis 0.91 (0.71, 0.99) Prospective diagnostic cohort study

 Specificity for 70%-99% stenosis 0.99 (0.98, 1.00) Prospective diagnostic cohort study

 Sensitivity for 50%-99% stenosis 1.00 (0.88, 1.00) Prospective diagnostic cohort study

 Specificity for 50%-99% stenosis 0.98 (0.96, 0.99) Prospective diagnostic cohort study

 Uninterpretable (%) 0.003 (0, 0.02) Prospective diagnostic cohort study

 Mortality due to contrast agent allergy 0.0000007 (0, 0.000016) Reference 12

 Costs† 198 (146, 247) Cost analysis

 Time cost for patients (min) 90 (67.5, 112.5) Cost analysis

Table 1. Prevalence, Diagnostic Tests and Procedures: Parameter Estimates, Reported Ranges and Data 
Sources

DSA

 Sensitivity 1 Assumption

 Specificity 1 Assumption

 Risk of stroke 0.05 (0.003, 0.008) Reference 13

 Mortality due to contrast agent allergy 0.0000007 (0, 0.000016) Reference 12

 Mortality 0.001 (0.0003, 0.003) Reference 13

 Costs† 906 (680, 1133) Cost analysis

 Time cost for patients (min) 285 (214, 356) Cost analysis

Duplex US

 Sensitivity for 70%-99% stenosis 0.89 (0.85, 0.92) Prospective diagnostic cohort study

 Specificity for 70%-99% stenosis 0.84 (0.77, 0.89) Prospective diagnostic cohort study

 Sensitivity for 50%-99% stenosis 0.84 (0.62, 0.95) Prospective diagnostic cohort study

 Specificity for 50%-99% stenosis 0.83 (0.73, 0.90) Prospective diagnostic cohort study

 Uninterpretable (%) 0.02 (0.008, 0.04) Prospective diagnostic cohort study

 Costs† 42 (32, 53) Cost analysis

 Time cost for patients (min) 80 (60, 100) Cost analysis

*Data in parentheses are 95% confidence intervals (Cls).
†All costs were converted to 2007 euros
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Diagnostic test performance. Data on the performance of CT angiography were 
derived from the same cross-sectional study mentioned above. The sensitivity and 
specificity of CT angiography at a cutoff point of 70%–99% stenosis were 0.91 
(95% CI: 0.71, 0.99) and 0.99 (95% CI: 0.98, 1.00), respectively. Sensitivity and 
specificity at a cutoff point of 50%–99% stenosis were 1.00 (95% CI: 0.88, 1.00) 
and 0.98 (95% CI: 0.96, 0.99), respectively.

Written informed consent for the prospective diagnostic cohort study was obtained 
from all 351 patients, and the local ethics committee approved the study.

The diagnostic performances of duplex US and contrast-enhanced MR angiogra-
phy were based on results of a meta-analysis8 that included 41 studies (2541 pa-
tients, 4876 arteries) published between January 1987 and April 2004. All studies 
included in the meta-analysis compared noninvasive imaging with intra-arterial 
angiography and met Standards for Reporting of Diagnostic Accuracy criteria; this 
ensured that only good-quality studies were included.14 Percentage stenosis was 
categorized by using the NASCET method.4 The sensitivity and specificity, respec-
tively, of duplex US were 0.89 (95% CI: 0.85, 0.92) and 0.84 (95% CI: 0.77, 0.89) 
at a cutoff point of 70%–99% stenosis and 0.84 (95% CI: 0.62, 0.95) and 0.83 (95% 
CI: 0.73, 0.90) at a cutoff point of 50%–99% stenosis (Table 1). The sensitivity and 
specificity, respectively, of contrast-enhanced MR angiography were 0.94 (95% CI: 
0.88, 0.97) and 0.93 (95% CI: 0.89, 0.96) at a cutoff point of 70%–99% stenosis 
and 0.96 (95% CI: 0.90, 0.99) and 0.96 (95% CI: 0.90, 0.99) at a cutoff point of 
50%– 99% stenosis (Table 1).

Information on the disadvantages of the tests was obtained from the prospective di-
agnostic cohort study and from the literature.13,15 The percentage of uninterpretable 
test results with duplex US was based on findings from the prospective diagnostic 
cohort study and was 1.99% (seven of 351 patients). Contrast-enhanced MR angi-
ography cannot be performed in patients who are claustrophobic; this applied to 
40 (11.4%) of 350 patients.3 Allergy to contrast medium confers a very small prob-
ability of dying (5.9 x 10-6)12, which applies to contrast-enhanced MR angiography, 
CT angiography, and DSA. DSA as such imposes a risk of inducing a major stroke 
or death; this risk was modelled (Table 1).13

Treatment results. According to the latest publications on the treatment of CAS, 
carotid endarterectomy is still reported to be the best treatment.16–18 Consequently, 
we modelled carotid endarterectomy as the treatment for CAS. The periprocedural 
probability of stroke was modelled in a sex-specific fashion (Table 1).11 Long-term 
outcomes were calculated in the same fashion as in the previous cost-effectiveness 
study by Buskens et al.3 (Table 2). Buskens et al. combined published clinical NA-
SCET trial data with expert opinion and age- and sex-specific national survival 
statistics. The benefit of surgical treatment as compared with medical treatment 
was calculated. From the same national survival statistics, we calculated the risk of 
dying of a noncerebrovascular accident.

Prognosis and patient risk profile. In addition, we estimated the hazard rate ratios 
(HRRs) for stroke and death in patients with high-risk profiles compared with pa-

tients with low-risk profiles and explored their effect on the decision (Table 3).20 A 
high-risk profile was defined as either unilateral weakness or a symptom duration 
of 60 minutes or longer or at least two of the following: age 60 years or greater, 
blood pressure 140/90 mm Hg or higher, speech impairment without weakness, a 
symptom duration of 10–59 minutes, and diabetes. High risk was associated with 
an HRR of 2.0 or greater. Finally, we explored the effect of time between first symp-
toms and treatment (Table 3).1,3,5

Quality of Life

Scores on a utility scale for quality of life after a TIA, after a minor stroke, and after 
a major stroke were estimated from several published studies.3,7,23 After a TIA or ca-
rotid endarterectomy, we assumed that patients had a utility of 0.88, which is simi-
lar to the mean utility in the general population of the same age.26 We estimated the 
utility after a minor stroke (0.71) from the literature, and we used a utility of 0.31 
for after a major stroke (Table 3).7,22,23 We also included disutilities for the events: 
For a TIA, we used a disutility of 0.0017, which we calculated in the same way as 
Buskens et al..3 For a minor or major stroke, we used a disutility of 0.0524—a value 
we found in the literature.22

Parameter Year 
0

Year 
1

Year 
2

Year 
3

Long 
Term

HRR of CVA-related mortality after carotid endarterectomy 1.01 1.01 1.01 1.01 1.01

HRR of CVA-related mortality with 100% stenosis 1.175 1.09 1.04 1.03 1.03

HRR of CVA-related mortality with 70%-99% stenosis 1.14 1.07 1.03 1.02 1.02

HRR of CVA-related mortality with 50%-69% stenosis 1.06 1.03 1.015 1.015 1.015

HRR of CVA-related mortality with 0%-49% stenosis 1.02 1.01 1.01 1.01 1.01

Probability of stroke after carotid endarterectomy 0.02 0.02 0.02 0.02 0.02

Probability of stroke with 100% stenosis 0 0 0 0 0

Probability of stroke with 70%-99% stenosis 0.14 0.07 0.03 0.02 0.02

Probability of stroke with 50%-69% stenosis 0.08 0.04 0.02 0.02 0.02

Probability of stroke with 0%-49% stenosis 0.04 0.02 0.02 0.02 0.02

Probability of TIA after carotid endarterectomy 0.01 0.01 0.01 0.01 0.01

Probability of TIA with 100% stenosis 0 0 0 0 0

Probability of TIA with 70%-99% stenosis 0.07 0.04 0.02 0.01 0.01

Probability of TIA with 50%-69% stenosis 0.04 0.02 0.02 0.01 0.01

Probability of TIA with 0%-49% stenosis 0.02 0.01 0.01 0.01 0.01

Table 2 HRRs and Event Rates: Parameter Estimates and Data Sources

Age- and sex-specific annual non-cerebrovascular accident (CVA)-related mortality data (in 
Appendix) were obtained from reference 19; all other data were obtained from reference 3.
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Costs

We estimated the costs of duplex US, CT angiography, and DSA, including hospi-
talization, if applicable, in 2007 euros. Current costs, which included expenditures 
for personnel, equipment, materials, maintenance, housing, cleaning, administra-
tion, and overhead, were determined at the Erasmus Medical Center. Additional 
estimates of costs associated with hospitalization and stroke in the Dutch setting 
were obtained from the study of Buskens et al..3 For assessment of the costs of 
contrast-enhanced MR angiography and carotid endarterectomy, we performed a 
systematic review of the published literature (Table 1).27

Data Analysis

The reference-case analysis was performed for a 60-year-old man. We assumed 
that the average patient had a low-risk profile and underwent surgery between 2 
and 4 weeks after the first symptoms.3,28 Diagnostic strategies were compared in 
terms of costs, effects (in quality-adjusted life-years [QALYs]), incremental cost-
effectiveness ratios (ICERs), and net health benefit (NHB) by using a threshold will-
ingness-to-pay (WTP) of €50000 per QALY. NHB is a multiattribute outcome that 
combines effectiveness and costs in one measure, with NHB = QALYs - (costs/
WTP). A strategy with the highest NHB was considered to be the most cost effec-
tive, which was equivalent to the highest QALYs at an ICER of less than the WTP 
of €50000 per QALY. The reference case analysis was performed by using cost es-
timates and recommendations for cost-effectiveness analyses from the Netherlands 
that took productivity losses (friction costs) into account and discounted future 
costs and effectiveness at 4% and 1.5%, respectively.25 Also, a second WTP thresh-
old of €80000 per QALY was considered, as recommended by the Dutch Council 
for Public Health.29

Subsequently, we performed the cost-effectiveness analysis from the societal per-
spective according to United States recommendations, considering QALYs, health 
care costs, and direct non–health care costs (patient time and travel costs), and we 
discounted both future costs and effectiveness at 3%.30–32 Finally, we performed an 
analysis according to United Kingdom recommendations, discounting both future 
costs and effectiveness at 3.5%.33,34

We performed extensive sensitivity analyses in which we explored varying assump-
tions about the risk profile of the patient, the timing of surgery after the first symp-
toms, and the prior probability of CAS. In addition, we performed a probabilistic 
sensitivity analysis by using 1000 Monte Carlo simulations in which we sampled 
from distributions of all uncertain variable values. We calculated the probability 
that a certain strategy was cost effective compared with other strategies with vary-
ing WTP thresholds and present acceptability curves. The expected value of perfect 
information (EVPI) (simulation with 1000 samples) was calculated to assess the 
value of performing further research.35 The population EVPI was calculated for the 
European Union by assuming an annual absolute stroke incidence of 1 million 
among women and 1 million among men and considering 5 years.36,37

Results

Reference Case Analysis

All strategies that used CT angiography or contrast-enhanced MR angiography, 
either as a solo strategy or in combination with an initial duplex US examina-
tion, demonstrated similar costs and effectiveness, presuming a 2–4 week delay in 
surgery. In men in similar conditions, the combination strategy of duplex US fol-
lowed by CT angiography with a cutoff of 70%–99% stenosis dominated all other  

Parameter Point Estimate* Source

 HRRs for stroke

  Low- to high-risk profile 1.0 (1, 10.6) Reference 20

  Early or late treatment after first symptoms 1.0 (0.5, 2.0) Reference 21

 Quality-of-life weights

  After TIA 0.88 (0.84, 0.92) Reference 7, 22, 23

  After minor stroke 0.71 (0.68, 0.74) Reference 23

  After major stroke 0.31 (0.28, 0.34) Reference 23

  Disutility for TIA 0.0017 (0.0015, 0.0019) Reference 3

  Disutility for minor stroke 0.0524 (0.0523, 0.0525) Reference 22

  Disutility for major stroke 0.0524 (0.0523, 0.0525) Reference 22

 Costs†

  Medication per year 20 (15, 25) Reference 24

  Minor stroke during 1st year 7654 (5740, 9567) Reference 3

  Minor stroke subsequent year 1310 (982, 1637) Reference 3

  Major stroke during 1st year 43650 (32737, 54562) Reference 3

  Major stroke subsequent year 25487 (19116, 31859) Reference 3

  Travel cost per visit 5 (4, 6) Estimation

 Time cost per hour 18 (13,22) Estimation

  Friction period (wk) 22 Reference 25

  Friction cost per hour

   Men 51 (38, 63) Reference 25

   Women 39 (29, 48) Reference 25

Table 3 Quality of Life and Costs: Parameter Estimates, Reported Ranges, and Data Sources

*Data in parentheses are 95% CIs
†All costs were converted to 2007 euros
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Figure 2: Cost-effectiveness graphs obtained by using the Dutch recommendations for cost-
effectiveness analyses in (a) men and (b) women show expected lifetime cost versus QALYs 
for the various strategies. (a) In men, the combination strategy of duplex US (DUS) and CT 
angiography (CTA) with a cutoff of 70%–99% stenosis (70) yielded the highest effectiveness 
at the lowest costs compared with all other strategies except the solo CT angiography strat-
egy with a cutoff of 70%–99% stenosis, which yielded slightly more QALYs, for €71 419 
per QALY gained. (b) In women, the combination strategy of duplex US and CT angiogra-
phy with a cutoff of 70%–99% stenosis yielded the highest effectiveness at the lowest costs 
compared with all other strategies. 50 = 50%–99% Stenosis, CE MRA = contrast-enhanced 
MR angiography.
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strategies, except the solo CT angiography strategy 
with a cutoff of 70%–99% stenosis, which yielded 
slightly more QALYs, for €71419 per QALY gained 
(Fig 2a, Table 4). Likewise, in women, the duplex 
US–CT angiography combination strategy with a 
cutoff of 70%–99% stenosis dominated all other 
strategies (Fig 2b, Table 4). With a WTP of €50000 
per QALY, the duplex US–CT angiography strategy 
yielded the highest NHB in both men and women, 
whereas with a higher WTP of €80000 per QALY, the 
solo CT angiography strategy would be preferable 
in men (Table 4). In both men and women, the least 
cost-effective strategy was duplex US performed as 
a solo test. Furthermore, all strategies employing 
contrast-enhanced MR angiography were dominated 
by the corresponding strategies employing CT angi-
ography (Table 4).

Probabilistic Sensitivity Analysis

In men, the acceptability curve of the combination 
strategy of duplex US and CT angiography with a 
cutoff of 70%–99% stenosis was highest (33%– 48%) 
for all WTP values of less than €100000 per QALY 
(Fig 3a). The solo CT angiography strategy showed an 
increasing chance of being most cost effective with 
increasing WTP values. The value-of-information 
analysis demonstrated an EVPI for further research of 
€318 per male patient, which implies a population 
EVPI of €1.5 billion for the European Union.

In women, the acceptability curve showed that the 
duplex US–CT angiography combination strategy 
with a cutoff of 70%–99% stenosis was most cost 
effective, with an 80% probability, irrespective of 
the WTP (Fig 3b). The value-of-information analysis 
demonstrated an EVPI for further research of €40 per 
female patient, which implies a population EVPI of 
€193 million for the European Union.

Sensitivity Analysis

United Kingdom and United States recommenda-
tions. Analyses performed by using United Kingdom 

and United States recommendations yielded the same results as the analysis per-
formed by using the Dutch recommendations.

Patient risk profile. For men, if the HRR for the risk profile was 1.03, indicating a 
low-risk profile, the duplex US–CT angiography combination strategy with a cutoff 
of 70%–99% stenosis yielded the highest NHB. For HRRs that were slightly higher 
but still close to 1.03, the solo CT angiography strategy with a cutoff of 70%–99% 
stenosis was the most cost effective. For HRRs that were clearly greater than 1.11, 
the CT angiography solo strategy with a cutoff for surgery of 50%–99% stenosis 
yielded a higher NHB (Fig 4). For women, the duplex US–CT angiography combi-
nation strategy with a cutoff of 70%–99% stenosis was most cost effective for an 
HRR of 1.47 or less; above this threshold, the duplex US–CT angiography combi-
nation strategy with a cutoff of 50%–99% stenosis had a higher NHB. If the HRR 
was greater than 2.34, the solo CT angiography strategy with a cutoff of 50%–99% 
stenosis was the most cost effective (Fig 4).

