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General Introduction

I NTRODUCTION
Stroke is the second cause of long-term disability in high-income countries and the
second cause of death world wide. In Western communities about 80% of strokes are
ischemic, the other strokes are hemorrhagic. Carotid artery stenosis is a major risk
factor for ischemic stroke. In about 25% of the patients presenting with stroke, a
carotid artery stenosis is found [1;2].
The main cause of stroke in patients with symptomatic carotid artery stenosis is
the atherosclerotic plaque in the carotid bifurcation. The pathogenesis of cerebral
ischemia is not completely understood although there are probably two major
processes: thrombus formation at the atherosclerotic plaque being a source for distal
emboli [3] and hypoperfusion due to lumen reduction in the carotid artery [4].

Treatment
Two large randomized trials - NASCET (North American Symptomatic Carotid
Endarterectomy Trial) and ECST (European Carotid Surgery Trial) - have shown that
carotid endarterectomy (CEA) is more effective in the reduction of recurrent ischemic
symptoms in patients with symptomatic carotid artery stenosis than medical treatment
alone [5;6]. Surgery removes the atherosclerotic plaque and re-establishes the lumen.
Data from both studies were combined and this analysis showed an absolute risk
reduction over a time period of 5 years in ischemic stroke after surgery of 16% if the
degree of stenosis was 70-99% and 4.6% if the degree of stenosis was 50-69% [7].
On the other hand, this implies that, over a time period of 5 years, 80% of these
patients will not have a stroke with medical treatment alone and are exposed to
substantial mortality and morbidity with a risk of 7.1% of stroke and/or death when
operated [8].
In the past decade carotid artery stenting (CAS) has evolved as an attractive
alternative to CEA in patients with carotid artery stenosis. CAS has a number of
potential advantages compared with CEA. CAS is less invasive and avoids the risks
of general anesthesia and the risk of cranial nerve damage [9]. CAS may be preferred
to CEA in some patients with high surgical risk, for example those with severe ischemic
heart disease [9;10]. However, at the time the studies described in this thesis were
started, the safety and efficacy of CAS compared with CEA were still uncertain
[9;11;12].
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Selection of patients for treatment
The indication for CEA and CAS for atherosclerotic carotid artery stenosis mainly
focuses on the degree of stenosis and symptomatology. Nonetheless, a meta-analysis
showed that benefit from carotid endarterectomy not only depends on the degree of
carotid stenosis, but also on several other clinical characteristics such as sex, age and
delay to surgery [13]. The discrimination of clinical subgroups, as described in this
analysis, can help to determine the risk of stroke in the individual patient. Individual
risk assessment with use of these clinical subgroups will result in improvement of the
benefit-to-risk ratio. However, the use of other parameters reflecting the
pathofysiological mechanism, such as cerebral perfusion, might also improve the
benefit-to-risk ratio in the future [14].

Symptoms from carotid artery stenosis
Thromboembolism from atherosclerotic plaque is the primary mechanism of cerebral
ischemia in most patients who have symptomatic carotid artery stenosis. Plaque
rupture may lead to platelet aggregation, local thrombosis or thromboembolism.
Plaque material itself may also embolize [15].
The other mechanism in cerebral ischemia is impaired cerebral perfusion, which
can be present in the distal flow territory to the carotid artery stenosis. Although
impaired cerebral perfusion is infrequently thought to be the primary cause of stroke
in patients with carotid artery stenosis, it is associated strongly with an increased risk
of cerebral ischemia [16]. In addition, patients with symptomatic carotid artery stenosis
are much more likely to have impaired cerebral hemodynamics than asymptomatic
patients, who have similar degrees of carotid artery stenosis [17].
There is also supporting evidence of a synergistic effect of embolic and
hemodynamic factors.
Grubb and colleagues suggested that hemodynamic failure predisposes to
infarction more easily [18]. This theory was advanced further by Caplan and Hennerici,
who suggested that hemodynamic failure may lead to delayed washout of microembolic
material [19;20].
An understanding of both mechanisms is important because it may improve the
selection of patients for treatment of carotid artery stenosis [21]. The presence of an
ulcerated plaque has already been incorporated in the differentiation of clinical
subgroups. On the contrary, cerebral perfusion does not have a place in subgroup
selection of patients with carotid artery stenosis and has not been incorporated in
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large randomized trials to test its utility. This may be due to lack of techniques that
could easily assess the quality of cerebral perfusion.
Over the last years, multislice CT scanners were rapidly introduced world wide
and allowed evaluation of cerebral perfusion. This made it possible to analyze large
patient groups with symptomatic carotid stenosis. This thesis will concentrate on the
role of cerebral perfusion in patients with symptomatic carotid artery stenosis.

Cerebral perfusion
The primary function of the cerebral vasculature is to maintain sufficient cerebral
perfusion for the transport of oxygen and glucose to the cerebral tissue. Cerebral
perfusion is expressed as the cerebral blood flow (CBF). Basic physiological functions
such as synaptic transmission, the membrane ion pump and energy metabolism, are
critically dependent on blood flow and will fail below distinct blood flow levels
(approximately 15 to 20 ml/min/100g).
The main factors controlling CBF are the blood pressure within the supplying
arteries, i.e. cerebral perfusion pressure (CPP) and the cerebrovascular resistance
(CVR), summarized by the equation: CBF = CPP/CVR.
Local CVR is determined by the caliber of the arterioles, which in turn is influenced
by the tone of the smooth muscle within the arteriolar wall. Dilation of cerebral
vessels in this region decreases local CVR and consequently increases the amount of
blood within a given volume of brain tissue (i.e. CBV). The relationship between
CBF and CBV depends upon the average time for blood to transit the vascular space
within this volume of brain tissue: mean transit time (MTT), leading to the following
equation: CBF = CBV/MTT.
Note that CBV is effectively the reciprocal of CVR and the MTT the reciprocal
of CPP.
The mildest impairment that the cerebral circulation can experience is exemplified
by a slight reduction in perfusion pressure. CBF can be maintained in this situation
by a reduction in the cerebral vascular resistance produced by arteriolar vasodilatation.
These compensatory changes in cerebrovascular physiology are seen as prolonged
MTT and increased CBV but normal CBF in the affected brain region on perfusion
CT images (stage 1). In moderate circulatory impairment vasodilatation becomes
maximal. However, insufficient to maintain CBF and MTT is even more prolonged
(stage 2). With severe impairment of the cerebral circulation, neuronal electrical
activity and water homeostasis are disrupted (stage 3). At this stage, the compensatory
vasodilatory response is lost and CBV falls.
5
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Figure 1. (adapted from Cianfoni 2007 [22])
The diagram illustrates the changes in mean transit time (MTT), cerebral blood volume (CBV) and
cerebral blood flow (CBF) in response to the progressive reduction of cerebral perfusion pressure. In
stage 1, while MTT rises progressively, CBF is maintained by an autoregulatory increase in CBV. Stage 2
is characterized by exhaustion of the cerebrovascular reserve: vasodilatation is maximal, CBV can no
longer increase and CBF decreases slowly. Stage 3 is characterized by the failure of all compensatory
mechanisms: CBF and CBV abruptly decrease and cellular death occurs.