Prior probability. The prior probability of CAS was derived from the prospective 
diagnostic cohort study and was clearly lower than that in the study of Buskens   
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Figure 3: Acceptability curves 
with the five most competi-
tive strategies for (a) men and 
(b) women. The graphs plot 
the proportion of simulated 
scenarios in the probabilistic 
sensitivity analysis for which 
each of the strategies is the 
most cost effective for varying 
thresholds of WTP. The proba-
bilistic sensitivity analysis 
included all strategies. Strate-
gies with a very low probabil-
ity of being cost effective are 
not shown. 50 = 50%–99% 
Stenosis, 70 = 70%–99% ste-
nosis, CTA = CT angiography, 
DUS = duplex US.

a

b
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et al..3 For men with a low prior probability of disease, the duplex US–CT angiogra-
phy combination strategy with a cutoff of 70%–99% stenosis had the highest NHB. 
When the prior probability was greater than 0.20, the solo CT angiography strategy 
had the highest NHB, and when the prior probability was greater than 0.30, CT an-
giography with a cutoff of 50%–99% stenosis was optimal (Fig 5a). For women, the 
solo CT angiography strategy with a cutoff of 70%–99% stenosis had the highest 
NHB when the prior probability increased above 0.30; with a lower prior probabil-
ity, the duplex US–CT angiography combination strategy with a cutoff of 70%–99% 
stenosis had the highest NHB (Fig 5b).

Timing of surgery. For men undergoing surgery without delay, the solo CT angiog-
raphy strategy with a cutoff of 50%–99% stenosis yielded the highest NHB (Fig 6a). 
With a longer delay, the solo CT angiography strategy with a cutoff of 70%–99% 
stenosis yielded the highest NHB, followed by the duplex US–CT angiography 
combination strategy with a cutoff of 70%–99% stenosis, if surgery was performed 
more than 4 weeks after first symptoms. For women undergoing surgery without de-
lay, the duplex US–CT angiography combination strategy with a cutoff of 50%–99% 
stenosis had the highest NHB, whereas a cutoff of 70%–99% stenosis would be best 
if surgery cannot be performed within 2 weeks (Fig 6b).

a

b

Figure 4: Graphs show results of sensitivity analysis exploring the effect of different patient 
risk profiles in (a) men and (b) women. Higher-risk profiles are represented with increasing 
HRRs on the x-axis. The outcome is expressed in NHB on the y-axis with a WTP of €50 
000 per QALY. Shading = optimal strategy. 50 = 50%–99% Stenosis, 70 = 70%–99% steno-
sis, CTA = CT angiography, DUS = duplex US.

Figure 5: Graphs show results of sensitivity analysis exploring the effect of the prior prob-
ability of CAS (x-axis) on the NHB (y-axis) with a WTP of €50 000 per QALY in (a) men 
and (b) women. Shading = corresponding optimal strategy. 50 = 50%–99% Stenosis, 70 = 
70%–99% stenosis, CTA = CT angiography, DUS = duplex US.

a

b
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Discussion

Our study evaluated the cost-effectiveness of various noninvasive tests. The results 
demonstrated that the duplex US–CT angiography combination strategy with a cut-
off of 70%–99% stenosis is the most cost-effective strategy. If the WTP is higher 
than we assumed—that is, €80 000 per QALY instead of €50 000 per QALY—
then the solo CT angiography strategy would be more effective than the combina-

tion strategy at an acceptable ICER in men, whereas in women, the combination 
strategy would remain optimal. The sensitivity analysis demonstrated that with an 
increase in patient risk profile or with a higher prior probability of disease, the cri-
terion to perform surgery should be more lenient (50%–99% stenosis) and the solo 
CT angiography strategy would be preferred to a combination test strategy. Also, if 
surgery can be performed without delay, a more lenient criterion (50%– 99%) for 
surgery and a single-test strategy with CT angiography would be preferred. Notably, 
we found that all strategies employing contrast-enhanced MR angiography were 
dominated by the corresponding CT angiography strategies.

Although we found very small differences in QALYs across the strategies, there 
were clear differences in costs. This phenomenon is generally found in diagnostic 
test evaluation.38 Even though differences are small on average, they are neverthe-
less important because they pertain to a large group of patients and in aggregate 
can have large consequences. Note that a small average difference in the context 
of diagnostic test strategies implies that for most patients there is no difference 
between the evaluated strategies, but for a few patients the consequence can be 
very large in that a serious complication or event may be avoided with the optimal 
strategy.

In women, results were less sensitive to changes in the input values than in men. 
The probabilistic sensitivity analysis demonstrated that whereas for women results 
were fairly robust, results for men were less certain. The prior probability was lower 
among women and the risk of surgery was higher, implying that the mean expected 
gain of performing a diagnostic work-up is less in women; this led to more con-
sistent results favoring less invasive imaging in the sensitivity analysis. This is also 
reflected in the results of the value-of-information analysis, which demonstrated a 
high value, especially in men, which suggests that it is worth exploring this issue 
and performing further studies in this area, especially for men.

As with all decision- and cost-effectiveness models, several assumptions had to be 
made to keep the model coherent. In finding parameter estimates, we chose to stay 
as close as possible to the primary data (especially with respect to costs) to ensure 
the internal consistency of the model, rather than using data from diverse published 
sources. This may have reduced the generalizability of our results. One assumption 
concerned the follow-up period and event rates, which were based on the article 
by Buskens et al..3 Their results dated from 1998, and since then a great deal of 
new information about event rates in the follow-up period has been published. We 
adjusted event rates for this new data by including HRRs that were found in the 
literature for the patient’s risk profile and delay between first symptoms and surgery.

Radiation risk was not considered in our model. Although radiation risk is an im-
portant consideration in performing CT, the risk for this particular clinical patient 
population is small in comparison to their risk of cardiovascular events. In par-
ticular, the amount of radiation at neck CT angiography is low, only the thyroid is 
at risk, and the average age of patients with a TIA or minor stroke is high. With a 
latency period of about 12 years before cancer develops and the high probability 
that these patients will die of cardiovascular disease before a radiation-induced 

Figure 6: Graphs show results of sensitivity analysis exploring the effect of a delay in treat-
ment after the first symptoms in weeks (x-axis) on the NHB (y-axis) with a WTP of €50 000 
per QALY in (a) men and (b) women. Shading = corresponding optimal strategy. ∗ ”Short 
delay’’ = delay in treatment ranging from 2 to 4 weeks; “long delay’’ = delay in treatment 
of more than 4 weeks.

a

b
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cancer can develop, radiation risk is unlikely to influence the decision.39 Finally, 
the risk of nephrotoxicity was not considered because this is a very small risk, with 
in most cases only temporary consequences. In patients with renal insufficiency, 
CT angiography and contrast-enhanced MR angiography are contraindicated; such 
patients were not considered in this analysis.

For the sensitivity and specificity of duplex US and contrast-enhanced MR angiog-
raphy, we used data from the meta-analysis by Wardlaw et al..8 Other sources of 
diagnostic performance results of duplex US, CT angiography, and MR angiography 
were not applicable to our model because they did not report sensitivity and speci-
ficity for the criteria that we examined (both 70%–99% and 50%–99% stenoses), 
because they did not report results with state-of-the-art imaging techniques (ie, 
contrast-enhanced rather than nonenhanced MR angiography and multidetector 
instead of single-detector CT angiography), or because the results were not from 
a large prospectively performed clinical study.40,41 In the current analysis, we used 
sensitivity and specificity data for multidetector CT angiography from a recently 
completed prospective cohort study rather than from a meta-analysis because to 
our knowledge, no meta-analysis involving multidetector CT angiography has been 
published. A meta-analysis involving single-section CT angiography has been per-
formed42, but single-section CT angiography is currently no longer a state-of-the-art 
technique. One small retrospective pilot study of multidetector CT angiography of 
the carotid arteries43 was published in 2009. This study showed high sensitivity and 
specificity and supports our estimates.

It is remarkable that in our study, duplex US turned out to be the most costly strat-
egy; this is in stark contrast to the results reported by Buskens et al.3, which clearly 
showed that duplex US was the most effective and least costly strategy. Buskens 
et al., however, compared duplex US with nonenhanced rather than contrast-en-
hanced MR angiography and did not consider CT angiography. Similarly, Wardlaw 
et al.7,8 concluded that duplex US is the most cost-effective strategy. Their data 
were, however, based on a combination of single- and multidetector CT angiogra-
phy instead of solely multidetector CT angiography, and only a limited number of 
studies reporting CT angiography results were available at the time of their analysis. 
We therefore used a higher sensitivity (91% vs 77%) and a higher specificity (99% 
vs 95%) for CT angiography than Wardlaw et al; this was justified by a recent study 
of multidetector CT angiography43 that demonstrated similar values.

Two controversies in the management of CAS were considered in our analysis and 
proved to be important in choosing a diagnostic work-up: the cutoff value chosen 
as the indication for surgery (50%–99% vs 70%–99% stenosis) and the delay be-
tween first symptoms and surgery. The results highlight how the benefit that can be 
gained with treatment should influence the diagnostic work-up. Our results suggest 
that if the patient cannot undergo surgery in a timely fashion, an initial duplex US 
examination and a 70%–99% stenosis criterion for surgery is indicated. On the 
other hand, if the patient can undergo surgery in a timely fashion, immediate CT 
angiography and the use of a lenient criterion (50%–99% stenosis) as the surgery 
indication is beneficial.

Implementing the results of this study should always be done with consideration of 
the individual patient and the local situation. The prior probability of CAS and the 
risk profile of the individual patient or as observed in the local patient population 
may be very different and affect the choice of work-up.

Similarly, logistics and waiting lists may influence the diagnostic work-up. Further-
more, local expertise with duplex US, CT angiography, and contrast- enhanced MR 
angiography may influence the decision: If, for example, no local expertise exists 
with CT angiography of the carotid arteries, whereas contrast-enhanced MR angi-
ography can be performed at low cost, without delay, with good quality, and with 
high diagnostic performance, then our results justify the use of contrast-enhanced 
MR angiography instead of CT angiography. Finally, patient behavior, patient pref-
erences, and local treatment options should be considered. Of note, our analysis 
highlights that if patients present rapidly after their first symptoms and local treat-
ment of patients with TIA or minor stroke is streamlined, a solo CT angiography 
strategy with lenient criteria for surgery is indicated. The fact that benefit can be 
gained by streamlining the work-up of patients with TIA or stroke has been pointed 
out before, but as yet, not all centers are able to organize TIA and stroke care ef-
ficiently.5,28

In conclusion, patients with a TIA or minor stroke should undergo duplex US as 
an initial diagnostic test, followed by CT angiography if the duplex US results are 
positive, with surgery for 70%–99% stenoses, while in patients with a high risk pro-
file, with a high prior probability of carotid stenosis, or who can undergo surgery 
without delay, immediate CT angiography and surgery for 50%–99% stenoses are 
indicated.
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Appendix

Model We developed a decision model by using decision-analytical software (DATA 
Pro 2008 Suite; TreeAge Software) to evaluate the cost-effectiveness of using duplex 
US (called "DUS" in the model), CT angiography (called "CTA" in the model), con-
trast-enhanced MR angiography (called "CE-MRA" in the model), or a combination 
of duplex US and CT angiography or duplex US and contrast-enhanced MR angiog-
raphy in the diagnosis of a CAS. We compared the single tests and the tests in com-
bination. If the test result was positive, carotid endarterectomy (called "CEA" in the 
model) followed. If results of the initial test were not interpretable, DSA followed 
instead. For the combination strategies, only when the first test (duplex US) had a 
positive result, a second test (CT angiography or contrast-enhanced MR angiogra-
phy) followed. Short-term outcomes related to the diagnostic imaging tests were 
modeled with a decision tree, and a Markov model was used to model long-term 
outcomes. The Markov model, with a cycle length of 1 year, simulated the lifetime 
consequences depending on changes in length and quality of life caused by hav-
ing experienced a TIA, a minor stroke, a major stroke, or death (caused either by a 
cerebrovascular accident ["CVA" in the model] or by a noncerebrovascular event). 
We created 11 different health states; namely, Alive, PostTIA, Post-TIA2, Post-TIA 
Stable, Post-Minor, Post-Minor2, Post-Minor Stable, PostMajor, Post-Major2, Post-
Major Stable, and Dead. Everyone started in the Alive state, except patients who 
experienced a stroke caused by carotid endarterectomy or DSA, who proceeded di-
rectly to the minor or major stroke state. Depending on whether an event occurred 
and what type of event, patients moved to other health states in the model. Patients 
who were symptom free for 3 years moved to the Stable state. 

In our model, the variable "Male" coded the sex of the patients. Male = 1 referred 
to male patients, and Male = 0 referred to female patients. The initial age was 60 
years, and each cycle age was increased by 1 year. 

In our model, we included strict (70% 99% stenosis) and lenient (50% 99% stenosis) 
criteria for diagnosing a CAS. CutoffTest50 = 0 referred to the diagnostic test with 
strict criteria. Cutoff50 = 1 referred to the diagnostic test with lenient criteria. Cut-
offSurgery50 = 0 referred to strict criteria to perform surgery. Cutoff50 = 1 referred 
to lenient criteria to perform surgery. 

Data Sources 

The input data were based on the best available evidence in the literature. The prior 
probability of disease was based on the results of a clinical study. In this study, 333 
patients with a history of TIA or minor stroke and who were suspected of having 
a CAS were included. All patients underwent duplex US or CT angiography for 
diagnosing CAS. 

Assumptions

Annual Probability of Dying

Non cerebrovascular accident mortality was calculated according to data from the 
Dutch Bureau of Statistics (19). Using the absolute numbers of deaths from all 
causes and from cerebrovascular causes in 2006, we calculated the proportion 
of deaths that were noncerebrovascular for 10-year age categories for men and 
women separately. We obtained age- and sex-specific mortality rates of the general 
population from Dutch life table data and multiplied those numbers by the corre-
sponding proportions of noncardiovascular deaths.

Event Rates

Cerebrovascular accident event rates (TIA, minor stroke, major stroke, and cerebro-
vascular accident related mortality) in patients with symptoms (minor stroke or TIA) 
in the study of Buskens et al (3) were used. The event rates were based on whether 
the patient was treated with carotid endarterectomy (true-positive or falsepositive) 
or not. Patients with false-negative results were assumed to have a higher event rate 
than patients with true-negative results. 

 - Variable definitions (where * = multiplication) were as follows: 

  pMajorStroke = pStroke*0.33 

  pMinorStroke = pStroke*0.67 

  pStrokeTN = ((pStroke0_49*p0_49)/(1-pCAS))+((1Cutoff50)*((pStroke50_69 
  *p50_69)/(1-pCAS)))+((pStrokeOcclusie*p100)/(1-pCAS)) 

  pTIATN = ((pTIA0_49*p0_49)/(1-pCAS))+((1-Cutoff50)*((pTIA50_69*p50_69)/ 
  (1pCAS)))+((pTIAOcclusie*p100)/(1-pCAS)) 

  RRdieTN = ((RRdie0_49*p0_49)/(1-pCAS))+(1Cutoff50)*((RRdie50_69[_ 
  *p50_69)/(1-pCAS))+((RRdieOcclusie*p100)/(1-pCAS)) 

 - The risk of dying was as follows: 

  pDie = pNon_CVAmortality*RRdie+pMortRadiation

Updated Event Rates

To take into account recent published articles in our event rates, we created two 
variables: Timing and HRR. The variable Timing reflects the change in risk of hav-
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ing a TIA or stroke depending on the time between the first symptoms and carotid 
endarterectomy. The variable HRR reflects the HRR changes in event rate on stroke 
in patients with a high-risk profile versus those in patients with a low-risk profile. 
Next, we included the sex differences in stroke risk caused by carotid endarterec-
tomy that were published by Bond et al (11).