Measurement of cerebral perfusion with CT, commonly referred to as ‘CT Perfusion
(CTP), was introduced more than 20 years ago [23], but has gained renewed interest
with the introduction of multislice scanners. During the scan a contrast bolus is
injected and is measured on the CT images as an increase in enhancement. By
means of a dynamic scan technique (acquisition of multiple images during the passage
of this contrast bolus) information about the CBV, MTT and CBF is achieved. A
deconvolution method is applied to assess absolute values for CBV, MTT and CBF.
Although the parameters CBF and CBV are most often used in the different perfusion
techniques [14;17;24], MTT is not measured with the reference modalities, such as
positron emission tomography (PET).
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Cerebral perfusion in selection of patients
To determine the value of perfusion parameters in selecting patients that benefit the
most from carotid intervention, three etiologic questions need to be answered. First,
is cerebral perfusion related to the presence of a carotid artery stenosis? Second,
does cerebral perfusion improve due to the treatment of carotid stenosis by CEA or
CAS? Third, is cerebral perfusion related to the occurrence of cerebral ischemia? In
the last years, these questions have been addressed in several papers, but most often
in an experimental setting and not in patients with a symptomatic carotid artery
stenosis.
Impaired cerebral perfusion is common in patients who have symptomatic carotid
artery stenosis [25;26]. However, not all patients with symptomatic carotid artery
stenosis have impaired cerebral perfusion [14]. The notion that cerebral perfusion is
related to the presence of a carotid artery stenosis is nowadays a widespread belief.
However, this relation has only been tested once and could not be confirmed [27].
Strong empiric evidence suggests that hemodynamic impairment is a powerful predictor
of future stroke [16]. The strongest association has been found with measurements
of the oxygen extraction fraction with PET and in studies on vasoreactivity using
transcranial Doppler ultrasonography [28;29]. The risk of ischemic stroke was higher
in patients with impaired cerebral hemodynamics or cerebral vasoreactivity [18;3032]. It has been suggested that these patients could potentially benefit more from
carotid revascularization. Since CT perfusion is a widely available tool, we aimed to
answer the above-mentioned etiologic questions using CT perfusion in patients with
symptomatic carotid artery stenosis. Therefore patients participating in the
International Carotid Stenting Study (ICSS) [33] at the University Medical Center
Utrecht were asked to collaborate. The ICSS is a randomized trial comparing CAS
with CEA in patients with symptomatic carotid artery stenosis. Therefore, patients in
this study are an unique study population to gain insight in the relation between
carotid stenosis, cerebral perfusion and cerebral ischemia.
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OUTLINE

OF THIS THESIS

In the present thesis we used CT perfusion measurements to examine cerebral perfusion
in patients with a symptomatic carotid stenosis. The following questions were
addressed:
1.
2.
3.

Is cerebral perfusion related to the degree of the carotid artery stenosis in patients
with symptomatic carotid artery stenosis?
Does cerebral perfusion improve after treatment of a carotid artery stenosis in
patients with symptomatic carotid artery stenosis?
Is cerebral perfusion related to the occurrence of cerebral ischemia in patients
with symptomatic carotid artery stenosis?

The relation between the degree of the carotid artery stenosis and cerebral perfusion
assessed with CTP is described in chapter 2. The influence on cerebral perfusion
of the circle of Willis, the primary collateral pathway, was tested as well.
In chapter 3 the effects of CEA and CAS on cerebral perfusion are compared.
The role of pre-operative cerebral perfusion measurements in the occurrence of the
cerebral hyperperfusion syndrome after CEA is discussed in chapter 4.
The role of cerebral perfusion in the occurrence of silent ischemia after CAS was
examined in chapter 5. The difference in the occurrence of silent cerebral ischemia
after CEA or CAS is discussed in chapter 6. In chapter 7 we used multidetectorrow CT angiography to describe in-stent changes during follow-up after carotid artery
stenting.
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Carotid stenosis determines cerebral perfusion

A BSTRACT
Background
In patients with carotid artery stenosis, ipsilateral hemodynamic compromise is
associated with an increased risk of stroke. It is unclear which factors determine
cerebral perfusion. We studied the effect of both the degree of the stenosis and the
collateral circulation via the circle of Willis (CoW) on cerebral perfusion in patients
with symptomatic carotid artery stenosis.

Methods
In 88 patients with unilateral symptomatic carotid artery stenosis ≥ 50%, CT perfusion
was used to measure relative cerebral blood volume (rCBV), difference in mean
transit time (∆MTT) and relative cerebral blood flow (rCBF). CT angiography was
used to measure the degree of carotid stenosis and to assess the configuration of the
CoW. Differences in mean rCBF, rCBV and ∆MTT between patients with a carotid
stenosis of ≤ 69%, 70-79%, 80-89% and 90-99% and between patients with a complete
or incomplete CoW were determined with analysis of covariance.

Results
The ipsilateral rCBF showed a gradual decrease with increasing severity of the carotid
stenosis (1.09±0.06, 0.93±0.06, 0.90±0.04 and 0.83±0.04 ml/100g/min,
respectively; P=0.005) and the ∆MTT showed a gradual increase (-0.02±0.33,
0.16±0.34, 1.08±0.22 and 1.47±0.20 s, respectively; P<0.001). The rCBV was
not related to the severity of stenosis. No relation was found between the configuration
of the CoW and cerebral perfusion parameters.

Conclusions
Cerebral perfusion is inversely related to the degree of the stenosis in patients with
symptomatic carotid artery stenosis. A relation between the configuration of the
CoW and cerebral perfusion was not detected, suggesting that other collateral pathways
play an important role.
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I NTRODUCTION
In patients with symptomatic internal carotid artery stenosis, the risk of stroke increases
with increasing severity of the stenosis [1;2]. Several studies have suggested that this
risk is further increased if ipsilateral cerebral perfusion is compromised [3-5] or if
cerebral collateral pathways are impaired [6-8].
The relation between carotid stenosis, cerebral collateral circulation and cerebral
perfusion has remained uncertain. Only a single small study had tested the degree of
carotid stenosis against cerebral perfusion, without finding an association [9]. No
consistent relation has been found between the presence or absence of collateral
pathways and cerebral perfusion [10-12]. In addition, no study has evaluated the
role of each of these two possible determinants of cerebral perfusion in the same
population of patients.
Large randomized trials have shown that carotid endarterectomy is of benefit
for a selection of patients with 50-69% symptomatic stenosis and highly beneficial
for those with 70% symptomatic stenosis or greater but without near-occlusion [13].
However, even in patients with a stenosis of 70% or greater, the 5-year risk of ipsilateral
ischemic stroke was reduced by just 16%, indicating that six patients would need to
be treated to prevent one ipsilateral stroke in five years. More insight in the relation
between carotid stenosis, cerebral collaterals and cerebral perfusion might assist in
the selection of patients at the highest risk of stroke. Nowadays CT perfusion is
widely available and represents a fast and reliable imaging option for assessing cerebral
perfusion in patients with ischaemic stroke [14] and those with carotid artery stenosis
[15].
The aim of this study is to examine the effect of the degree of carotid stenosis
and the configuration of the circle of Willis (CoW) on ipsilateral cerebral perfusion in
patients with symptomatic unilateral carotid stenosis.