The variable Timing was calculated from the article by Rothwell et al (21). In their 
article, they calculated the risk of having a TIA or stroke after treatment depending 
on the time frame between first symptoms and therapy (carotid endarterectomy). 
We compared their probabilities for stroke or TIA depending on the time frame with 
the rates from the study of Buskens et al (3) and determined the time frame that cor-
responded to the event rates reported by Buskens et al. The time frame correspond-
ing to the event rates reported by Buskens et al was defined as moderate (2 3 weeks 
after first symptoms, HRR = 1.0). In a sensitivity analysis (Figure 6), we compared 
the changes in NHB by varying the time frame between symptoms and treatment 
from less than 2 weeks (HRR for stroke = 0.5) to more than 4 weeks (HRR = 2.0). 

In the same way, we calculated the HRR for having a stroke depending on the 
patient's risk profile. Johnston et al (20) compared patients with high-risk profiles 
(those with diabetes mellitus, hypertension, long duration of stroke, and impair-
ment with or without focal weakness) with patients with low-risk profiles on having 
a recurrent stroke in symptomatic patients without treatment. We compared the 
stroke rates of Buskens et al and determined the corresponding risk profile, which 
was assumed to be moderate (HRR 1, low-risk profile). Sensitivity analysis of the 
HRR was performed to analyze the changes in NHB for a patient with high-risk 
versus a low-risk profile.

Bond et al (11) demonstrated that women have a greater risk of experiencing a 
stroke caused by carotid endarterectomy than men (less benefit of treatment). This 
was taken into account by multiplying the stroke risk with an odds ratio for women 
only according to the following formula: 

 pStrokeCEA = Male*distprobstrokeCEA+(1male)*probfactor(distprobstrokeCEA; 
 DistOR-femaleComplications). 

Perspectives The decision was analyzed from the perspective of the physician, the 
patient, the hospital, the health care system, and society by using three different 
recommendations for cost-effectiveness analysis (25).

The analysis from the health care perspective considered QALYs and health care 
costs and was performed according to United Kingdom recommendations, dis-
counting both future costs and effectiveness at 3.5% (33,34). Subsequently, we 
performed the cost-effectiveness analysis from the societal perspective according 
to United States recommendations, which considered QALYs, health care costs, 
and direct non health care costs (patient time and travel costs) and discounted both 
future costs and effectiveness at 3% (30 32). Finally, an analysis from the societal 
perspective was performed according to Dutch recommendations, which, in ad-
dition to the above, also took productivity losses (friction costs) into account and 
discounted future costs and effectiveness at 4% and 1.5%, respectively (25).

Friction Costs

Friction costs were defined as costs of productivity losses caused by death or ab-
sence from work. The friction period (ie, the time period for replacing an employee 
after death) has been established at 22 weeks (25). The friction cost per hour (cFric-
tion_hour) was entered in the model for 60-year-old men and women separately. 
The friction costs for surviving patients were calculated by multiplying the duration 
of absence from work by sex-specific friction costs per hour for diagnosis and treat-
ment separately (25). The duration of diagnostic procedures was estimated in our 
cost analysis. According to the standard workable hours per year (n = 1540), we 
calculated the loss of workable hours. 

TimeDUS = 1.33 hours TimeMinorStroke = 154/365*1540
TimeCTA = 1.5 hours  TimeMajorStroke = 19/365*1540
TimeCE-MRA = 2 hours  TimeTIA = 2/365*1540
TimeDSA = 4.75 hours 
TimeCEA = 72 hours 

cFriction_hour = Male*Dist_cFriction_Men+(1-Male)*Dist_cFriction_Women 

cFriction_dead = cFriction_hour*(22/52*1540) 

cFrictionTreatment = cFriction_hour*TimeCEA 

cFrictionDiagnosis = cFrictionDiagnosis+cFriction_hour*Time_Diagnostic test 

cFrictionevent = cFriction_hour* (minor stroke/major stroke/TIA)

Patient Costs

Patient costs consisted of transportation costs to the hospital and the time costs of 
being absent from work (cPatient_Treatment and cPatient_Diagnosis) to undergo 
the diagnostic work-up and treatment multiplied by the average income. The aver-

Recommendation Perspective 
(Outcomes Included)

Discount 
Rate for Costs

Discount Rate 
for Effectiveness

United Kingdom Health care (QALYs, health care costs) 0.035 0.035

United States Society (QALYs, health care costs, patient 
time and travel costs) 

0.030 0.030

The Netherlands Society (QALYs, health care costs, patient 
time, travel costs, and friction costs)

0.040 0.015
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age income (cTime_patient_hour) assuming 60% men and, on average, 60-year-old 
patients was calculated according to data from the Central Bureau of Statistics. 
Travel costs were based on the standard costs of a hospital visit by car from the 
Dutch costing manual (25), as follows: 

cTravel_per_test = Dist_cTravel 

cTime_patient_hour = Dist_cTime_patient_hour 

cPatient_Diagnosis = cPatient_Diagnosis+cPatient_hour*Time diagnostic test +cTravel 
_per_test 

cPatient_Treatment = cPatient_Treatment+cPatient_hour*Time CEA+cTravel_per_
test 

Cost Estimates 

Costs were estimated for diagnostic tests, treatment (duplex US, CT angiography, 
contrast-enhanced MR angiography, DSA, and carotid endarterectomy), and events 
during follow-up. Costs for duplex US, CT angiography, and DSA were determined 
with a cost analysis and included direct health care costs (personnel, materials, 
equipment), indirect health care costs (housing, overhead), direct non health care 
costs (patient travel and time costs), and indirect non health care costs (production 
losses). 

The costs for contrast-enhanced MR angiography were calculated from the article 
of U-King-Im et al (27), who compared the cost-effectiveness of DSA with that of 
contrast-enhanced MR angiography. Because that was an article from the United 
Kingdom, where the costs were slightly lower, we calculated the ratio between the 
costs of DSA and those of contrast-enhanced MR angiography. This ratio was used 
to estimate the costs of contrast-enhanced MR angiography on the basis of our cost 
estimate for DSA , as follows: 

 Contrast-enhanced MR angiography in the article of U-King-Im et al: £305.56 

 DSA in that article: £720.84 

 Ratio of costs of contrast-enhanced MR angiography to DSA in that article =  
 0.42 DSA in our article =  €906.34 

 Contrast-enhanced MR angiography =  €906.34*0.42 =  €384.19 

 The costs for carotid endarterectomy were estimated in a cost analysis of the  
 literature (3,7,44). 

 

 Because our decision model was developed to analyze cohorts of patients, the  
 cost estimates in our model represent mean costs. 

 The costs for events (TIA, minor stroke, and major stroke) were derived from  
 Buskens et al (3). 

Quality of Life Estimates 

The qualities of life in the different health states of the Markov model were esti-
mated from the literature. The qualities of life in the Alive and Post-TIA states were 
assumed to be equal because all patients used to be or are symptomatic. The disu-
tility of a TIA was calculated as feeling for 2 days as miserable as if one had had a 
major stroke (2/365*UPostMajor). The disutilities of major and minor strokes were 
derived from Sullivan and Ghushchyan (22).

State or Parameter Quality-of-Life Weight* Reference Source or Method†

Alive 0.88 (0.84, 0.92) Fryback et al (26) BDHOS

Post-TIA 0.88 (0.84, 0.92) Fryback et al (26) BDHOS

Post-minor stroke 0.71 (0.68, 0.74) Hallan et al (23) Direct scaling 
(Frenchay activities 
index, Montgomery 
and Aasberg, the 
modified Rankin 
Scale)

Post-major stroke 0.31 (0.28, 0.34) Hallan et al (23) Direct scaling 
(Frenchay activities 
index, Montgomery 
and Aasberg, the 
modified Rankin 
Scale)

Disutility of TIA 2/365 Utility of 
postmajor stroke

Expert opinion

Disutility of minor stroke 0.0524 (0.0523, 0.0525) Sullivan and 
Ghushchyan (22)

EQ-5D

Disutility of major stroke 0.0524 (0.0523, 0.0525) Sullivan and 
Ghushchyan (22)

EQ-5D

*Data in parentheses are 95% CIs. BDHOS = Beaver Dam Health Outcomes. EQ-5D = 
EuroQol 5 dimensions.
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Outcome Measures 

The NHB was calculated as follows: NHB = E   C/G, where E is effectiveness in 
QALYs, C is the total cost of the strategy concerned, and G is the threshold WTP. 
NHBs are measures of effectiveness, adjusted for costs and taking into account the 
WTP per QALY. Given a particular WTP, the strategy with the highest NHB is the 
most cost effective. 

The WTP reflects the amount of money that society is willing to pay for 1 QALY. 
Threshold WTPs of 50c000 and 80c000 per QALY were used. 

Analyses 

To assess uncertainty, probabilistic sensitivity analysis was performed by drawing 
from all variable distributions (in tabular format below) using Monte Carlo simula-
tion of 100c000 samples. Random draws from variable distributions were single 
draws, which means they were equal for both strategies. 

In addition to this, we repeated the analysis to assess the NHB by using differ-
ent recommendations for cost-effectiveness analyses (Dutch, United Kingdom, or 
United States recommendations). 

We performed several sensitivity analyses on the variables Timing, Prior Probabili-
lty, and HRR (risk profile). 

Variable Definitions

Name Description Formula

age Age  

ageMKV Age in Markov model age+_stage

cCEA Costs of CEA Dist_Costs_CEA

cCTA Costs of CTA Dist_Costs_CTA

cDiagnosis Costs of diagnosis  

cDSA Costs of DSA Dist_Costs_DSA

cDUS Costs of DUS Dist_Costs_DUS

cFollowup Costs of follow-up Dist_Costs_FollowUp

cFrictionCEA Friction costs of CEA ((3/365)*1540)*cFriction_hour

cFrictionDiagnosis Friction costs of diagnosis  

Name Description Formula

cFrictionMajorStroke Friction costs of major stroke ((154/365)*1540)*cFriction_hour

cFrictionMinorStroke Friction costs of minor stroke cFriction_hour*((19/365)*1540)

cFrictionTIA Friction costs of minor stroke cFriction_hour*((2/365)*1540)

cFrictionTreatment Friction costs of treatment  

cFriction_dead Friction costs of death cFriction_hour*((154/365)*1540)

cFriction_hour Friction costs per hour Male*Dist_Friction_Costs_Male+(1-
Male)*Dist_Friction_Costs_Female

cMajorStroke Costs of major stroke Dist_Costs_MajorStroke

cMajorSY Costs of major stroke in 
subsequent year

Dist_Costs_MajorSY

cMinorStroke Costs of minor stroke Dist_Costs_MinorStroke

cMinorSY Costs of minor stroke in 
subsequent year

Dist_Costs_MinorSY

cMRA Costs of CE-MRA Dist_Costs_CE_MRA

cPatient Patients costs  

cPatient_Diagnosis Patients costs of diagnosis  

cPatient_Hour Patients costs per hour Dist_Costs_Patient_Time_Hour

cPatient_Treatment Patients cost of treatment  

cTIA Costs of TIA  

cTIAafterCEA Costs of TIA after CEA Dist_Costs_TIAafterCEA

cTIAnoIntervention Costs of TIA without 
intervention

Dist_Costs_TIAnoIntervention

cTravel_per_test Travel costs per test Dist_Costs_Travel

cTreatment Treatment costs  

CutoffSurgery50 Suregery for stenosis > 50% 1=operate 50-99% 0= operate 70-99%

CutoffTest50 Test positive > 50% 1= cutoff 50-99% 0= Cutoff 70-99%

Discount_rate_costs Discount rate costs  

discount_rate_costs_NL Discount rate costs in 
Netherlands

 

Discount_rate_Eff_NL Discount rate effectiveness in 
Netherlands

 

Discount_rate_UK Discount rate in United 
Kingdom
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Name Description Formula

Discount_rate_US Discount rate in United 
States

 

Dist_Stroke_
FollowUpTP_TN

Distribution of strokes during 
follow-up in the true-positive 
and true-negative groups

 

disutility_Major Disutility of major stroke Dist_disutility_Major

disutility_Minor Disutiltiy of minor stroke Dist_Disutility_Minor

disutility_TIA Disutility of TIA 2/365*uPost_Major

HRR HRR for risk profile  

HRR1 HRR after CEA  

Male   Male=1 Female =0

ORfemaleComplications Odds ratio for complications 
in female versus male 
patients

Dist_OR_Female_Complications

p0_49 Probability of having 0-49% 
stenosis

1-pDIS

p100 Probability of having 
occlusion

propOcclusie*pDIS

p50_69 Probability of having 50-69% 
stenosis

(1-propOcclusie-propSEV)*pDIS

p70_99 Probabilty of having 70-99% 
stenosis

propSEV*pDIS

pCAS Probability of having CAS p70_99+CutoffTest50*p50_69

pCTAUninterpretable Probability of CTA being 
uninterpretable

Dist_Uninterprtble_CTA

pDie Probability of death pNon_CVAmortality*RRdie+pMortRad
iation

pDieMajor Probability of death from 
major stroke

pNon_CVAmortality*RRdieMajor[_
tunnel]+pMortRadiation

pDieMajorStable Probabiltiy of death in major 
stable state

pNon_CVAmortality*RRdieMajorStable
+pMortRadiation

pDieStable Probabiltiy of death in stable 
state

pNon_CVAmortality*RRdieStable+pMo
rtRadiation

pDIS Probabiltiy of having disease Male*Dist_Prop_DISMale+((1-
Male)*Dist_Prop_DIS_Female)

pDUSuninterpretable Probability of DUS being 
uninterpretable

Dist_Uninterprtble_DUS

Name Description Formula

pMajorStroke Probabilty of having major 
stroke

Dist_Prob_Major_Stroke

pMort_CEA Probabilty of death caused 
by CEA

Dist_Prob_Mort_CEA

pMort_CTA Probabiltiy of death caused 
by CTA

Dist_Mortality_IVContrast

pMort_DSA Probability of death caused 
by DSA

Dist_Prob_Mort_DSA+Dist_Mortality_
IVContrast

pMort_MRA Probability of death caused 
by MRA

Dist(1)

pMRAUninterpretable Probability of CE-MRA being 
uninterpretable

Dist_Uninterpretable_MRA

pNon_CVAmortality Probability of death caused 
by other than CVA

(RateToProb(Male*MortalityMen[ag
eMKV]*Non_CVA_proportion_man_
[ageMKV]+(1-Male)*MortalityWome
n[ageMKV]*Non_CVA_proportion_
Woman__[ageMKV];1))

propOcclusie Proportion of disease caused 
by occlusion

Male*Dist_Prop_OcclusieMale+((1-
Male)*Dist_Prop_OcclusionFemale)

propSEV Proportion of diseased with 
70-99% stenosis

Male*Dist_Prop_SEVMale+((1-
Male)*Dist_Prop_SEVFemale)

pSens Sensitivity of the test  

pSensCE_MRA Sensitivity of CE-MRA (1-CutoffTest50)*Dist_Sens_CE_
MRA70_99+CutoffTest50*Dist_Sens_
CE_MRA5099

pSensCTA Sensitivity of CTA (1-CutoffTest50)*Dist_Sens_
CTA70_99+CutoffTest50*Dist_Sens_
CTA5099

pSensDSA Sensitivity of DSA  

pSensDUS Sensitivity of DUS (1-CutoffTest50)*Dist_Sens_
DUS70_99+CutoffTest50*Dist_Sens_
DUS5099

pSpec Specificity of the test  

pSpecCE_MRA Specificity of CE-MRA (1-CutoffTest50)*Dist_Spec_CE_
MRA70_99+CutoffTest50*Dist_Spec_
CE_MRA5099

pSpecCTA Specificity of CTA (1-CutoffTest50)*Dist_Spec_
CTA70_99+CutoffTest50*Dist_Spec_
CTA5099

pSpecDSA Specificity of DSA  
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Name Description Formula

pSpecDUS Specificity of DUS (1-CutoffTest50)*Dist_Spec_
DUS70_99+CutoffTest50*Dist_Spec_
DUS5099

pStrokeAlive Probability of having stroke 
in Alive state

Dist_Stroke_FollowUpTP_FP*Timing

pStrokeCEA Probability of having stroke 
after CEA

Male*Dist_Prob_Stroke_CEA+((1-
Male)*ProbFactor(Dist_Prob_Stroke_
CEA;Dist_OR_Female_Complications))

pStrokeDSA Probability of having stroke 
caused by DSA

Dist_Prob_Stroke_DSA

pStrokeFN Probability of having stroke 
in the false-negative group

((pStroke70_99[_tunnel]*p70_99)/(p70
_99+CutoffTest50*p50_69))+(CutoffTes
t50*((pStroke50_69[_tunnel]*p50_69)/
(p70_99+CutoffTest50*p50_69)))

pStrokeMajor Probability of having a stroke 
after major stroke

(PstrokeMajorStates[_tunnel])*RR_Dist_
Prob

pStrokeMinor Probability of having a stroke 
after minor stroke

Dist_Stroke_FollowUpTP_FP*Timing

pStrokeOcclusie Probability of having a stroke 
with an occlusion

 

pStrokeStable Probability of having a stroke 
in the Stable state

0.02*RR_Dist_Prob

pStrokeTIA Probability of having a stroke 
in the TIA state

Dist_Stroke_FollowUpTP_FP*Timing

pStrokeTN Probability of having stroke 
in the true-negative group

((pStroke0_49[_tunnel]*p0_49)/(1-(Cu
toffTest50*p50_69+p70_99)))+((1-
CutoffTest50)*((pStroke50_69[_
tunnel]*p50_69)/(1-(CutoffTest50*
p50_69+p70_99)))+((pStrokeOcclu
sie*p100)/(1-(CutoffTest50*p50_69
+p70_99))))

pTIAalive Probability of having a TIA in 
the Alive state

Dist_TIA_FollowUpTP_FP*Timing

pTIAFN Probabiltiy of having a TIA in 
the false-negative group

RR_Dist_Prob*(((pTIA70_99[_
tunnel]*p70_99)/(p70_99+Cutof
fTest50*p50_69))+(CutoffTest50
*((pTIA50_69[_tunnel]*p50_69)/
(p70_99+CutoffTest50*p50_69))))

pTIAminor Probability of having a TIA 
after minor stroke

Dist_TIA2_FollowUpTP_FP*Timing

pTIAocclusie Probability of having a TIA if 
carotid artery is occluded

 