M ETHODS
Patients
All patients in the present study are participants of the International Carotid Stenting
Study (ICSS; ISRCTN25337470) at the University Medical Center Utrecht (UMCU),
the Netherlands. The ICSS is an international, multicenter, randomized, controlled,
open, prospective clinical trial comparing carotid endarterectomy with carotid artery
stenting in patients with symptomatic stenosis of the internal carotid artery ≥ 50%
[16]. From September 2003 to June 2007, 196 patients were included in the ICSS at
17
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the UMCU. In 112 of these 196 patients, the carotid stenosis was unilateral on
duplex ultrasonography. Of these 112 patients, 24 were excluded from the present
study because of the following reasons: medical or logistical barriers to perform CT
perfusion (CTP) and/or CT angiography (CTA) (N = 6), technically insufficient CTP
and/or CTA (N = 8) or refusal (N = 10). In all 88 patients included in this study, both
CTP and CTA were performed before revascularization. The medical ethics review
board of the UMCU had approved the study protocol and written informed consent
was obtained from all patients.

CT analysis
Imaging Protocol
CT was performed with a 16- or 64-detector-row scanner (Philips Medical Systems,
Cleveland, OH). CT perfusion parameters were acquired at the level of the basal
ganglia, 3 cm above the dorsum sellae. Perfusion imaging was obtained at 4 (16detector-row) or 8 (64-detector-row) levels in 5-mm-thick slices, resulting in a coverage
of 2 and 4 cm of the brain, respectively. An 8 x 3.0 mm or 64 x 0.625 mm collimation
was used, with a rotation time of 2.0 seconds. For optimal signal-to-noise ratio, we
used a low-kVp technique (90 kVp on the 16-detector-row scanner, 80 kVp on the
64-detector-row scanner) in combination with 150 mAs [17]. For all perfusion scans,
a bolus injection of 40 ml contrast with a iodine concentration of 300 mg I/ml was
administered at 5 ml/s followed by a 40 ml-saline chaser bolus at 5 ml/s [18].
CTA was performed after injection of 50 ml contrast material at 5 ml/s, followed
by a saline chaser bolus of 50 ml injected at the same flow rate. The scan delay was
determined from the injection bolus of 40 ml contrast material that was used for
CTP.

CT perfusion
CT perfusion data were transferred to a post-processing workstation (Philips Medical
Systems, Best, the Netherlands). Cerebral blood volume (CBV), mean transit time
(MTT) and cerebral blood flow (CBF) were calculated using a deconvolution operation
(PCT software package, Philips Medical Systems, Cleveland, OH, USA). The anterior
cerebral artery and the superior saggital sinus yielded the arterial input function (AIF)
and the venous output function (VOF), respectively. AIF and VOF were determined
semi-automatically; the observer drew a region of interest for the AIF and VOF and
the software then identified the appropriate reference voxels within this region of
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interest. Visual inspection was always performed to ensure that the entire AIF and at
least three points of the down slope of the VOF were included [14;15].
CT perfusion analysis provided absolute perfusion data for each pixel in the
symptomatic and asymptomatic hemispheres, with CBV expressed as ml/100 g tissue,
MTT in seconds (s) and CBF in ml/100 g tissue/min. The two slabs closest to the level
of the basal ganglia on the CT perfusion scan were used for quantitative analysis, to
obtain standardized and reproducible measurements in the flow territory of the
middle cerebral artery (MCA) [21]. On each slab a region of interest (ROI) in both
hemispheres, corresponding to the cortical flow territory of the MCA according to the
maps of Damasio [13] was manually outlined. If infarcted tissue was present, this
was excluded from the ROI. Automatic removal of bone, vessels and cerebrospinal
fluid was routinely applied.
Brain perfusion measurements with CTP are subject to high inter-subject variation
and are influenced by physiologic factors such as blood pressure [22;23]. For this
reason we used the ratio of the values measured in the symptomatic hemisphere to
those in the asymptomatic hemisphere for CBV and CBF (rCBV and rCBF) and the
absolute difference in MTT values between the symptomatic and the asymptomatic
hemisphere (∆MTT), as described previously [20].

CT angiography
The CTA images were sent to a dedicated CT workstation (Extended Brilliance
Workspace, Philips, Cleveland, OH) for further evaluation. The degree of stenosis
was determined in both internal carotid arteries according to the NASCET criteria
[13] on interactive reformations perpendicular and parallel to the internal carotid
artery. The degree of luminal stenosis was assigned in one of ten categories, ranging
from 0-9% to 90-99% [24]. Patient selection was not corrected for discrepancies
between duplex ultrasonography and CTA.
The presence or absence of sections of the circle of Willis was evaluated in each
patient: the A1 segment of the anterior cerebral artery, the P1 segment of the posterior
cerebral artery and the posterior communicating artery (PCoA) on both the ipsilateral
and contralateral side as well as the anterior communicating artery (ACoA). The
scoring of the segments was performed as described earlier: the ACoA could be either
present or not visible, the other segments could be not visible, hypoplastic (diameter
< 1 mm) or normal (diameter ≥ 1 mm) [25]. A patent collateral pathway was
assumed to require continuous arterial segments with diameters equal to or greater
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than 1 mm [7]. The anterior pathway was therefore defined patent when both A1
segments had a diameter ≥ 1mm and the ACoA was present. The posterior pathway
was defined patent when the ipsilateral PCoA and the ipsilateral P1 segment had a
diameter ≥ 1mm.
CT analysis of the carotid artery stenosis was performed by two readers. In case
of disagreement between the two readers, a consensus opinion was reached. The
CTP analyses were performed blinded to the results of the CTA analyses and vice
versa.