Name Description Formula

pTIAStable Probability of having a TIA in 
the Stable state

0.01*RR_Dist_Prob

pTIATIA Probability of having a TIA in 
the TIA state

Dist_TIA2_FollowUpTP_FP*Timing

pTIATN Probability of having a TIA in 
the true-negative group

RR_Dist_Prob*(((pTIA0_49[_
tunnel]*p0_49)/
(1-(CutoffTest50*p50_69+p70_99)))+(1-
CutoffTest50)*((pTIA50_69[_
tunnel]*p50_69)/(1-(CutoffTest50*p50
_69+p70_99)))+((pTIAocclusie*p100)/
(1-(CutoffTest50*p50_69+p70_99))))

pUninterpretable Probability of test being 
uninterpretable

 

RRdie Relative risk of death  

RRdieFN Relative risk of death in the 
false-negative group

RR_Dist_Prob*(((RRdie70_99[_
tunnel]*p70_99)/(CutoffTest50*
p50_69+p70_99))+(CutoffTest50
*(RRdie50_69[_tunnel]*p50_69)/
(CutoffTest50*p50_69+p70_99)))

RRdieFP Relative risk of death in the 
false-positive group

1.01*RR_Dist_Prob

RRdieMajorStable Relative risk of death in 
MajorStable state

1.02*RR_Dist_Prob

RRdieStable Relative risk of death in 
Stable state

 

RRdieStableFN Relative risk of death in 
Stable state in the false-
negative group

1.02*RR_Dist_Prob

RRdieStableFP Relative risk of death in 
Stable state in the false-
positive group

1.01*RR_Dist_Prob

RRdieStableTN Relative risk of death in 
Stable state in the true-
negative group

1.0165*RR_Dist_Prob

RRdieStableTP Relative risk of death in 
Stable state in the true-
positive group

1.01*RR_Dist_Prob
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Name Description Formula

RRdieTN Relative risk of death in the 
true-negative group

((RRdie0_49[_tunnel]*p0_49)/
(1-(CutoffTest50*p50_69+p70_99)))+(1-
CutoffTest50)*((RRdie50_69[_
tunnel]*p50_69)/(1-(CutoffTest50*
p50_69+p70_99)))+((RRdieOcclus
ie[_tunnel]*p100)/(1-(CutoffTest50*p50
_69+p70_99)))

RRdieTP Relative risk of death in the 
true-positive group

1.01*RR_Dist_Prob

RR_Dist_Prob Distributions of relative risk Dist_RR_Probabilities

Time_CEA Duration of CEA procedure Dist_Time_CEA

Time_CTA Duration of CTA procedure Dist_Time_CTA

Time_DSA Duration of DSA procedure Dist_Time_DSA

Time_DUS Duration of DUS procedure Dist_Time_DUS

Time_MRA Duration of CE-MRA 
procedure

Dist_Time_MRA

Timing Time between onset of 
symptoms and surgery 

 

uAlive Quality of life in Alive State Dist_Utility_Alive

uDead Quality of life in Dead state  

uPost_Major Quality of life after major 
stroke

Dist_Utiltity_MajorStroke

uPost_Minor Quality of life after minor 
stroke

Dist_Utility_MinorStroke

uPost_TIA Quality of life after TIA Dist_Utility_TIA
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Abstract

Purpose: 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 soft-
ware tool for volume measurements of atherosclerotic carotid plaque and its com-
ponents in multidetector computed tomography angiography (MDCTA) images.

Materials and methods: Data acquisition was approved by the Institutional Review 
Board and all patients gave written informed consent. MDCTA images of 56 ca-
rotid 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 compo-
nents was measured by the number of voxels within defined ranges of HU-values 
(calcification >130 HU, fibrous tissue 60-130 HU, lipid core <60 HU). Interob-
server variability (IOV) was assessed.

Results: Plaque volume was 1259±621 mm�. The calcifi ed, fi brous and lipid vol-Plaque volume was 1259±621 mm�. The calcified, fibrous and lipid vol-
umes were 238±252 mm�, 647±277 mm� and 376±283 mm�, respectively. IOV 
was moderate with interclass correlation coefficients (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 com-
ponent volumes can be assessed with MDCTA with a reasonable observer vari-
ability.

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.1 Fur-
thermore, it is current opinion that atherosclerotic plaque rupture plays an impor-
tant role in acute events, like transient ischemic accidents (TIA) and minor stroke.2 
Rupture-prone plaques have specific morphological features: the most frequently 
seen vulnerable plaque type has a large lipid-rich core with a thin fibrous cap2 and 
has proved to be an independent predictor of ischemic cerebrovascular events.3

It is therefore hypothesized that the amount of atherosclerotic plaque and its com-
ponents (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 mo-
dality to assess the presence of carotid atherosclerotic plaque and grade the sever-
ity of stenosis.4 A recent in vitro and in vivo study showed that quantification of the 
area (two dimensional) of atherosclerotic carotid plaque and its components is pos-
sible in axial thin section multidetector computed tomography angiography (MDC-
TA) images, in good correlation (R²>0.73) with histology.5,6 Further developments 
in the quantification software now enable to quantify 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 plaque component volume measurements in MDCTA images of the carotid 
artery and to assess the observer variability of these measurements.

Methods

Subjects

Twenty patients with a 0-29% stenosis grade (based on NASCET7 criteria) and 
twelve patients 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 examinations 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. 
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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 protocol (120 kVp, 180 mAs, collimation 
16x0.75 mm, table feed 12 mm/rotation, pitch 1).8 All patients received 80 ml con-
trast material (320 mg/ml), followed by 40 ml saline, both with an injection rate of 
4 ml/sec.9 The radiation dose was 2.6 mSv.

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

Quantification and characterization

Three observers independently assessed the presence of an atherosclerotic lesion, 
the length of the atherosclerotic lesion, the location of the bifurcation, lumen at-
tenuation, and plaque volume and plaque component volumes. One of the observ-
ers 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 atherosclerotic lesion was: the presence 
of a calcification and/or thickening of the vessel wall. The length of the atheroscle-
rotic lesion was defined as the distance between the first (most proximal) image and 
the last (most distal) image 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 
developed by one of the co-authors (E.M.) for the freely available software package 
ImageJ (Rasband, National Institute of Mental Health, Bethesda, USA). This plug-in 
made it possible to draw manually regions of interest (ROI) in consecutive axial 
MDCT images and to automatically calculate the total number of pixels and the 
number of pixels of different Hounsfield value (HV) ranges within these ROI (Fig-
ure 1). The ROI was placed over the outer vessel wall contour and therefore equals 
plaque area plus lumen area. The different HV ranges are considered to represent 
the different plaque components; calcification >130 HU, fibrous tissue 60-130 HU 
and lipid core <60 HU.

The cutoff value between calcifications and fibrous tissue was set at 130 HU; the 
value currently used for calcium scoring. The cutoff value between fibrous tissue 
and lipid core was set at 60 HU as assessed in previous studies.5,6 The cutoff value 
between atherosclerotic plaque and lumen was adjusted for each patient and based 
on the full-width-half-maximum principle (mean lumen attenuation plus mean fi-
brous tissue attenuation (≈ 88 HU) divided by two). To compensate for partial vol-

ume effects, related to a high lumen attenuation at the plaque-lumen border, the 
pixels around the lumen with a HV between 130 HU and the adjusted cutoff value 
were considered to be fibrous tissue. To assess the border between lumen and ath-
erosclerotic 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 adjusted cutoff value. But in those plaques in 
which calcifications bordered the lumen and the two dense structures merged with 
each 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 
atherosclerotic lesion was assessed. Hereafter, consensus on the presence of an 
atherosclerotic lesion was achieved by a consensus reading between all three ob-

Fig. 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 atheroscle-
rotic plaque area and from calcified tissue, a second ROI is drawn. This second ROI should 
include the attenuated lumen area, but should not include any calcifications. (a3) After 
the input of the cutoff 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.
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servers. Those image series that were appointed as having atherosclerosis were 
used for further analysis.

Secondly, differences between observers in the assessment of the length of the ath-
erosclerotic lesion, the location of the bifurcation, lumen attenuation and plaque 
and plaque component volumes were calculated.

After assessment of the differences, a second consensus reading was held in order 
to achieve consensus about the length of the atherosclerotic lesion, the location of 
the bifurcation 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 differences were evaluated. This recalculation provides 
observer variability measurements due to differences in the assessment of the outer 
vessel wall contour only.

In order to assess not only the variability in volume measurements, the overlap 
(similarity 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 ROI observer B)x 100 %).

Finally, the intra-observer differences in plaque and plaque component volume 
measurements 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 le-
sion, the location of the bifurcation and lumen attenuation were expressed as the 
mean ± the standard deviation (SD), and as a coefficient of variation defined by the 
SD of the paired difference divided by the mean of the absolute values. 

Inter- and intra-observer differences in plaque and plaque component volume mea-
surements 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 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 observer. The 
consensus reading appointed 10 patients as having atherosclerosis, thus 46 patients 
were selected for further analysis.

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

The assessment of the length of an atherosclerotic lesion was significantly differ-
ent between observers, while the assessment of the location of the bifurcation  
and lumen attenuation was not significantly different (p>0.27 and p>0.49, respec-
tively).

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.

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

Mean ±
SD

Diff Obs
1-2

Diff Obs
1-3

Diff Obs
2-3

ICC
95% CI

CoV
(range)

Lesion length (mm) 27.3±10.6 6.1±4.4* 1.7±5.2* 4.3±6.2* - -

Image with bifurcation 
(mm2) - 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 (mm³) 1259±621 167±278* 247±381* 80±446 0.79 
(0.65-0.87) 23-34%

Calcified volume (mm³) 238±252 37±68* 3±38 40±82* 0.96 
(0.93-0.98) 13-34%

Fibrous volume (mm³) 647±277 77±144* 92±191* 15±210 0.76 
(0.63-0.85) 23-31%

Lipid volume (mm³) 376±283 48±141* 153±204* 105±236* 0.70 
(0.51-0.82) 42-58%

Luminal volume (mm³) 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%
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The ICC was good for all volume measurements (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 moderate (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 ICC 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 coefficients 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 (37-47%) and lumen volume (3-
10%) (Table 2). The coefficients of variation between observers for the assessment 
of calcified volume percentage (15-26%), fibrous volume percentage (10-15%) and 
lipid core volume percentage (21-30%) were also improved (Table 2).

Table 2. Mean values, inter-observer differences, interclass correlation coefficients, coeffi-
cients 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.

* = t-test p value < 0.05; Diff = Difference; Obs = Observer; CoV = Coefficient of varia-
tion; ICC = Interclass correlation; CI = Confidence interval
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Mean ±
SD

Diff Obs
1-2

Diff Obs
1-3

Diff Obs
2-3

ICC
(95 % CI)

CoV
(range)

Plaque volume (mm³) 1223±606 26±194 218±255* 192±300* 0.88 
(0.75-0.94)

17-24%

Calcified volume (mm³) 235±250 28±60* 4±28 31±78* 0.97 
(0.95-0.98)

13-33%

Fibrous volume (mm³) 619±264 21±72* 67±88* 87±106* 0.90 
(0.78-0.95)

18-24%

Lipid volume (mm³) 369±278 20±120 150±168* 130±186* 0.76 
(0.54-0.87)

37-47%

Luminal volume (mm³) 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* 1±8 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%
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From the Bland-Altman plots it can be observed that especially the differences 
between observers in plaque volume, fibrous tissue volume and lipid core volume 
measurements increase with a larger volume (Figure I).

The similarity indices (± SD) between the ROIs assessed by observer 1 and 2, ob-
server 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 excellent 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 vol-
ume (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). 

The similarity index (± SD) between the two series of independently assessed ROIs 
by observer 1 was 93.7 ± 1.8%.

Discussion

Non-invasive in vivo assessment of atherosclerotic plaque volume and the relative 
contribution of the different plaque components will have important clinical impli-
cations: it provides new and probably better parameters, together with the severity 
of stenosis, for cardiovascular risk assessment, and furthermore the natural history 
of atherosclerotic disease and the effect of pharmacological intervention can be 
studied10. MDCTA has extensively been used to assess the severity of luminal nar-
rowing, and nowadays attention is increasingly paid to the potential role of MDCTA 

in qualitative and quantitative evaluation of the atherosclerotic plaque itself. Vali-
dation studies in which image-based plaque features are compared with histology, 
as well as assessment of observer variability, are necessary to establish the final role 
of MDCTA in qualitative and quantitative atherosclerotic plaque evaluation. 

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 correla-
tion (r = 0.8) and an underestimation of the coronary plaque volume assessed with 
MDCT compared to IVUS.11 Another study found a moderate correlation (r = 0.55) 
and an overestimation of coronary plaque area assessed with MDCTA compared to 
IVUS.12 The discrepancies between these studies might be explained by the results of 
a third study that found a strong correlation coefficient (r² = 0.69) with an underesti-
mation of mixed and noncalcified plaque volumes, and a trend to overestimate calci-
fied plaque volumes with MDCTA. In addition, they reported a moderate reproduc-
ibility in the assessment of plaque volume, with a coefficient of variation of 37%.13

An in vivo study5 on carotid atherosclerotic plaques revealed a strong correlation 
between MDCTA and histology for the assessment of plaque area (r² = 0.73); in ad-
dition, the inter- and intra-observer variability of plaque area measurements with 
MDCTA was reasonable with coefficients of variation of 19% and 8%, respectively.

To our knowledge, the present study is the first study that shows that in vivo quan-
tification of the volume of atherosclerotic carotid plaque and its components is 
possible with MDCTA (Figure 2.). Inter-observer variability was moderate with ICC 
ranging from 0.53-0.96 and coefficients of variation ranging from 13-58%. To eval-
uate 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 atherosclerotic disease, the location of the bifurcation and lumen attenuation, 
because all these features also influenced the volume measurements. 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 dif-
ferentiation between a normal vessel wall and a slightly thickened (diseased) ves-
sel 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 disagree on the presence of ath-
erosclerotic disease was 609 and 245 mm3, while the mean plaque volume of all 
patients was 1259 ± 621 mm3.

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 distal image with atherosclerosis and thus the length of the athero-
sclerotic lesion. Because the plaque volume measurements include the original 
vessel wall, inclusion of additional images with normal vessel wall increases the 
amount of measured volumes considerably. 

Mean ± SD   Difference ICC (95 % CI) CoV

Plaque volume (mm³) 1098 ± 459 1 ±120 0.97 (0.93–0.99) 11%
Calcified volume (mm³) 218 ± 186 7 ±18 0.99 (0.99–1.00) 8%
Fibrous volume (mm³) 591 ± 229 10 ±49 0.98 (0.95–0.99) 8%

Lipid volume (mm³) 289 ± 205 2 ±72 0.94 (0.87–0.97) 25%

Luminal volume (mm³) 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%

Table 3. Mean values, intra-observer differences, interclass correlation coefficients, coeffi-
cients 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.

* = t-test p value < 0.05; ICC = Interclass correlation; CI = Confidence interval; CoV = 
Coefficient of variation
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The second problem is the manual outlining of the outer border of the vessel wall. 
Some parts of the vessel wall can easily be differentiated from the surrounding tis-
sue 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 po-
sitioned along the artery. The erroneous manual inclusion of peri-arterial fat in the 
ROI leads to the classification of this fat as lipid in the plaque. This inclusion will 
vary between the observers which explains the moderate 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 sys-
tematically draws a larger outer contour than the other observers and thus includes 
more peri-arterial low density tissues. An additional 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 calcifications 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 calcified 
volume.

The third problem is the differentiation of contrast-enhanced lumen from athero-
sclerotic plaque. In some plaque without calcifications at the inner border of the 
plaque the differentiation is automated and based on a threshold and the only vari-
ability is caused by a difference in the measurement of luminal attenuation, 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 
drawing of the border between lumen and calcification was necessary which intro-
duced a variability in plaque volume and calcium volume measurements.

We expect that improvements in the measurement software will improve the ob-
server variability. Although in our method we assessed volumes, the analysis was 
performed in axial two-dimensional images. Evaluating the artery both in axial slic-
es and using longitudinal reformats will provide more information on the borders of 
the vessel wall. This would enable a better continuation of transversal contours in 
adjacent slices. Also, highlighting specific parts of the vessel outer contour in axial 
images based on outer vessel contour assessment in longitudinal planes might be 
helpful. Finally, the differentiation between normal vessel wall and slightly thick-
ened vessel wall can be based on wall thickness measurements, and the length of 
the atherosclerotic disease can be assessed more reproducibly.

Besides MDCTA, MRI has been used for non-invasive atherosclerotic carotid 
plaque characterization and quantification. Studies have shown that there is good 
agreement between in vivo MRI and histology for qualitative 14-16 and quantitative 
17 assessment of plaque components, while observer reproducibility has shown 
to be good to excellent for plaque area14-16,18 and plaque component areas.19 ICC 
for plaque area were 0.90-0.96 and for lipid core 0.88-0.89. The reproducibil-
ity 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 

Fig. 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 measure-
ments of lumen, calcifications, fibrous tissue, and lipid per MDCT image. The x-axis repre-
sents 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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area of 3.5%20, while another study reported a coefficient of variation of 9.8% for 
plaque volume.20 

Until now carotid intima-media thickness (CIMT) is a validated endpoint in pro-
gression/regression studies. CIMT has shown to be an independent risk factor for 
future myocardial infarction and stroke risk.21,22 In addition, CIMT has been related 
to the presence of future carotid plaque.23 Lifestyle changes24 and statin therapy25 
has a beneficial effect on CIMT. Ultrasound assessment of CIMT is accurate when 
compared with histology26,27, and has a very good reproducibility (coefficient of 
variation 2.4-10.6%).28 Interscan coefficient of variation is 5.6%,28 making it a po-
tential valuable tool to evaluate the effectiveness of prevention therapy. Unfortu-
nately, CIMT does not provide us with area and volumetric measurements 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 
atherosclerotic plaque.

The present study investigated the reproducibility of MDCTA-based atherosclerotic 
plaque volume measurements. It is a limitation that validation with histology has 
not been performed. Because we investigated a range of carotid artery stenoses, 
atherosclerotic 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. Previ-Previ-
ous studies5,6, however, have demonstrated a good correlation between area meas-
urements 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 atherosclerotic plaque and the tunica me-
dia. 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 moderate reproducibility. A prospec-
tive longitudinal study which examines the relationship between cardiovascular 
risk factors, plaque and plaque component volumes and outcome may determine 
the value of MDCTA-based stroke risk predictors.
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Abstract

Background and purpose: Fetal origin of the posterior cerebral artery (PCA) is not 
uncommon. Whether patients with this anomaly have a higher risk of ischemic 
stroke in the territory of the PCA is not known. The clinical benefit of screening for 
a fetal origin in patients with TIA or stroke in the territory of the PCA and an ipsilat-
eral atherosclerotic carotid stenosis is not clear. This study assessed the frequency 
of a fetal origin of the PCA in patients with a TIA or infarct in the territory of the PCA 
with 16-multidetector-row CT angiography (CTA).

Methods: 82 patients (52 male; mean age = 64; range 19 to 90 years) with isolated 
homonymous hemianopia and/or a PCA infarct underwent CTA of the carotid artery 
and circle of Willis.

Results: A fetal origin of the PCA at the symptomatic side was present in 14 patients 
(17%) and at the asymptomatic side in 18 patients (22%) (OR: 0.7; 95% CI: 0.3 
to 1.7). Severity of stenosis (NASCET criteria) of the ICA at the symptomatic side 
was <30%, 30–49% and ≥50% in 72, 2 and 8 patients, respectively. Number and 
frequency of a fetal origin in these groups were 12 (17%), 0 (0%) and 2 (25%), re-
spectively. There was no association between a severe carotid stenosis and a fetal 
origin of the PCA at the symptomatic side.

Conclusion: This study does not provide arguments for an increased risk of isch-
emic stroke in the territory of the PCA in patients with a fetal origin of the PCA. A 
few patients with a TIA or infarct in the territory of the PCA have a fetal origin of the 
PCA in combination with a high-grade stenosis of the ipsilateral ICA, but not more 
often than one would expect from chance. Nevertheless, these patients may benefit 
from carotid endarterectomy.

Introduction

In approximately 5 to 10% of patients with a TIA or minor stroke the ischemia is 
located in the territory of the posterior cerebral artery (PCA).4,13 These patients pres-
ent with homonymous hemianopia that can be accompanied by a wide spectrum 
of other features, such as headache, neuropsychological impairment and (often 
mild) motor and sensory deficits.5,8,18,27 A stroke in this territory can be caused 
by atherosclerotic disease of the vertebral, basilar or posterior cerebral arteries, 
cardiac embolism, vasospasm (migraine), hemodynamic disorders or hematologic 
disorders with coagulopathy.5,8,18,27

Most commonly, the PCA derives from the basilar artery. However, in 10–20% of 
normal subjects the PCA derives from the ICA through a patent posterior communi-
cating artery (PCoA), while the connection with the basilar artery is hypoplastic or 
even aplastic.12,16,20,22,24 Such a fetal origin of the PCA in combination with athero-
sclerotic disease or dissection of the carotid artery may cause an ischemic stroke 
in the occipital lobe.6,14,17

Patients with a transient ischemic attack (TIA) or a minor stroke in the territory of 
the internal carotid artery (ICA) combined with an ipsilateral carotid artery stenosis 
of more than 70% benefit from carotid endarterectomy.1,2 It follows that patients 
with a TIA or mild stroke in the territory of the PCA who have a fetal origin of the 
PCA and atherosclerotic disease in the ICA might also be candidates for carotid 
endarterectomy. With the introduction of multidetector-row CT, CT angiography 
(CTA) has become an accurate, fast and noninvasive method to analyze the carotid 
arteries and the anatomy of the circle of Willis.9,11,23 Because CTA has significantly 
less morbidity and mortality than digital subtraction angiography (DSA), it may be 
used in screening patients with cerebrovascular symptoms in the territory of the 
PCA.

Whether patients with a fetal origin of the PCA have a higher risk of TIA or ischemic 
stroke in this arterial distribution is not known.24 The clinical benefit of screening 
for a fetal origin in patients with TIA or stroke in the territory of the PCA and an 
ipsilateral atherosclerotic carotid stenosis is not clear.

The purpose of this study was to assess the frequency of a fetal origin of the PCA in 
a clinical series, and the degree of stenosis of the ipsilateral ICA in patients with a 
TIA or infarct in the territory of the PCA with 16-multidetector-row CTA.

Methods

Patient selection

In the first (retrospective) part of the study the files of patients with cerebrovascular 
symptoms who presented at the department of neurology between January 1998 
and April 2002 were reviewed and patients who met the inclusion criteria were 



148 CT Angiography in Ischemic Stroke: Optimalization and Accuracy 149

Chapter 8

Is a fetal origin of the posterior cerebral artery a risk factor for TIA or ischemic stroke?

invited to participate in the study. In the second (prospective) part of the study that 
lasted from April 2002 to May 2004, patients who presented at the department of 
neurology and who met the inclusion criteria were invited to participate in the 
study. All patients in our study were evaluated in a rapid TIA or stroke service by 
a neurologist in training and a vascular neurologist, according to a pre-specified 
protocol. Inclusion criteria for the study were: a) a sudden onset of homonymous 
hemianopia, without other focal neurological deficits and a normal CT scan of the 
brain; and b) a sudden onset of homonymous hemianopia with or without other fo-
cal neurological deficits and a recent infarction in the territory of the PCA on the CT 
scan of the brain. When the attack of visual loss was transient, the patient should 
have covered each eye alternately to exclude monocular blindness, and the attack 
should not have been accompanied by positive phenomena, nor should the patient 
have experienced headache during the attack. Patients with a symptomatic lacunar 
infarction of the thalamus (diameter <15 mm) only, and patients with simultane-
ously bilateral occipital infarcts were not included. Exclusion criteria were: previ-
ous allergic reaction to iodine contrast media, renal insufficiency (serum creatinine 
>150 mmol/L), Rankin score >3 and age <18 years. The Institutional Review Board 
approved the study and patients gave written informed consent before inclusion in 
the study.

Patients underwent a CT scan of the brain and a CTA of the carotid arteries and 
circle of Willis.

Data acquisition and post processing

CT examinations were performed on a 16-multidetector-row CT scanner (Sensation 
16, Siemens Medical Solutions, Forchheim, Germany). Patients were positioned 
supine on the CT table with the arms along the chest. The CT scan of the brain 
range reached from the skull base to the vertex parallel to the orbitomeatal line. 
The CTA scan range reached from the ascending aorta to the intracranial circula-
tion (2 cm above the sella turcica). Scan parameters were: number of detectors 16, 
collimation 0.75 mm, table feed per rotation 12 mm (pitch 1), rotation time 0.5 s, 
kV 120, eff. mAs 180, scan direction caudocranial, scan time 10–14 s (depending 
on individual patient’s size and anatomy).

A volume of 80 mL contrast material (Iodixanol 320 mg/mL, Visipaque, Amersham 
Health, Little Chalfont, UK) was injected using a power injector (EnVision, Me-
dRAD, Pittsburgh, PN, USA) through an 18–20G iv cannula (depending on the size 
of the vein), in an antecubital vein at 4 mL/s. Synchronization between the passage 
of contrast material and data acquisition was achieved by real time bolus tracking.7

Images were reconstructed with effective slice width 1 mm, reconstruction interval 
0.6 mm, FOV 100 mm and convolution kernel B30 f (= medium-smooth). The im-
ages were transferred to a stand-alone workstation and evaluated using dedicated 
analysis software (Leonardo – Siemens Medical Solutions, Forchheim, Germany). 
For the evaluation of stenosis of the carotid artery multiplanar reconstructions were 

used. For the evaluation of the circle of Willis slab maximum intensity projections 
with a thickness of 6 mm were used in the axial, sagittal and coronal planes and a 
plane parallel to the clivus for the posterior circulation.

Data collection and analysis

Patient’s age at the time of stroke, gender, risk factors (hypertension, hypercholes-
terolemia, diabetes mellitus, smoking and previous brain- or myocardial infarc-
tion) and type of event (TIA or minor stroke) were recorded. Possible and probable 
causes of cardiac embolism were recorded.3 The CT scan of the brain performed at 
the time of initial evaluation was evaluated for infarction in the territory of the PCA 
(occipital lobe or posterior part of the temporal lobe).

In the retrospectively studied patient group the severity of stenosis of the carotid 
artery was based on the duplex ultrasound (DUS) performed at the time of the 
initial evaluation. If no DUS was performed at that time, the CTA for the present 
study that included both the carotid arteries and the circle of Willis was used. In the 

Fig.1 CT angiography of the 
circle of Willis. Maximum 
intensity projections (10mm) 
in an axial plane (a, c, e) and 
a plane parallel to the clivus 
(b, d, f).

a and b (78-yr-old man): on 
both sides the size of the P1 
segment of the PCA (arrow-
heads) is normal and the PCoA 
is hypoplastic (right side, 
arrow) or aplastic (left side) (= 
standard configuration).

c and d (71-yr-old man): on 
the right side the size of the 
P1 segment of the PCA (arrow-
head) is equal to the size of 
the PCoA (arrow) (= transi-
tional configuration).

e and f (71-yr-old woman): on 
the right side the P1 segment 
of the PCA (arrowhead) is hy-
poplastic and smaller than the 
PCoA (arrow) (= fetal origin)
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prospectively studied patient group the CTA performed for the present study was 
evaluated for the severity of stenosis. The severity of stenosis was measured on the 
CTA scan according to the NASCET criteria19 and assessed with DUS according to 
peak systolic velocity (PSV) in the stenosis15. Multiplanar reformatted images were 
used for manual measurements of the remaining luminal diameter at a stenosis and 
the luminal diameter at a normal segment distal to the stenosis. The degree of ste-
nosis was defined as the remaining luminal diameter at the stenosis as percentage 
of the normal luminal diameter distal to the stenosis. The degree of stenosis was 
categorized into 0–29%, 30–49 % and ≥ 50 %. The presence of atherosclerosis was 
scored as mild, moderate or severe. Atherosclerotic disease with a stenosis > 50 
% in the posterior circulation from the subclavian artery to the proximal posterior 
cerebral artery (P1 segment) was assessed.

The size of the PCoA was compared to the P1 segment of the PCA. The diameter of 
the PCoA was classified as larger than (fetal origin), equal to (transitional configura-
tion) or smaller than (standard configuration) the P1 segment (Fig. 1). Because both 
a fetal origin and a transitional configuration can lead to embolization of thrombus 
or atherosclerotic debris from the carotid artery into the PCA, they were combined 
for analysis and addressed as “fetal origin of the PCA”. In a previous study the ac-
curacy of CTA (93 %) in the assessment of a fetal origin in comparison with DSA 
and the interobserver variability of CTA (k = 0.79) was evaluated.23

Two radiologists evaluated the CTA of the circle of Willis for a fetal origin of the 
PCA. They discussed discrepancies in order to reach consensus.

Statistical analysis

Differences in frequency of a fetal origin between subgroups were explored using 
the Fisher’s exact test. The association between the presence of carotid stenosis and 
fetal origin of the PCA was studied with contingency table analysis, and expressed 
as a risk ratio with exact 95 % confidence interval. A p-value < 0.05 was consid-
ered statistically significant. We thus estimated the relative risk (odds ratio with 
95 % CI) of stroke from a fetal origin in a case control design, by considering the 
symptomatic PCA as a case, and the asymptomatic PCA as referent, and the pres-
ence of a fetal origin as the determinant of stroke risk, after testing whether fetal 
origin of either PCA occurred independently of each other.

Results

Of the 171 patients who met the inclusion criteria, 82 patients (52 male; mean 
age = 64; range 19–90 years) participated in the present study. Of these, 41 of 113 
patients presented between January 1998 and April 2002 and 41 of 58 patients 
presented between April 2002 to May 2004. Reasons for not participating in the 
study were: death (n = 18), could not be reached (n = 9), renal insufficiency (n = 3), 

allergy for iodine contrast media (n = 3), dementia (n = 4), severe disability (n = 5), 
no venous access (n = 1), technically inadequate CTA scan (n = 1) and no informed 
consent (n = 45). Patient characteristics are shown in Table 1. Possible or probable 
sources of cardioembolism were atrial fibrillation (5 pts, 6 %), sick sinus syndrome 
(1 pt), aortic valve stenosis (1 pt), post-CABG (1 pt), and cardiac thrombus (1 pt).