Data analysis
Descriptive statistical analyses were performed to summarize patient characteristics.
The patients with a carotid stenosis of ≤ 69% were combined because of the small
number of patients in each decile below 70% (total, n=13).
Differences in mean rCBF, rCBV and ∆MTT between patients with a carotid stenosis
of ≤ 69%, 70-79%, 80-89% and 90-99% and with a complete CoW, with an
incomplete ipsilateral posterior configuration of the CoW, with an incomplete anterior
configuration of the CoW or an incomplete circle of Willis (both ipsilateral posterior
and anterior pathways incomplete) were determined with analysis of covariance
(ANCOVA). To assess the role of possible confounding factors on the relation between
the degree of carotid stenosis and rCBF, rCBV and ∆MTT, we additionally adjusted
for the influence of age, sex and hypertension. The same adjustments were made in
the analyses of the relation between the CoW and cerebral perfusion, but these were
also adjusted for the severity of the carotid stenosis. A two-sided P value < 0.05 was
considered statistically significant. Statistical analyses were performed with SPSS,
version 15.0 (SPSS, Chicago, Ill).

R ESULTS
CTP and CTA were performed in 88 patients with unilateral symptomatic carotid
artery stenosis. CTP and CTA were performed at a median (interquartile range) of 35
(13 –76) days after the presenting event. In line with this substantial delay, no thromboembolic occlusions in the CoW or its direct braches were found. Baseline characteristics
of the study population are shown in table 1. The majority of the patients had a
carotid stenosis ≥ 80% (72%). In three patients with a stenosis ≥ 50% on duplex
ultrasound, the stenosis was 40-49% on CTA. In the other patients no discrepancies
between duplex and CTA were found.
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Table 1. Baseline characteristics of the study population
Patient characteristics (n=88)
Age (mean ± SD), y
Male sex, n (%)
Treated hypertension, n (%)
Diabetes mellitus, n (%)
Treated hyperlipidemia, n (%)
Current smoker, n (%)
Ex smoker, n (%)

69
50
53
12
61
24
47

Presenting events
- Ischemic stroke, n (%)
- Retinal infarction, n (%)
- TIA, n (%)
- Transient monocular blindness, n (%)
- Total number of events in the last 4 weeks,
median (interquartile range)

34 (39)
1 (1)
37 (42)
16 (18)
1 (0-2)

Degree of stenosis
- 40 - 49%, n (%)
- 50 - 59%, n (%)
- 60 - 69%, n (%)
- 70 - 79%, n (%)
- 80 - 89%, n (%)
- 90 - 99%, n (%)

± 10 (range, 44 - 88)
(57)
(60)
(14)
(69)
(27)
(53)

3 (3)
7 (8)
3 (3)
12 (14)
28 (32)
35 (40)

Both rCBF and ∆MTT were related to the degree of carotid stenosis: the mean rCBF
decreased and the mean ∆MTT increased with increasing severity of the stenosis
(table 2 and figures 1, 2 and 3). The rCBV was not related to the severity of the
stenosis (table 2). Adjustment for age, sex and hypertension did not change the
relations between carotid stenosis and cerebral perfusion parameters (table 2).
None of the cerebral perfusion parameters were related to the configuration of the
circle of Willis (Table 3).

D ISCUSSION
The present study demonstrates that perfusion in the territory of the ipsilateral MCA
is dependent on the degree of the stenosis in patients with unilateral symptomatic
internal carotid artery stenosis and not on the presence or absence of segments of the
circle of Willis.
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Figure 1. Relation between the degree of carotid stenosis and the ratio of cerebral blood flow (rCBF)
in the ipsilateral middle cerebral artery (MCA) territory and that in the contralateral MCA territory.
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Figure 2. Relation between the degree of carotid stenosis and the difference in mean transit time
(∆MTT) between the territories of the ipsilateral middle cerebral artery (MCA) and that of the contralateral
MCA.
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Figure 3. A large interhemispheric difference in the cerebral perfusion measurements MTT and
CBF in a patient with a left-sided unilateral carotid artery stenosis of 90-99%, shown in a saggital (A)
and coronal (B) view.

To our knowledge, this is the first study showing a relation between the degree of
carotid stenosis and cerebral perfusion. The relation between carotid steno-occlusive
disease and cerebral perfusion has been tested with positron emission tomography
(PET) only once before, in a small and heterogeneous group of 19 patients with
symptomatic or asymptomatic carotid stenosis or occlusion. Some of these patients
also had a contralateral stenosis [9]. In this study no relation was found between the
severity of the carotid stenosis and perfusion in the cortex of the ipsilateral MCA
territory. The present study is considerably larger and is performed in a more
homogenous group of patients with unilateral and symptomatic ICA stenosis.
Several studies have suggested that patients with hemodynamic compromise in
the hemisphere ipsilateral to an ICA stenosis have an increased risk of ischemic
stroke as compared to those with normal hemodynamics. Ipsilateral hemodynamic
compromise, defined as a reduced MCA vasoreactivity in response to carbon dioxide,
has been associated with a high risk of ischemic stroke in patients with either
symptomatic or asymptomatic ICA stenosis [3;4] and patients with a symptomatic
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Table 2. Relation between the degree of internal carotid artery stenosis and CT perfusion
parameters
40-69%
(n=13)
Unadjusted CT perfusion parameters
rCBF (ml/100g/min)
1.09 ± 0.06
rCBV (ml/100g)
1.01 ± 0.09
∆MTT (s)
-0.02 ± 0.33

70-79%
(n=12)

80-89%
(n=28)

90-99%
(n=35)

P value
for trend

0.93 ± 0.06
0.98 ± 0.09
0.16 ± 0.34

0.90 ± 0.04
1.11 ± 0.06
1.08 ± 0.22

0.83 ± 0.04
1.12 ± 0.05
1.47 ± 0.20

0.005
0.446
<0.001

0.92 ± .006
0.97 ± 0.09
0.17 ± 0.34

0.91 ± 0.04
1.13 ± 0.06
1.13 ± 0.23

0.83 ± 0.04
1.12 ±0.05
1.46 ± 0.20

0.010
0.215
<0.001

0.83 ± 0.04
1.12 ± 0.05
1.44 ± 0.20

0.013
0.225
0.001

*

Adjusted CT perfusion parameters
rCBF (ml/100g/min)
1.08 ± 0.06
rCBV (ml/100g)
0.97 ± 0.09
∆MTT (s)
-0.08 ± 0.33

†

Adjusted CT perfusion parameters including adjustment for the CoW
rCBF (ml/100g/min)
1.08 ± 0.06
0.92 ± .007
0.91 ± 0.04
rCBV (ml/100g)
0.97 ± 0.09
0.97 ± 0.09
1.13 ± 0.06
∆MTT (s)
-0.07 ± 0.33
0.21 ± 0.35
1.12 ± 0.22

All data are mean ± standard error. *: Adjusted adjusted for age, sex and hypertension. †: Adjusted
adjusted for age, sex, hypertension and the configuration of the circle of Willis.

stenosis had an higher MTT in the ipsilateral hemisphere than those with an
asymptomatic ICA stenosis [5].
Although the increase in stroke risk with a higher degree of carotid stenosis is
partly accounted for by a parallel increase in plaque surface irregularity and thrombus
formation.The degree of narrowing of the vessel lumen is an independent predictor of
ischemic stroke within 2 years of presentation [26]. The relation between the degree
of the carotid stenosis and impaired ipsilateral cerebral perfusion observed in the
present study suggests that the increase in stroke risk with increasing severity of carotid
stenosis may be mediated in part by a reduction in cerebral perfusion. This is in line
with the “impaired wash-out hypothesis”, which assumes that reduced perfusion
limits the ability of the bloodstream to clear or wash out emboli [27]. Since patients
with symptomatic ICA stenosis greater than 70% routinely undergo early carotid
endarterectomy or stenting, the presumed relation between carotid stenosis, reduced
cerebral perfusion and increased risk of stroke cannot easily be tested. However, this
study lends support to the hypothesis that selection of patients for carotid
revascularization may be refined by considering the perfusion of the ipsilateral MCA
territory.
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Table 3. Configuration of the circle of Willis (CoW) and CT perfusion parameters
Complete
CoW
(n=18)

Posterior
CoW
incomplete
(n=7)

Anterior
CoW
incomplete
(n=41)

Incomplete
CoW
(n=22)

P value
for trend

parameters
0.94 ± 0.06
1.08 ± 0.07
0.73 ± 0.30

0.90 ± 0.09
1.00 ± 0.11
0.36 ± 0.49

0.91 ± 0.04
1.08 ± 0.05
0.93 ± 0.20

0.88 ± 0.05
1.12 ± 0.07
1.34 ± 0.27

0.904
0.828
0.267

Adjusted CT perfusion parameters*
rCBF (ml/100g/min)
0.90 ± 0.05
rCBV (ml/100g)
1.10 ± 0.07
∆MTT (s)
0.98 ± 0.28

0.91 ± 0.09
0.99 ± 0.12
0.33 ± 0.44

0.91 ± 0.04
1.07 ± 0.05
0.90 ± 0.18

0.91 ± 0.05
1.12 ±0.67
1.20 ± 0.25

1.000
0.784
0.383

Unadjusted CT perfusion
rCBF (ml/100g/min)
rCBV (ml/100g)
∆MTT (s)

All data are mean ± standard error. *: Adjusted adjusted for age, sex, hypertension and degree of
stenosis.

Previous studies have reported conflicting results with regard to the relation between
the presence of collaterals and cerebral hemodynamics. In one study of patients with
symptomatic occlusion of the ICA and moderate or severe contralateral ICA stenosis,
the cerebrovascular reactivity to hypercapnia in the MCA was dependent on the
number of collateral pathways [10;28]. By contrast, others found no effect of different
collateral flow patterns in patients with carotid occlusion on the oxygen extraction
fraction measured with PET [29] or on the CO2 reactivity measured with TCD [11].
Our rather counterintuitive finding that the presence or absence of collateral pathways
in the circle of Willis did not affect perfusion in the ipsilateral MCA territory is in line
with the last two studies and may in part be explained by incomplete assessment of
all potential collateral routes [6]. We did not visualize the ophthalmic artery and
leptomeningeal vessels, which constitute secondary collateral pathways [30;31].
Chronic hypoperfusion due to severe carotid stenosis may promote the development
of these secondary collaterals [30] and thereby obviate the role of the primary
collaterals of the circle of Willis. Cerebral perfusion may also depend on other factors
that were not tested in the current study, such as small-vessel disease [32;33].
In contrast to most earlier studies of carotid stenosis, we used CTA to assess the
degree of the stenosis and the configuration of Willis. CTA has been shown a reliable
method to determine the degree of carotid artery stenosis [34] and to visualize and
quantify segments of the circle of Willis [35;36].
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In the past few years several methods besides PET have been developed to assess
cerebral perfusion, including single photon emission tomography, Xenon CT, MRI
dynamic susceptibility contrast, arterial spin labeling with MRI and CT perfusion
[37].
Differences between these perfusion studies are related to the contrast agents
used, which may be either diffusible or non-diffusible, quantification methods and
the volume of brain that can be covered. In the perfusion studies which make use of
a diffusible contrast agent, such as photon emission tomography and Xenon CT,
CBF can be measured directly. This contrasts with CT perfusion, which makes use of
a non-diffusible contrast agent. The main advantage of CT perfusion is that this is a
widely available diagnostic tool that provides quick and minimal invasive assessment
of brain perfusion [38;39]. In validation studies against xenon CT and PET, CTP
measurements of CBF have been shown accurate and reliable [40-42]. In addition,
intraobserver and interobserver agreement of quantitative CTP measurements are
high [15].
Although the parameters CBF and CBV are most often used in the different
perfusion techniques, MTT has been shown to be most sensitive to perfusion changes
[5;19] and the most reproducible CTP parameter in patients with unilateral
symptomatic carotid artery stenosis [15]. In contrast to rCBF and ∆MTT, rCBV was
not related to the degree of stenosis. An increase in CBV has long been regarded as
indicative for hemodynamic impairment [43]. However, a recent PET study has
shown that CBV values may be variable through the autoregulatory range [44]. A
decrease in rCBF and an increase in ∆MTT are therefore more reflective of
hemodynamic compromise than an increase in CBV .
The present study has some limitations. Different types of MDCT scanners were
used. However, this had no impact on the measurement of carotid stenosis, as
visualization of the carotid arteries on 16- and 64-slice scanners is similar because of
an identical spatial resolution in the xy-plane and a minimal difference in spatial
resolution along the z-axis (0.9mm versus 1.0 mm sections). Only patients with
unilateral carotid stenosis were included because of the use of relative perfusion
parameters. Finally, we did not analyze other collateral pathways than the CoW, as
these cannot always be assessed on CTA, and because the CoW is considered the
most important collateral pathway [30].
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In conclusion, this study shows that in patients with symptomatic internal carotid
artery stenosis, the degree of the stenosis is inversely related to perfusion in the ipsilateral
MCA territory. The configuration of the circle of Willis does not seem to have an
effect on cerebral perfusion in the ipsilateral MCA territory. We hypothesize that the
increased risk of stroke in patients with a higher degree of carotid artery stenosis may
in part be explained by impaired cerebral perfusion. If confirmed in future studies,
this finding may help to refine the selection of patients for carotid revascularization.
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Cerebral perfusion improves more after carotid artery stenting

A BSTRACT
Purpose
The different effects of CEA and CAS on autonomic innervation may result in cerebral
perfusion differences. We used CT perfusion to compare the effects of CAS and CEA
on cerebral perfusion.

Materials and methods
As part of the International Carotid Stenting Study (ICSS), patients with a symptomatic
carotid artery stenosis were randomized to CEA or CAS. In 28 CEA and 45 CAS
patients with an unilateral carotid artery stenosis CT perfusion analysis was performed
before and one month after treatment. Relative cerebral blood volume (rCBV),
interhemispheric difference in mean transit time (∆MTT) and relative cerebral blood
flow (rCBF) were determined in the ipsilateral middle cerebral artery (MCA) territory.
Differences in changes in rCBF, rCBV and ∆MTT before and after treatment were
compared between CEA and CAS with analysis of covariance.