In 12 patients of the retrospectively studied group no DUS was performed at the 
time of initial evaluation. In these patients the CTA was used to grade the degree 
of stenosis of the carotid artery. Stenosis of the carotid artery, according to the NA-
SCET criteria19, at the symptomatic side was 0–29% in 72 cases, 30–49% in 2 cases 
and 50–99 % in 8 cases (Table 2).

Prospective
(n=41)

Retrospective
(n=41)

Total
(n=82)

Male 25 (61%) 27 (66%) 52 (63%)

Age: mean (range) years 68 (35-90) 59 (19-82) 64 (19-90)

Event

 TIA 18 (44%) 17 (41%) 35 (43%)

 Minor stroke 23 (56%) 24 (59%) 47 (57%)

Relevant infarct on CT

 Yes 20 (49%) 24 (59%) 44 (54%)

 No 21 (51%) 17 (41%) 38 (46%)

CT infarction side

 Left 6 15 21

 Right 14 9 23

Hypertension 28 (68%) 22 (54%) 50 (61%)

Hypercholesterolemia 24 (59%) 31 (76%) 55 (67%)

Diabetes mellitus 8 (20%) 4 (10%) 12 (15%)

Smoking 18 (44%) 15 (37%) 33 (40%)

Peripheral arterial disease 3 (7%) 0 (0%) 3 (4%)

Previous TIA / Stroke 2 (5%) 7 (17%) 9 (11%)

Previous myocardial infarction 7 (17%) 2 (5%) 9 (11%)

Cardioembolism 5 (12%) 4 (10%) 9 (11%)

 Possible 1 (2%) 1 (2%) 2 (2%)

 Probable 4 (10%) 3 (7%) 7 (9%)

Vertebrobasilar artery disease 11 (27%) 9 (22%) 20 (24%)

 Subclavian artery stenosis (>50%) 0 (0%) 2 (5%) 2 (2%)

 Vertebral artery stenosis (>50%) 9 (22%) 5 (12%) 14 (17%)

 Basilar artery disease 1 (2%) 1 (2%) 2 (2%)

 Vertebral artery occlusion 1 (2%) 1 (2%) 2 (2%)

Table 1. Patient Characteristics
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A fetal origin of the PCA was found in 14 patients (17%) at the symptomatic side 
and in 18 patients (22%) at the asymptomatic side (OR: 0.7; 95% CI: 0.3 to 1.7) 
(Table3). Bilateral fetal origin occurred in 5 patients (6%). The frequency of a fe-
tal origin of the PCA on the symptomatic side in different subgroups is shown in 
Table4. A fetal origin of the PCA was not associated with gender, age at time of 
presentation (age < or ≥ 65, years), type of event (TIA or stroke) or presence of an 
infarct on the CT scan of the brain.

Patients with a fetal origin of the symptomatic PCA did not more often have an ipsi-
lateral carotid artery stenosis (p = 0.62; Fisher’s exact test, 2-sided). Conversely, pa-
tients with a severe carotid stenosis ipsilateral to the symptomatic hemisphere were 
not more likely to have an ipsilateral fetal origin of the PCA than patients without 
a severe carotid stenosis (RR 1.5, 95% CI: 0.4–5.7). Exclusion of patients with pos-
sible or probable cardioembolism did not change our results, nor did exclusion of 
patients with a transitional configuration.

Discussion

In this study we screened patients who had a TIA or ischemic stroke in the territory 
of the PCA with CTA, for a fetal origin of the PCA: the frequency of a fetal origin of 
the PCA at the symptomatic side is not higher than the frequency at the asymptom-
atic side or than the reported frequencies in the literature.10,18,25 Moreover, in our 

study no association was found between the presence of a fetal origin of the PCA 
and an ipsilateral severe (≥ 50%) carotid artery stenosis.

The present study has several limitations. First, to allow thrombo-emboli from the 
carotid artery to pass through the PCoA to the PCA, there has to be antegrade 
flow in the PCoA, i.e. from the carotid artery to the P2 segment of the PCA. CTA 
is not able to provide hemodynamic information concerning blood flow direction 
in individual vessels. In case of a transitional configuration of the PCA on CTA it 
is not certain that there is indeed antegrade flow in the PCoA. In a previous study, 
however, we showed that DSA revealed complete filling of the PCA after injection 
of the ICA in 12 of the 13 cases with a transitional configuration.23

Second, DUS and CTA were used to grade the degree of stenosis of the carotid ar-
tery. Recently, Wardlaw et al. showed in a meta-analysis that noninvasive imaging 
of a symptomatic carotid artery stenosis could replace intra-arterial carotid angi-
ography for 70–99% stenosis, but still more data are required to determine their 
accuracy, especially at 50–69% stenoses.26 In our study we grouped both categories 
together, because both have an increased risk of stroke. Because the incidence of a 
fetal origin of the PCA is low and patients with occipital stroke are not treated with 
carotid endarterectomy in our hospital, it would not have been ethical to perform 
intra-arterial carotid angiography in these patients.

Stenosis Atherosclerosis Prospective Retrospective Total

0-29% No 12 20 32

0-29% Mild 10 10 20

0-29% Moderate 8 8 16

0-29% Severe 3 1 4

30-49% Severe 2 0 2

50-69% Severe 2 1 3

70-99% Severe 4 1 5

Total 41 41 82

Table 2. Degree of Stenosis and Atherosclerosis of the Carotid Artery of the Symptomatic 
Side

PCoA < P1 PCoA > P1 PCoA = P1

Ipsilateral 68 12 2

Contralateral 64 15 3

Table 3. Configuration of the Circle of Willis Ipsilateral and Contralateral to the Symptom-
atic Side: Diameter of Posterior Communicating Artery (PCoA) in Comparison with Diam-
eter of the P1 Segment of the Posterior Cerebral Artery (P1)

Total Fetal origin 

Gender

 Male 52 8 (15%)

 Female 30 6 (20%)

Age at time of presentation

 < 65 years 37 8 (22%)

 > 65 years 45 6 (13%)

Event

 TIA 35 6 (17%)

 Stroke 47 8 (17%)

Relevant infarct on CT

 Yes 44 5 (11%)

 No 38 9 (24%)

Ipsilateral carotid stenosis

 0-29%, no atherosclerosis 32 6 (19%)

 0-29%, atherosclerosis 40 6 (15%)

 30-49% 2 0 (0%)

 > 50% 8 2 (25%)

Total 82 14 (17%)

Table 4. Frequency of a Fetal Origin on the Ipsilateral Side in Different Subgroups
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Third, our study investigated a small number of patients. The fact that we could not 
prove an association between the presence of a fetal origin of the PCA and an ip-
silateral severe carotid artery stenosis could be caused by the small number of pa-
tients with severe carotid artery stenosis in our study. However, when all ipsilateral 
atherosclerotic carotid artery lesions were considered as symptomatic carotid le-
sions there was still no association with the presence of a fetal origin of the PCA (p 
= 0.77). Still, our results do not make a relative risk of PCA-stroke associated with 
a fetal origin of the ipsilateral PCA of 1.5 to 1.7 entirely unlikely, as these values 
fall within the range of the 95% CI. In order to obtain even more precise estimates, 
additional studies will be necessary.

Fourth, the retrospective nature of the first part of our study is a limitation. This may 
have jeopardized the accuracy and completeness of our data. However, the pro-
tocolized approach in our rapid TIA and stroke service by a neurologist in training 
and a vascular neurologist, determines that relevant data have been systematically 
sought and recorded.

Fifth, we did not exclude patients with a possible source of cardioembolism. We 
wanted our inclusion criteria to match the standard clinical situation, where one 
wonders whether ischemia in the PCA territory could be attributed to carotid dis-
ease. We therefore included all patients with a clinical diagnosis of ischemia in 
the territory of the posterior cerebral artery that could be attributed to thrombo-
embolism.

In other patient series with infarction in the PCA territory similar data on the com-
bination of a fetal origin and ICA arterial disease have been reported.21,27 Yamamoto 
et al. reported 1 of 79 cases with a PCA territory infarct.27 Steinke et al. attributed 
two of 74 cases to carotid artery disease with a fetal origin of the PCA.21 However, 
in both those studies angiographic examinations were not performed in all cases. 
Graf et al. performed CTA in 103 cases with ischemic stroke or TIA in the posterior 
circulation and in 8 cases a fetal origin of the PCA was found10; however, whether 
this was considered as the cause of the PCA infarcts in their series was not reported.

This study does not provide arguments for an increased risk of ischemic stroke in 
the territory of the PCA in patients with a fetal origin of the PCA. Nevertheless, in 
an individual patient with a TIA or infarct in the territory of the PCA this could still 
be the most likely cause and therefore the patient might benefit from carotid end-
arterectomy. A cost-effectiveness study should be performed to investigate whether 
screening patients with a recent TIA or infarct in the territory of the PCA for a fetal 
origin and atherosclerotic disease of the ipsilateral carotid artery is justified.
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Abstract

Objective: The purpose of this article is to describe two cases in which fibromus-
cular dysplasia of the internal carotid artery was diagnosed with CT angiography.

Conclusions: CT angiography can depict the characteristic findings of fibromuscu-
lar dysplasia. If patients with cerebrovascular symptoms undergo screening with CT 
angiography of the supraaortic vessels, more cases of fibromuscular dysplasia will 
be recognized as a cause of neurologic symptoms.

Introduction

Fibromuscular dysplasia (FMD) of the cervical arteries is a possible cause of stroke. 
It can be detected with conventional angiography and less sensitively with duplex 
sonography and MR angiography. In 2002, we started a study in which we used CT 
angiography (CTA) to screen patients with symptoms of transient ischemic attack or 
minor stroke for atherosclerosis and stenosis of the carotid artery. Since then, two 
cases of FMD of the internal carotid artery (ICA) have been encountered in a group 
of 400 consecutively screened patients. To our knowledge, except for a report by 
Castillo and Wilson1, descriptions of CTA of FMD of the carotid artery have not 
been published. Castillo and Wilson in 1994 reported the cases of two patients 
with carotid FMD diagnosed with digital subtraction angiography although CTA 
findings suggested carotid occlusion. We present two cases in which FMD of the 
ICA was diagnosed with CTA.

Observed Cases

Patient 1

A 39-year-old woman presented with acute hemiparesis of the left side of the body 
and mild dysarthria. The patient was a heavy smoker and used oral contraceptives. 
Findings on CT of the brain were normal. Duplex sonography of the carotid arteries 
showed no signs of atherosclerosis. CTA of the carotid arteries, from the ascend-
ing aorta to the intracranial circulation, was performed with a 16-MDCT scanner 
(Sensation 16, Siemens Medical Solutions). Scanning parameters were as follows: 
individual detector width, 0.75 mm; table feed per rotation, 12 mm (pitch of 1); 

Fig. 1 39-year-old woman 
with acute hemiparesis of left 
side of body and mild dysar-
thria. Coronally reformatted 
CT angiogram of right and left 
internal carotid arteries shows 
string-of-beads appearance 
of right internal carotid artery 
(arrowheads). Left internal 
carotid artery (curved arrow) 
is normal. Signs of athero-
sclerosis, especially at level 
of carotid bifurcation (straight 
arrow), are absent.
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gantry rotation time, 0.5 second; 120 kV; effective tube current, 180 mAs; scanning 
time, 10–14 seconds. Eighty milliliters of contrast material (iodixanol 320 mg I/
mL, Visipaque, Amersham Health) and a 40-mL saline bolus chaser were injected 
through an 18- to 20-gauge IV cannula in an antecubital vein, both at an injection 
rate of 4 mL/s with a double-head power injector (Stellant, Medrad). Synchroniza-
tion between passage of contrast material and data acquisition was achieved with 
real-time bolus tracking. Images were reconstructed with the following parameters: 
effective slice width, 1 mm; reconstruction interval, 0.6 mm; field of view, 120 
mm; convolution kernel, B30f (medium smooth). CTA showed no signs of athero-
sclerosis in any vessel, and the anatomic features of the circle of Willis were nor-
mal. The right ICA had a typical string-of-beads appearance at the level of the first, 
second, and third cervical vertebrae (Fig. 1). The left ICA and vertebral arteries had 
no abnormalities. Therapy with alteplase was started within 3 hours after onset of 
symptoms and resulted in partial resolution of symptoms. The patient was treated 
with antiplatelet drugs and did not experience new symptoms during follow-up.

Patient 2

A 78-year-old woman presented with left amaurosis fugax and mild hypertension. 
CT of the brain showed no abnormalities. Duplex sonography of the carotid arter-
ies showed no signs of atherosclerosis. CTA performed with the protocol used for 
patient 1 showed only small calcifications in the brachiocephalic trunk and the left 
subclavian artery. There were no signs of atherosclerosis in other vessels. The distal 
cervical portion of both ICAs had a typical string-of-beads appearance (Fig. 2). The 
vertebral arteries had no abnormalities. The patient was treated with antihyperten-
sive and antiplatelet drugs and had no symptoms during follow-up.

Discussion

FMD is an uncommon segmental, nonatheromatous, noninflammatory arterial dis-
ease of unknown causation that affects small to medium-sized vessels in many 
areas of the body. The renal arteries are the most commonly affected, followed by 
the cervicocephalic vessels.2 Cervicocephalic FMD involves the extracranial part 
of the ICA in nearly 75% of patients.3 The vertebral artery is involved in 15–25% 
of patients, and multiple vessels are involved in 60–75% of patients.3 FMD of the 
cervicocephalic vessels is most often encountered in the fifth decade of life and 
occurs predominantly in women.

Cervicocephalic FMD is often asymptomatic and an incidental finding on imaging 
or at autopsy. It also, however, can manifest it- self with a variety of specific neu-
rologic symptoms, including transient ischemic attack, amaurosis fugax, and stroke 
or nonspecific symptoms such as headache and tinnitus.2

On arteriograms, the most common appearance of FMD is multifocal concentric 
luminal narrowing alternating with areas of mural dilatation that are wider than the 
original lumen.4 This finding is also described as the string-of-beads appearance 
and is present in 80–90% of patients with FMD.5 Less common imaging findings 
include focal or tubular stenosis, a septum, and a diverticulum.5 The condition is 
also associated with arterial dissection, intracranial aneurysms, and arteriovenous 
fistulas. Duplex sonography and color Doppler imaging can depict FMD of the ICA 
only when the lesion is located proximally.6 Color Doppler imaging reveals the 
segmental string-of-beads pattern with alternating regions of luminal narrowing 
and vascular dilatation distal to a completely normal segment of vessel. High-grade 
distal FMD stenosis also can be detected on the basis of indirect hemodynamic 
criteria. On time-of-flight MR angiography, artifacts caused by patient motion and 
swallowing or related to in-plane flow and susceptibility gradients may mimic the 
appearance of FMD and tend to decrease both sensitivity and specificity for detec-
tion of cervicocephalic FMD. The increased resolution and decreased scanning 
time of contrast-enhanced MR angiography may solve this problem.

Cervicocephalic FMD is an uncommon cause of cerebral ischemia. The diagnostic 
evaluation of patients with cerebrovascular symptoms commonly includes CT of 

Fig. 2 78-year-old woman with left amaurosis fugax. A and B, Volume-rendered CT an-
giograms of left (A) and right (B) carotid arteries. String-of-beads appearance of internal 
carotid artery is visible at distal extracranial internal carotid artery on both sides.
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the brain and duplex sonography of the cervical arteries to detect significant ath-
erosclerotic disease in the carotid artery. Until recently, duplex sonography was 
used as a screening instrument to select patients for digital subtraction angiography. 
The implication is that with this policy, assessment of FMD relies on the sensitivity 
of duplex sonography in detection of this disease. FMD is most commonly local-
ized in the middle and distal portions of the ICA at the level of the first and second 
cervical vertebrae. This unfavorable localization results in much lower sensitivity of 
duplex sonography than of angiography in the detection of FMD of the ICA.6 There-
fore, many cases of cervical FMD as a cause of cerebral ischemia can be missed.