Results
rCBF increased more after CAS than after CEA (mean difference in change of rCBF
(95% CI) 0.127 (0.031-0.223) ml/100g/min). Also the change in ∆MTT was higher in
the CAS patients (mean difference in change of ∆MTT 0.599 (0.178-1.119) s). No
difference in the change of rCBV between CEA and CAS was observed.

Conclusions
Perfusion in the territory of the ipsilateral MCA is increased more after CAS than
after CEA. This finding may be explained by the opposing effect on the autonomic
innervation of CEA and CAS.
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I NTRODUCTION
Symptomatic carotid artery stenosis is a major risk factor for stroke and transient
ischemic attack. Carotid endarterectomy (CEA) in patients with a symptomatic carotid
artery stenosis leads to a significant risk reduction of ipsilateral stroke [1;2]. Recently,
carotid artery stenting (CAS) has been compared to CEA in several trials. During
short-term follow-up patients treated with CAS show a higher procedural risk of
stroke, myocardial infarction or death [3-5]. Available long term results show little
difference in morbidity and mortality after three months of follow-up [6;7].
The atherosclerotic plaque in the carotid bifurcation is both the source of
thromboembolism and a cause of impaired hemodynamics (chapter 2). CEA and
CAS use a different technique to resolve the effects of the atherosclerotic plaque. In
CEA the atheromatous plaque is surgically removed with re-establishment of the
lumen. In order to achieve this, the vessel wall has to be cut. This may cause denervation
of the carotid sinus, which can induce depression of the baroreflex [8]. In CAS the
lumen gets re-established by dilation and stent placement. Consequently, the
atheromatous plaque is covered by the struts of the stent but the plaque is still in
contact with the circulation. In CAS, the stent placement and balloon dilatation
stretches the carotid sinus causing hypotension and bradycardia due to a downregulation of the baroreflex [9]. It has been suggested that CAS is associated with a
down-regulation of the sympathic nervous system, whereas there may be a generalized
increase in the sympathic nervous system after CEA [9;10]. The autonomic innervation
can influence the cerebral perfusion [11]. The reported differences in effect of CEA
and CAS on the autonomic innervation therefore may result in a different response
of the cerebral perfusion to CAS and CEA.
Previous studies showed improvement in cerebral perfusion after CAS and CEA
[12-15]. However, there are no direct comparisons and certainly not in a randomized
group of patients of the effect of CEA and CAS on cerebral perfusion. CT perfusion
is one of the techniques that can monitor changes of cerebral perfusion in patients
treated with CEA as well as CAS. CT perfusion is nowadays widely available and
represents a fast and reliable imaging option for assessing cerebral perfusion in patients
with ischaemic stroke [16] and those with carotid artery stenosis [17].
There is no study comparing the effects of CEA and CAS on cerebral perfusion.
We used CT perfusion to directly compare the improvement in cerebral perfusion
after CEA and CAS.
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MATERIALS

AND

M ETHODS

All patients were participants of the International Carotid Stenting Study (ICSS), a
randomized trial comparing CAS with CEA in patients with symptomatic carotid
artery stenosis. Patient eligibility criteria for the ICSS have been described elsewhere
[3]. In short, patients with recently symptomatic carotid artery stenosis (> 50%
diameter reduction according to the NASCET criteria [18]) were randomly allocated
to treatment with CAS or CEA.
Between September 2003 and June 2007, a CT perfusion study was added to
the ICSS imaging protocol in our hospital. Since CT perfusion measurements are
most reproducible when making use of relative CT perfusion measurements [17],
only patients with a unilateral carotid artery stenosis were included in the present
study. Thus an additional exclusion criterion for this study was a contralateral carotid
stenosis of >50%, as measured with duplex ultrasound.
Cerebral perfusion was evaluated by CT perfusion in all patients with a unilateral
carotid artery stenosis before and one month after carotid revascularization. Duplex
ultrasound was performed at randomization and one month after treatment.

Carotid revascularization
Patients underwent CEA under general anesthesia or non-protected CAS under local
anesthesia. Surgery was performed by an experienced vascular surgeon. Two
experienced neuro-interventional radiologists performed all stenting procedures.
Clopidrogel in a daily dose of 75 mg was started at least three days before stenting
and was prescribed for four weeks after treatment. All patients used low-dose aspirin
from the presenting event onwards.

CT perfusion
Imaging Protocol
CT perfusion was performed before treatment and one month after treatment. CT
was performed with a 16- or 64-detector-row scanner (Philips Medical Systems,
Cleveland, OH). CT perfusion parameters were acquired at the level of the basal
ganglia, 3 cm above the dorsum sellae. The evaluation of the cerebral perfusion was
performed on 4 or 8 5-mm thick slices. An 8 x 3.0 mm or 64 x 0.625 mm collimation
was used, with a rotation time of 2.0 seconds. For optimal signal-to-noise ratio, we
used a low-kVp technique (90 kVp on the 16-detector-row scanner, 80 kVp on the
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64-detector-row scanner) in combination with 150 mAs [19]. For all perfusion scans,
a bolus injection of 40 ml contrast with a iodine concentration of 300 mg I/ml was
administered at 5 ml/s followed by a 40 ml-saline chaser bolus at 5 ml/s [20].
CTA was performed after injection of 50 ml contrast material at 5 ml/s, followed
by a saline chaser bolus of 50 ml injected at the same flow rate. The scan delay was
determined from the injection bolus of 40 ml contrast material that for CTP.

CT analysis
CTP data were transferred to a post-processing workstation (Philips Medical Systems,
Best, the Netherlands) on which cerebral blood volume (CBV), mean transit time
(MTT) and cerebral blood flow (CBF) were calculated. CT perfusion post-processing
was performed according to previously reported methods [12;17;21].
CT perfusion analysis provided absolute perfusion data for each pixel in the
symptomatic and asymptomatic hemispheres, with CBV expressed as ml/100 g tissue,
MTT in seconds (s) and CBF in ml/100 g tissue/min. The two slabs closest to the level
of the basal ganglia on the CT perfusion scan were used for quantitative analysis, to
obtain standardized and reproducible measurements in the flow territory of the
middle cerebral artery (MCA)[22]. On each slab a region of interest (ROI) in both
hemispheres, corresponding to the cortical flow territory of the MCA according to the
maps of Damasio [18] was manually outlined. If infarcted tissue was present, this
was excluded from the ROI. Automatic removal of bone, vessels and cerebrospinal
fluid was routinely applied.
Brain perfusion measurements with CTP are subject to high inter-subject variation
and are influenced by physiologic factors such as blood pressure [23;24]. For this
reason we used the ratio of the values measured in the symptomatic hemisphere to
those in the asymptomatic hemisphere for CBV and CBF (rCBV and rCBF) and the
absolute difference in MTT values between the symptomatic and the asymptomatic
hemisphere (∆MTT), as described previously [12].

Statistical analysis
The relative perfusion values were assessed and were compared between before and
after treatment in both groups. In both groups the change in cerebral perfusion was
assessed with a t-test.
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Patients randomized
(n=199)

Allocated to CEA
(n=98)

Allocated to CAS
(n=101)

Patients included in the
final analysis (n=28)

Unilateral stenosis
(n=63)

CT perfusion analysis not
available before treatment
(n=14)

CT perfusion analysis
before CEA (n=39)

No post treatment scan for
medical reasons * (n=2)
Withdrew from post
treatment scan (n=2)
No treatment (n=1)

CT perfusion analysis
after CEA (n=34)

Insuffucient CT perfusion
quality (n=3)
Outliers (n=3)

Patients included in
final analysis (n=28)
Figure 1.
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Next the difference in change in relative perfusion values between CAS and CEA was
tested with an analysis of covariance (ANCOVA, general linear model procedure).
The change in the cerebral perfusion values was defined as the post-treatment rCBF
minus the pre-treatment rCBF, the pre-treatment rCBV minus the post-treatment
rCBV and the pre-treatment ∆MTT minus the post-treatment ∆MTT. Consequently,
all values of differences in cerebral perfusion measurements are higher when
improvement in cerebral perfusion has occurred. In a secondary analysis, differences
found in change of relative perfusion values were adjusted for the possible confounders
(age, sex, degree of carotid stenosis and pretreatment cerebral perfusion values). The
duplex values one month after treatment were also compared in both groups. A twosided P value < 0.05 was considered statistically significant. Statistical analyses
were performed with SPSS, version 15.0 (SPSS, Chicago, Ill).

R ESULTS
In our hospital 199 patients with a symptomatic carotid artery stenosis were randomly
allocated to CEA or CAS (98 patients randomized to CEA and 101 patients to
CAS). Of the patients allocated to CEA 53 (54%) patients had an unilateral carotid
artery stenosis and of the patients allocated to CAS 63 (62%) patients had an unilateral
carotid artery stenosis. Finally 28 patients in the CEA group and 45 patients in the
CAS group were included in the primary analyses. Figure 1 shows the reasons for
exclusion and incomplete CT perfusion analysis.
To see whether to CEA and CAS group in the primary analyses were similar to
the patients in the randomized CEA and CAS group, baseline characteristics were
compared. The patients in the CAS group in the primary analyses were significantly
younger than the patients in the randomized CAS group 68.7 yr vs. 72.6 yr (P =
0.032) All other baseline characteristics did not show a difference. In the primary
analyses the patients in the CEA group were also somewhat younger than the patients
who were randomized to CEA but not significant 69.9 yr vs. 72.6 yrs ( P = 0.158).
The other baseline characteristics were comparable.
CT perfusion before treatment was performed at a median (interquartile range)
of 1 (1-6) days and CT perfusion after treatment was performed at a median of 34
(31-36) days after treatment.
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Table 1. Baseline characteristics

Age (mean±SD)
Sex (male)
Presenting symptom
- Transient ischemic attack
- Amaurosis fugax
- Ischemic stroke
Mean stenosis ipsilateral (%)
Interval days
Interval days from treatment
Hypertension
DM
Mean rCBF pre
Mean rCBV pre
Mean ∆MTT pre (s)

CEA (n=28)

CAS (n=45)

p-value

69±10
17 (61)

68±11
28(62)

0.681
0.897
0.342

14(50)
6(21)
8(29)
75±15

15(33)
11(24)
19(42)
79±14

0.201

16(57)
5(18)
0.91±0.20
1.05±0.17
0.72±0.80

24(53)
4(9)
0.85±0.16
1.03±0.18
1.02±1.19

0.750
0.257
0.193
0.700
0.208

Table 2. Relative perfusion measurements before and after treatment
CEA (n=28)

CAS (n=45)

mean±SD

p-value

mean±SD

p-value

rCBF
- pre-treatment
- post-treatment

0.91±0.20
0.94±0.17

0.499

0.85±0.16
1.01±0.20

<0.001

rCBV
- pre-treatment
- post-treatment

1.05±0.17
1.00±0.15

0.221

1.03±0.18
1.00±0.18

0.447

∆MTT (s)
- pre-treatment
- post-treatment

0.72±0.80
0.29±0.59

0.026

1.02±1.19
-0.01±0.71

<0.001
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Table 3. Change in relative perfusion measurements after CEA vs. CEA
CEA (n=28)

CAS (n-45)

Mean difference (95% CI)

p-value

Change rCBF
(ml/100g/min)
Change rCBV
(ml/100g)
Change ∆MTT (s)

0.03±0.04

0.16±0.03

0.127 (0.031 - 0.223)

0.010

0.05±0.04

0.03±0.03

-0.023(-0.125 - 0.184)

0.654

0.43±0.20

1.03±0.16

0.599(0.178 – 1.119)

0.025

Adj change rCBF*
(ml/100g/min)
†
Adj change rCBV
(ml/100g)
‡
Adj change ∆MTT (s)

0.05±0.03

0.15±0.03

0.099(0.014 – 0.184)

0.023

0.05±0.03

0.03±0.03

-0.011(-0.90 – 0.68)

0.780

0.59±0.12

0.93±0.10

0.347(0.039 – 0.655)

0.028

†

Values are mean ± standard error. * values are adjusted for age, sex and pre rCBF; values are adjusted
‡
for age, sex and pre rCBV; values are adjusted for age, sex and pre ∆MTT