With the introduction of helical CT scanners, especially MDCT scanners, CTA of 
the carotid artery has entered clinical practice. The technique has high sensitivity 
and specificity in the detection of carotid artery stenosis and may replace digital 
subtraction angiography and MR angiography. Because it is noninvasive, faster, and 
more accurate than duplex sonography, CTA may replace sonography in screen-
ing for vascular abnormalities in patients with cerebrovascular symptoms. Since 
2002, all patients in our department with ischemic neurologic symptoms have been 
screened with CTA. Among the 400 patients screened as of this writing, we encoun-
tered two (0.5%) cases of FMD, a higher frequency than reported in a review of 
autopsies (0.02%)7 and equal to the frequencies in reviews of cerebral angiography 
(0.25–0.68%).7 The higher incidence of FMD in our series compared with that in 
the autopsy series can be explained by the higher frequency of FMD in a popu-
lation with ischemic neurologic symptoms. Both patients had the characteristic 
string-of-beads appearance of the ICA, one unilateral and one bilateral. Neither of 
the patients had atherosclerotic lesions at the carotid bifurcation, although coex-
istent atherosclerotic involvement of the carotid bifurcation is found in approxi-
mately 25% of cases.8

In conclusion, CTA can depict the characteristic findings of FMD. It is expected that 
if patients with cerebrovascular symptoms are screened with CTA of the supraaortic 
vessels, more cases of FMD will be recognized as a possible cause of the neuro-
logic symptoms.
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This thesis evaluates the role of multidetector computed tomography (MDCT) angi-
ography in the diagnostic work-up of patients with symptoms of transient ischemic 
attack (TIA) or ischemic stroke. The work in this thesis is focused on three topics. 
One: the optimization of the computed tomography angiography (CTA) scan proto-
col. Two: the accuracy of CTA in the detection of carotid artery stenosis and plaque 
composition. Three: the role of CTA in the workup of rare causes of ischemic stroke.

Optimization of the scan protocol

Optimization of the contrast material injection protocol with a saline bolus chaser 
was evaluated in chapter 2. Because contrast material is expensive and potentially 
nephrotoxic, the amount of contrast material administered should be as low as 
possible. MDCT scanners allow performance of CTA of the carotid arteries 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. Furthermore, the addition of a saline bolus chaser 
after the contrast material injection can reduce the volume of contrast material 
without a subsequent decrease in arterial attenuation. This study revealed that the 
addition of a 40 ml bolus chaser to 80 ml contrast material results in significantly 
higher attenuation of the supra-aortic arteries compared to 80 ml contrast material 
alone. Decreasing the amount of contrast material to 60 ml with the use of a 40 ml 
bolus chaser results in significantly lower attenuation compared to 80 ml contrast 
material alone. The maximum attenuation was reached in the proximal internal 
carotid artery in all three groups, which is the site of most interest. The study also 
revealed that the vessel enhancement was inversely correlated with body weight. 
We concluded that in patients weighing less than 75 kg, 60 ml contrast material 
with 40 ml bolus chaser was sufficient for optimal vessel attenuation. 

With bolus tracking, CTA scanning can be optimally synchronized with the passage 
of contrast material in the arteries.1 Scan direction is normally based on the direc-
tion of the blood flow. The presence of undiluted contrast material in the subclavian 
vein, brachiocephalic vein, and superior vena cava produces artifacts that project 
over the ascending aorta and the origin of the supra-aortic arteries. Such artifacts 
can obscure adjacent structures and thus hide or suggest stenosis or occlusion of 
the proximal supra-aortic arteries.2, 3 Our study described in chapter 3 showed that 
a craniocaudal scan direction in comparison with a caudocranial scan direction 
resulted in much lower attenuation of the superior vena cava and a reduction of the 
number of perivenous artifacts. Although arterial attenuation slightly decreased, a 
better evaluation of the ascending aorta and supra-aortic arteries was possible.

The considerably shorter acquisition times of CTA with the MDCT scanners require 
a high arterial attenuation in a shorter period of time. Especially in imaging of the 
coronary arteries, which is hampered by their small size and tortuous course and, 
when a stenosis or obstruction is present, by reduced blood flow, high arterial at-
tenuation is desirable. A way to achieve this is to use a contrast material with higher 
iodine concentration. In chapter 4, the attenuation achieved in the coronary arter-
ies and great vessels of the thorax after administration of 2 contrast materials with 
high iodine concentration (iopromide 370 mgI/mL and iomeprol 400 mgI/mL) was 
compared. With all other injection variables (volume, injection rate) and examina-
tion parameters kept constant, significantly higher attenuation was found in all ves-
sels with the contrast material with the highest concentration of iodine (400 mgI/
mL). These findings suggest that modest increases in the concentration of iodine 
can lead to significant increases in the attenuation observed and thereby improve 
the visualization of the vessels of interest.
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In these studies CTA was performed on a 16-detector row CT scanner. Based on 
these studies, to achieve the best evaluation of the supra-aortic arteries, we rec-
ommend a scan protocol with a 40-mL saline bolus chaser, a craniocaudal scan 
direction and a contrast material volume adjusted for weight; use 60 mL of contrast 
material in patients weighing 75 kg or less and use 80 mL of contrast material in 
patients weighing more than 75 kg. The use of contrast material with a high iodine 
concentration in CTA of the supra-aortic arteries has not been studied but might 
further reduce the amount of contrast material needed. 

Since the time of these studies improvements of technique have gone incredibly 
fast. Today CT scanners with up to 320 detectors are available and used in daily 
clinical practice. Scan times are further reduced and spatial and temporal resolu-
tion are further improved. Scan protocols will have to be adjusted for the ultra short 
acquisition times. It is not expected that the amount of contrast material can be 
further decreased.

The diagnostic imaging work-up of carotid artery disease

Carotid endarterectomy reduces the risk of stroke in patients with high-grade symp-
tomatic carotid artery stenosis of 70–99% (NASCET criteria) and may also benefit 
patients with milder stenosis of 50–69%. Accurate carotid imaging to assess the se-
verity of stenosis is important to avoid operating on patients with less severe steno-
ses in whom the risk of surgery may not outweigh the benefit. The gold standard for 
the assessment of carotid stenosis was digital subtraction angiography (DSA). DSA 
is invasive and has a complication rate of 0.5% in patients with symptomatic isch-
emic cerebrovascular disease.4 Logistical reasons may delay the DSA, which will 
lead to an increase in time between the first cerebrovascular event and treatment. 
Less invasive imaging tests, such as duplex ultrasound (DUS), (contrast-enhanced) 
magnetic resonance angiography (MRA) and CTA have been proven to be accurate 
enough to replace DSA. DUS is probably the most widely accessible test and there-
fore it seems reasonable to use it as a first line investigation. However, because of 
its relative low sensitivity and operator dependence, most surgeons hesitate to rely 
on DUS alone. A different less invasive test before carotid endarterectomy is used 
to confirm the DUS test result. Contrast-enhanced MRA is an accurate technique, 
but is expensive, lower in availability and has a higher percentage of contraindica-
tions than CT angiography. Also, the longer duration of the examination can be a 
problem in acute patients. Recent significant improvement in MDCT technology 
made CTA probably as accurate as contrast-enhanced MRA.

In chapter 5 the accuracy of CTA and DUS in detecting a significant stenosis of 
the symptomatic internal carotid artery in the diagnostic work-up of patients with 
amaurosis fugax, TIA or minor stroke in the setting of routine clinical practice was 
studied. The study was designed to test CTA as a first-line investigation. A large 
group of consecutive patients with amaurosis fugax, TIA or minor ischemic stroke 
was included. CTA was performed in a patient population without selection based 
on prior imaging and only the symptomatic artery was included in the analysis. 

The results of this study showed a sensitivity of CTA of 91% (95%CI, 71-99%) 
and a specificity of 99% (95%CI, 98-100%) for 70%-99% stenoses. For 50%-99% 
stenoses the sensitivity was 100% (95%CI, 88-100%) and the specificity was 98% 
(95%CI, 96-99%). The sensitivity of DUS on the contrary was much lower: 59% 
(95%CI, 36-79%) for 70%-99% stenoses and 79% (95%CI, 59-92%) for 50%-99% 
stenoses, while the specificity of DUS is comparable to the specificity of CTA. We 
concluded that CTA can provide an accurate and fast diagnosis in patients sus-
pected of having a carotid stenosis in the setting of routine clinical practice.

In chapter 6 the cost-effectiveness of MDCT angiography alone was compared to 
other imaging strategies in patients with a TIA or a minor stroke who are suspected 
of having a carotid artery stenosis. Particular attention was paid to the time window 
between the first ischemic symptoms and carotid endarterectomy and the cut-off 
value chosen as an indication for surgery (70%–99% vs. 50%–99% stenosis). The 
results of this study show that MDCT angiography alone or combined with DUS is 
the most cost-effective diagnostic test strategy for suspected carotid artery stenosis 
in the work-up of patients with a recent TIA or minor ischemic stroke. In patients 
with a TIA or minor stroke, the diagnostic work-up should be DUS as the initial 
diagnostic test; CTA should then be performed if the DUS results are positive, as-
suming carotid endarterectomy is performed 2–4 weeks after presentation in pa-
tients harboring stenoses of 70%–99%. In patients with a high-risk profile, with a 
high prior probability of carotid artery stenosis, or who can undergo surgery within 
2 weeks after the initial symptoms, immediate CTA and surgery for stenoses of 
50%–99% are indicated.

Although the severity of stenosis caused by atherosclerosis in the carotid bifurca-
tion is the most important risk factor for (recurrent) stroke and is used to decide 
which patients could benefit from carotid endarterectomy, pathological and clini-
cal studies have shown that other atherosclerotic plaque features play a role in an 
acute ischemic event. Atherosclerotic plaque volume, composition and morphol-
ogy could be parameters, which may help in a better risk prediction and selec-
tion of patients who could benefit from surgical intervention. Plaques containing 
a necrotic lipid core covered by a thin fibrous cap (known as unstable or vulner-
able plaque) are prone to rupture, releasing thromboembolic particles to the brain. 
Therefore, noninvasive, in vivo assessment of plaque components in the carotid 
artery would be useful in therapy determination. In chapter 7 we evaluated a dedi-
cated software tool for volume measurements of atherosclerotic carotid plaque and 
its components in MDCT angiography images and assessed the observer variability 
of these measurements. This study shows that in vivo assessment of atherosclerotic 
plaque and plaque component volumes in carotid arteries with MDCT angiography 
is feasible with a moderate reproducibility.

Today most centres consider non-invasive techniques, alone or in combination, 
to be accurate enough to replace DSA in the routine assessment of carotid dis-
ease. A recent meta-analysis of the available evidence by the Health and Technol-
ogy Assessment review on carotid imaging in the UK supports this.5 The use of 
non-invasive diagnostic strategies enables more patients to receive endarterectomy 
more quickly than the use of DSA and produces greater net benefit compared with 
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DSA.5 DSA is mostly replaced by contrast-enhanced MRA or CTA. Both techniques 
can also provide information about plaque morphology and plaque constituents, 
which might add further prognostic information to luminal stenosis alone. Large 
prospective studies are mandatory to evaluate the predictive value of MRI- or CT-
assessed atherosclerotic plaque characteristics in stroke patients or patients with an 
increased risk of atherosclerotic disease.

Rare causes of ischemic stroke

Cerebral infarctions are usually classified into the traditional diagnostic categories 
of large-artery atherothrombosis, cardiogenic embolism and small-artery disease. 
Ischemic stroke of unusual etiology includes patients with rare causes of stroke, 
such as non-atherosclerotic vasculopathies, hypercoagulable states, or hemato-
logic conditions. Today neurologists have an increased need to distinguish it from 
other ischemic stroke subtypes as these rare causes of stroke have a different treat-
ment approach and outcome. Imaging may play a crucial role in detection of rare 
causes of ischemic stroke.

In chapter 8 an anomaly of the intracranial arteries is discussed: a fetal origin of 
the posterior cerebral artery. In 10–20 % of normal subjects the posterior cerebral 
artery (PCA) derives from the internal carotid artery (ICA) through a patent posterior 
communicating artery, while the connection with the basilar artery is hypoplastic 
or even aplastic. Such a fetal origin of the PCA in combination with atherosclerotic 
disease or dissection of the carotid artery may cause an ischemic stroke in the 
occipital lobe. This study assessed the frequency of a fetal origin of the PCA in a 
clinical series, and the degree of stenosis of the ipsilateral ICA in patients with a 
TIA or infarct in the territory of the PCA with 16-multidetector-row CTA. There was 
no association between a severe carotid stenosis and a fetal origin of the PCA at the 
symptomatic side. Therefore this study does not provide arguments for an increased 
risk of ischemic stroke in the territory of the PCA in patients with a fetal origin of 
the PCA. Nevertheless, in an individual patient with a TIA or infarct in the territory 
of the PCA this could still be the most likely cause and therefore the patient might 
benefit from carotid endarterectomy. This study showed that evaluation of the circle 
of Willis in ischemic stroke is relevant for the evaluation of the underlying disease 
and its pathophysiological pathway. A cost-effectiveness study should be performed 
to investigate whether screening patients with a recent TIA or infarct in the territory 
of the PCA for a fetal origin and atherosclerotic disease of the ipsilateral carotid 
artery is justified. 

In chapter 9 cervicocephalic fibromuscular dysplasia (FMD) is discussed as a rare 
cause of stroke. Cervicocephalic FMD involves the extracranial ICA in nearly 75% 
of patients. It is often asymptomatic, but it can also present with a variety of specific 
neurologic symptoms including TIA, amaurosis fugax and stroke or non-specific 
symptoms such as headache and tinnitus. It can be detected with conventional 
angiography and less sensitively with DUS and MRA. To our knowledge, we were 
the first to describe FMD of the carotid artery detected by CTA. We presented two 

patients with ischemic neurologic symptoms in whom CTA showed the characteris-
tic “string-of-beads appearance” of the ICA. It is expected that by screening patients 
with cerebrovascular symptoms with CTA of the supra-aortic vessels more cases of 
FMD will be recognized as possible cause of the neurologic symptoms.
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Samenvatting en conclusies

Dit proefschrift evalueert het gebruik van multidetector computed tomography 
(MDCT) angiografie in de diagnostische work-up van patiënten met symptomen 
van een voorbijgaande ischemische aanval (TIA) of herseninfarct. De onderzoeken 
in dit proefschrift zijn onderverdeeld in drie onderwerpen. Eén: de optimalisering 
van het computed tomography angiography (CTA) scan protocol. Twee: de accura-
tesse van CTA in de opsporing van arteria carotis stenose en plaque samenstelling. 
Drie: de rol van CTA in de work-up van zeldzame oorzaken van een herseninfarct.

Optimalisering van het scan protocol

In hoofdstuk 2 wordt de optimalisering van het contrastmiddel injectie protocol 
door het inspuiten van een zoutoplossing direct na het beëindigen van het in-
spuiten van het contrastmiddel geëvalueerd. De zoutoplossing zorgt ervoor dat 
het gehele volume van het contrastmiddel in de grote vaten terecht komt en wordt 
gebruikt voor afbeelding van de bloedvaten. Omdat contrastmiddel duur is en po-
tentieel nefrotoxisch, is het noodzakelijk de toegediende hoeveelheid contrastmid-
del zo laag mogelijk gehouden worden. MDCT scanners maken CTA van de arteria 
carotis mogelijk met een groter scanbereik van de aortaboog tot en met de Cirkel 
van Willis, een verbeterde spatiële resolutie, en een kortere acquisitie tijd. De 
kortere acquisitie tijd kan lijden tot kleinere hoeveelheden toe te dienen contrast-
middel. Bovendien zou de toediening van een zoutoplossing na het contrastmiddel 
het volume van het toe te dienen contrastmiddel reduceren zonder te resulteren 
in een afname van de vaataankleuring. Dit onderzoek toont aan dat het toevoegen 
van een bolus chaser van 40 ml zoutoplossing aan de toediening van 80 ml con-
trastmiddel resulteert in een significant hogere aankleuring van de supra-aortale 
arteriën in vergelijking met de toediening van alleen 80 ml contrastmiddel. Het ver-
minderen van de hoeveelheid contrastmiddel van 80 ml naar 60 ml bij het gebruik 
van een 40 ml bolus chaser resulteert echter in een significant lagere vaataankleur-
ing in vergelijking met de toediening van alleen 80 ml contrastmiddel. In alle drie 
de groepen wordt de maximale aankleuring bereikt in de proximale arteria carotis 
interna, de locatie welke het meest van belang is. Uit het onderzoek blijkt ook dat 
de vaataankleuring omgekeerd evenredig gecorreleerd is met het lichaamsgewicht. 
We concluderen dat bij patiënten die minder wegen dan 75 kg, 60 ml contrastmid-
del met 40 ml bolus chaser voldoende is voor een optimale vaataankleuring.

Met bolus tracking kan de CTA scan optimaal worden gesynchroniseerd met de 
passage van contrast materiaal door de arteriën.1 De scan richting wordt normaal 
gesproken aangepast aan de richting van de bloedstroom. De aanwezigheid van 
onverdund contrastmiddel in de vena subclavia, vena brachiocephalica en de vena 
cava superior veroorzaakt artefacten die projecteren over de aorta ascendens en 
de oorsprong van de supra-aortale arteriën. Deze artefacten kunnen er voor zorgen 
dat aangrenzende structuren niet meer goed zichtbaar zijn en zo een stenose of oc-
clusie van de proximale supra-aortale arteriën verbergen of juist suggereren.2, 3 Uit 
ons onderzoek beschreven in hoofdstuk 3 blijkt dat een craniocaudale scanrichting 
in vergelijking met een caudocraniale scanrichting resulteert in een lagere vaata-
ankleuring van de vena cava superior en een vermindering van het aantal peri-
veneuze artefacten. Hoewel de arteriële vaataankleuring licht daalt is een betere 
evaluatie van de aorta ascendens en supra-aortale arteriën mogelijk. 

De aanzienlijk kortere acquisitie tijden van CTA met de huidige MDCT scanners 
vereisen een hoge arteriële vaataankleuring in een kortere tijd. Vooral in de beeld-
vorming van de coronair arteriën, die wordt bemoeilijkt door hun kleine omvang 
en bochtige verloop, en wanneer een stenose of occlusie aanwezig is, door de ver-
minderde doorstroming, is een hoge arteriële vaataankleuring gewenst. Een manier 
om dit te bereiken is een contrastmiddel te gebruiken met een hogere concentratie 
jodium. In hoofdstuk 4 wordt de vaataankleuring in de coronair arteriën en de 
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grote vaten van de thorax vergeleken na toediening van 2 contrastmiddelen met 
een hoge jodium concentratie (iopromide 370 MGI / ml en iomeprol 400 MGI / 
ml). Alle andere injectie variabelen (volume, injectiesnelheid) en onderzoekspa-
rameters werden constant gehouden. De vaataankleuring is significant hoger in 
alle arteriën bij gebruik van het contrastmiddel met de hoogste concentratie jodium 
(400 MGI / ml). Deze bevindingen suggereren dat een bescheiden verhoging van de 
concentratie jodium kan leiden tot een aanzienlijke stijging van de waargenomen 
vaataankleuring en daarmee een verbetering van de visualisatie van de bloedvaten.

In alle drie de studies (hoofdstuk 2-4) werd CTA uitgevoerd op een 16 detector 
CT-scanner. Op basis van deze studies adviseren wij een scan protocol toe te pas-
sen met een craniocaudale scan richting waarbij 40-ml fysiologisch zoutoplossing 
wordt ingespoten direct na de injectie met contrastmiddel, en waarbij het contrast-
middel volume wordt aangepast aan het lichaamsgewicht; gebruik 60 ml contrast-
middel bij patiënten met een gewicht van 75 kg of minder en 80 ml contrastmiddel 
bij patiënten die meer wegen dan 75 kg. Het gebruik van contrastmiddel met een 
zeer hoge jodium concentratie in CTA van de supra-aortale vaten is niet onderzocht, 
maar zou de hoeveelheid contrastmiddel die nodig is verder kunnen verlagen.

Sinds de uitvoering van deze studies zijn de verbeteringen in techniek ongelooflijk 
snel gegaan. Vandaag de dag zijn CT-scanners met maximaal 320 detectoren verkrijg-
baar en in de dagelijkse klinische praktijk in gebruik. Scantijden zijn verder verlaagd 
en de spatiële en temporele resolutie zijn verder verbeterd. Scan protocollen moeten 
worden aangepast voor de ultra korte acquisitie tijden. Ondanks deze verbeteringen 
verwachten we niet dat de hoeveelheid contrastmiddel verder kan worden verlaagd.

De diagnostische beeldvorming van carotis stenose en plaque 
samenstelling.

Carotis endarteriëctomie vermindert het risico op een herseninfarct bij patiënten 
met een hooggradige symptomatische carotis stenose van 70-99% (NASCET crite-
ria) en kan ook gunstig zijn voor patiënten met een mildere stenose van 50-69%. 
Een accurate beoordeling van de ernst van de stenose is belangrijk om operaties 
te voorkomen bij patiënten met minder ernstige vernauwingen bij wie het risico 
van een operatie niet opweegt tegen het voordeel. De gouden standaard voor de 
beoordeling van carotis stenose was digitale subtractie angiografie (DSA). DSA is 
invasief en heeft een complicatie percentage van 0,5% bij patiënten met symp-
tomatische ischemische cerebrovasculaire ziekte.4 Daarnaast kunnen logistieke 
redenen de uitvoering van de DSA vertragen, waardoor de tijd tussen de start van 
de symptomen en de behandeling toeneemt. Minder invasieve beeldvormende 
onderzoeken, zoals duplex-echografie (DUS), (contrastversterkende) magnetische 
resonantie angiografie (MRA) en CTA hebben bewezen dat ze accuraat genoeg zijn 
om DSA te vervangen. DUS is waarschijnlijk de meest toegankelijke test en daarom 
lijkt het redelijk om het te gebruiken als het eerste onderzoek. Vanwege de relatief 
lage sensitiviteit en de gebruikersafhankelijkheid, aarzelen de meeste chirurgen om 
alleen te vertrouwen op DUS. Een andere minder invasieve test voorafgaand aan 

carotis endarteriëctomie wordt daarom gebruikt om het DUS resultaat te bevesti-
gen. Contrastversterkende MRA is een nauwkeurige techniek, maar is duur, minder 
beschikbaar en heeft een hoger percentage van contra-indicaties dan CTA. Ook 
kan de langere duur van het onderzoek een probleem geven in acute patiënten. 
Recente verbetering van de MDCT technologie maakt CTA waarschijnlijk net zo 
nauwkeurig als contrastversterkende MRA.

In hoofdstuk 5 wordt de nauwkeurigheid bestudeerd van CTA en DUS bij het op-
sporen van een significante stenose van de symptomatische arteria carotis interna in 
de diagnostische work-up van patiënten met een TIA of klein herseninfarct in de set-
ting van de dagelijkse klinische praktijk. De studie is opgezet om CTA te testen als 
een eerstelijns onderzoek. Een grote groep van opeenvolgende patiënten met een 
TIA of klein herseninfarct werd geincludeerd. CTA werd uitgevoerd in een patiën-
tenpopulatie zonder selectie op basis van voorafgaande beeldvorming en alleen de 
symptomatische slagader werd opgenomen in de analyse. De resultaten van deze 
studie tonen een sensitiviteit van CTA van 91% (95% BI, 71-99%) en een specificit-
eit van 99% (95% CI, 98-100%) voor 70%-99% stenosen. Voor 50%-99% stenose is 
de sensitiviteit 100% (95% CI, 88-100%) en de specificiteit 98% (95% BI, 96-99%). 
De sensitiviteit van DUS daarentegen is veel lager: 59% (95% BI, 36-79%) voor 
70%-99% stenosen en 79% (95% BI, 59-92%) voor 50%-99% stenosen, terwijl de 
specificiteit van DUS vergelijkbaar is met de specificiteit van CTA. We concluderen 
dat CTA een nauwkeurige en snelle diagnose geeft, bij patiënten verdacht van het 
hebben van een carotis stenose in de setting van de dagelijkse klinische praktijk.

In hoofdstuk 6 wordt de kosteneffectiviteit van MDCT angiografie vergeleken met 
andere beeldvormende strategieën bij patiënten met een TIA of klein herseninfarct 
die verdacht worden van een carotis stenose. Bijzondere aandacht is besteed aan 
het tijdvenster tussen de eerste ischemische symptomen en carotis endarteriëctomie 
en aan de drempel waarde die gekozen wordt voor een operatie-indicatie (70%-
99% vs 50%-99% stenose). De resultaten van deze studie tonen aan dat MDCT 
angiografie alleen of in combinatie met DUS de meest kosteneffectieve diagnost-
ische test strategie is voor het aantonen of uitsluiten van een carotis stenose in de 
work-up van patiënten met een recente TIA of klein herseninfarct. Bij patiënten met 
een TIA of klein herseninfarct moet DUS de eerste diagnostische test in de diag-
nostische work-up zijn; CTA dient dan te worden uitgevoerd als de DUS resultaten 
positief zijn, ervan uitgaande dat carotis endarteriëctomie wordt uitgevoerd 2-4 
weken na de presentatie bij patiënten met stenosen van 70%-99%. Direct CTA en 
carotis endarteriëctomie voor stenosen van 50%-99% is geïndiceerd bij patiënten 
met een hoog risicoprofiel, met een hoge voorafgaande kans op carotis stenose, of 
die geopereerd kunnen worden binnen 2 weken na de eerste symptomen.

Hoewel de ernst van de vernauwing als gevolg van atherosclerose in de carotis 
bifurcatie de belangrijkste risicofactor is voor een nieuw herseninfarct en wordt ge-
bruikt om te bepalen welke patiënten baat kunnen hebben bij carotis endarteriëcto-
mie, hebben pathologische en klinische studies aangetoond dat andere atheroscle-
rotische plaque kenmerken een rol spelen bij acute ischemie. Atherosclerotische 
plaque volume, plaque samenstelling en plaque morfologie zouden parameters 
kunnen zijn, die kunnen helpen bij een betere risicovoorspelling en selectie van 
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patiënten die baat kunnen hebben bij een chirurgische ingreep. Plaques met een 
necrotische vet kern, die wordt bedekt met een dunne fibreuze kap (bekend als 
instabiele of kwetsbare plaque) zijn gevoelig voor scheuren, waardoor trombo-em-
bolische deeltjes los laten en naar de hersenen gaan. Daarom zou niet-invasieve, in 
vivo bepaling van plaque componenten in de halsslagader bruikbaar kunnen zijn 
in de bepaling van de therapie. In hoofdstuk 7 hebben we een speciale software 
tool geëvalueerd voor volume metingen van atherosclerotische plaque en plaque 
componenten in de arteria carotis op MDCT angiografie beelden. Tevens hebben 
we de observer variabiliteit van deze metingen beoordeeld. Deze studie toont aan 
dat in vivo evaluatie van de atherosclerotische plaque en plaque component vol-
umes in de arteria carotis met MDCT angiografie haalbaar. De reproduceerbaar-
heid is echter nog matig.

Tegenwoordig beschouwen de meeste centra niet-invasieve technieken, alleen 
of in combinatie, nauwkeurig genoeg om DSA te vervangen in de routinematige 
beoordeling van atherosclerose van de arteria carotis. Een recente meta-analyse 
van de beschikbare gegevens door de Health and Technology Assessment over ar-
teria carotis beeldvorming in het Verenigd Koninkrijk ondersteunt dit.5 Door het 
gebruik van niet-invasieve diagnostische strategieën kunnen meer patiënten sneller 
endarteriëctomie ondergaan dan bij het gebruik van DSA en is het netto voordeel 
groter in vergelijking met DSA.5 DSA wordt meestal vervangen door contrastver-
sterkende MRA of CTA. Beide technieken kunnen ook informatie geven over plaque 
morfologie en plaque bestanddelen, die verder prognostische informatie kan toe 
voegen aan de stenosegraad alleen. Grote prospectieve studies zijn nodig om de 
voorspellende waarde van MRI-of CT-beoordeling van atherosclerotische plaque 
kenmerken in patiënten met een herseninfarct of patiënten met een verhoogd risico 
op atherosclerose te evalueren.

Zeldzame oorzaken van herseninfarct

Herseninfarcten worden meestal ingedeeld in de traditionele diagnostische cate-
gorieën van atherotrombose van de grote arteriën, embolieën afkomstig uit het hart 
en ziekte van de kleine vaatjes in de hersenen. Zeldzame oorzaken van een hers-
eninfarct zijn o.a. niet-atherosclerotische vaatafwijkingen, hypercoagulatie en he-
matologische aandoeningen. Tegenwoordig hebben neurologen een toegenomen 
interesse om deze oorzaken te onderscheiden van de bekende herseninfarct sub-
types omdat deze zeldzame oorzaken een andere benadering van de behandeling 
behoeven en een andere prognose hebben. Beeldvorming kan een cruciale rol 
spelen in de detectie van zeldzame oorzaken van een herseninfarct.

In hoofdstuk 8 wordt een anomalie van de intracraniële bloedvaten besproken: 
een foetale oorsprong van de arteria cerebri posterior. In 10-20% van de bevolk-
ing wordt de arteria cerebri posterior (ACP) gevoed door de arteria carotis interna 
(ACI) door middel van een open gebleven arteria communicans posterior, terwijl de 
verbinding met de arteria basilaris hypoplastisch of zelfs aplastisch is. Een foetale 
oorsprong van de ACP in combinatie met atherosclerose of een dissectie van de 

arteria carotis kan leiden tot een herseninfarct in de occipitale hersenkwab. Deze 
studie onderzocht met 16-multidetector CTA de frequentie van een foetale oor-
sprong van de ACP en de mate van stenose van de ipsilaterale ACI in een klinische 
patiëntengroep bestaande uit patiënten met een TIA of infarct in het stroomgebied 
van de ACP. Er was geen verband tussen een ernstige carotis stenose en een foetale 
oorsprong van de ACP aan de symptomatische zijde. Daarom biedt dit onderzoek 
geen argumenten voor een verhoogd risico op een herseninfarct in het stroomge-
bied van de ACP bij patiënten met een foetale oorsprong van de ACP. Niettemin 
kan bij een individuele patiënt met een TIA of herseninfarct in het stroomgebied 
van de ACP, een carotis stenose  nog steeds de meest waarschijnlijke oorzaak zijn 
en heeft de patiënt in dat geval baat bij een carotis endarteriëctomie. Deze studie 
toont aan dat de evaluatie van de cirkel van Willis bij een herseninfarct relevant is 
voor de beoordeling van de onderliggende ziekte en pathofysiologie. Een kostenef-
fectiviteits analyse moet worden uitgevoerd om te onderzoeken of het screenen 
op een foetale oorsprong van patiënten met een recente TIA of herseninfarct in 
het stroomgebied van de ACP en atherosclerose van de ipsilaterale arteria carotis 
gerechtvaardigd is.

In hoofdstuk 9 wordt cervicocraniële fibromusculaire dysplasie (FMD) besproken 
als een zeldzame oorzaak van een herseninfarct. Cervicocraniële FMD heeft be-
trekking op de extracraniële ACI in bijna 75% van de patiënten. Het is vaak as-
ymptomatisch, maar het kan zich ook presenteren met een verscheidenheid aan 
specifieke neurologische symptomen, waaronder TIA en herseninfarct of niet-spec-
ifieke symptomen zoals hoofdpijn en oorsuizen. Het kan worden gedetecteerd met 
conventionele angiografie en minder gevoelig met DUS en MRA. Voor zover wij 
weten, waren we de eersten die FMD van de arteria carotis gedetecteerd met CTA 
beschrijven. We presenteren twee patiënten met ischemische neurologische symp-
tomen bij wie CTA het karakteristieke kralensnoerpatroon van de ACI toonde. De 
verwachting is dat door het screenen van patiënten met cerebrovasculaire symp-
tomen met CTA van de supra-aortale vaten meer gevallen van FMD zullen worden 
erkend als mogelijke oorzaak van de neurologische symptomen.
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