Patient baseline characteristics of the patients in the final analysis are shown in table 1.
There were no significant differences between both treatment groups in baseline
characteristics. Perfusion in the ipsilateral MCA territory increased in both patients
groups (table 2). The CAS patients showed a significant improvement in rCBF and
∆MTT, the CEA group showed a significant improvement in ∆MTT.
The improvement in cerebral perfusion, expressed in change in rCBF and change
in ∆MTT, was significantly higher after CAS then after CEA (table 3). Even when
correcting for possible confounders, the difference in improvement of cerebral perfusion
remained significant (table 3).
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D ISCUSSION
In the present study, a significant improvement in cerebral perfusion was found in
both the CAS group and the CEA group. This finding is in concordance with previous
studies [12-15]. An important new finding in this study is that significantly more
improvement in cerebral perfusion was found in the patients treated with CAS than
in patients treated with CEA. This is the first study comparing the differences in
improvement in cerebral perfusion after CAS and CEA in a randomized patient
group.
CEA and CAS are different techniques to treat a symptomatic carotid artery
stenosis. These technical differences do probably influence the baroreflex in a opposite
way. After CEA the baroreflex can be impaired due to denervation of the carotid
sinus, which can be related to blood pressure instability postoperative [8;25]. In CAS
the stent placement stretches the carotid sinus causing hypotension and bradycardia
due to a down regulation of the baroreceptor [26;27]. The alterations in the sensitivity
of the carotid sinus baroreceptors likely mediate previously described changes in the
sympathovagal balance [28]. After CEA a relative increase in sympathic activity
occurs and after CAS a relative increase in parasympathic activity [9;10]. An influence
of the sympathic and parasympathic system on cerebral perfusion has been postulated
[11]. Increase in sympathic activity will lead to vasoconstriction and a higher cerebral
vascular resistance resulting in a decreased cerebral blood flow. While if parasympathic
modulation is present there will be vasodilatation resulting in a decreased cerebral
vascular resistance resulting in an increased cerebral blood flow. Thus, in an indirect
way cerebral perfusion may be influenced by the baroreceptor reflex [29;30]. Therefore,
the finding of less improvement in cerebral perfusion after CEA may be explained by
an increased sympathic activity found after CEA. The finding of more improvement
in cerebral perfusion after CAS may be explained by increased parasympathic activity.
The somewhat more impaired cerebral perfusion values before treatment in the CAS
group compared to the patients in the CEA group, may explain the finding of a larger
increase of cerebral perfusion after CAS than after CEA. Since, the CAS patients
could potentially improve more in cerebral perfusion. However, after adjusting for
the pre-treatment perfusion values the improvement in cerebral perfusion was still
better in the CAS patients. Therefore, this does not appear to explain the differences
found in improvement in cerebral perfusion.
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Considering the different perfusion values in the different stages of impaired cerebral
perfusion the significant improvement of ∆MTT and the not significant improvement
of rCBF in patients treated with CEA can be explained. As described earlier the MTT
is inversely related to the cerebral perfusion pressure and will show a gradual increase
with proceeding loss of cerebral perfusion [31]. A decrease in CBF will be compensated
by an increase in CBV to maintain CBF when mild impairment in cerebral perfusion
is present, while MTT is already increased. When moderate impairment in cerebral
perfusion is present the CBV cannot compensate anymore and the CBF will start to
decline. Since CBV values are variable through the autoregulatory range of cerebral
perfusion, this explains why CBV does not improve after CEA or CAS [32]. A change
in ∆MTT and/or rCBF are therefore more reflective of improvement in cerebral perfusion
than a change in CBV.
CT perfusion is a widely available diagnostic tool that provides quick and
minimally invasive assessment of brain perfusion [33;34]. In validation studies against
xenon CT and H215O positron emission tomography (PET), CTP measurements of
CBF have been shown accurate and reliable [17]. In addition, intraobserver and
interobserver agreement of quantitative CTP measurements are high [35]. Although
the parameters CBF and CBV are most often used in different perfusion techniques
[12;13;21], MTT has been shown to be the most sensitive to changes in cerebral
hemodynamics [17] and the most reproducible CT perfusion parameter in patients
with symptomatic carotid artery stenosis [36].
The patients analyzed in this study are just a small sample of all patients included
in the ICSS at our center. Most patients were excluded for the present study because
of the presence of a bilateral carotid stenosis. A lot of other patients were excluded
because of logistical failure to get both CT perfusion exams. These factors are random
and most likely cannot explain the differences found between the two groups.
In conclusion, patients who underwent CAS show more improvement in cerebral
perfusion in the ipsilateral MCA territory than patients who underwent CEA. This
difference in improvement may be explained by the opposing effects of CEA and
CAS on the autonomic nervous system.
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Preoperative cerebral perfusion asymmetry

A BSTRACT
Background and purpose
The cerebral hyperperfusion syndrome (CHS) is a serious complication of carotid
endarterectomy (CEA) that may lead to long-term disability and death. Patients at
risk for a CHS may be identified by preoperative cerebral perfusion asymmetries. We
assessed the relation between cerebral perfusion asymmetries on CT perfusion and
the development of CHS in patients undergoing CEA.

Methods
In 68 patients with symptomatic internal carotid artery stenosis, differences in cerebral
perfusion between the symptomatic and asymptomatic hemisphere before CEA were
assessed with CT perfusion and related to the development of a CHS following CEA.
CT perfusion measures included cerebral blood flow (CBF), cerebral blood volume
(CBV) and mean transit time (MTT).

Results
Three patients (4.4%) developed a CHS after CEA. Mean interhemispheric differences
in CBF and MTT were significantly higher in patients who later developed a CHS
than in those who did not (∆CBF= -27.63 vs. -6.69 ml/100g/min; p=0.040 and
∆MTT=2.88 vs. 0.62 s; p=0.003). The interhemispheric difference in CBV did not
differ between both groups.

Conclusions
Preoperative cerebral perfusion asymmetry is associated with the development of a
postoperative CHS and may contribute to the preoperative identification of patients
at risk of CHS.
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I NTRODUCTION
In 1 to 3% of the cases, carotid endarterectomy (CEA) is complicated by a cerebral
hyperperfusion syndrome (CHS). The syndrome is characterized clinically by headache,
vomiting, confusion, visual disturbances, seizures and/or focal neurological deficits
(1;2). If left untreated, the CHS may lead to long-term disability or death (1-4).
An impaired cerebral autoregulation due to long-standing hypoperfusion has
been recognized as the main risk factor for the development of a CHS (1). In areas
with an impaired autoregulation, the sudden increase in perfusion pressure following
CEA may lead to insufficiently controlled hyperperfusion (5). Important predictors
for the development of a CHS therefore include a reduced preoperative cerebrovascular
reserve capacity and an increased blood pressure and an increased cerebral blood
flow as compared to the preoperative situation postoperative hypertension (1;2).
Preoperative detection of patients at high risk of a CHS after CEA may facilitate
prevention and early treatment. Transcranial Doppler (TCD) monitoring is currently
the most widely used method to detect patients with a reduced preoperative
cerebrovascular reserve capacity (3;6). However, 10-15% of TCD assessments fail
because of an insufficient trancranial bone window and the reported specificity is low
(1;7;8).
It is suggested that asymmetries in cerebral perfusion before CEA, as assessed
with perfusion-weighted MRI, can identify patients at higher risk of CHS (9). CT
perfusion is a more widely available diagnostic tool that provides quick and minimallyinvasive assessment of brain perfusion (10;11).
We aimed to investigate whether pre-operative cerebral perfusion asymmetries
between both hemispheres, measured with CT perfusion, are related to the
development of CHS in patients undergoing CEA.

M ATERIALS

AND

M ETHODS

Patients
From April 2004 to July 2007 CT perfusion was performed in 72 patients with
symptomatic internal carotid artery stenosis >50% before CEA at the University
Medical Center in Utrecht, the Netherlands. Medical history, vascular risk factors and
cerebral ischemic symptoms were recorded. The local medical ethics review board
had approved the study protocol and written informed consent was obtained from all
patients.
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Carotid endarterectomy
CEA was performed under general anesthesia in a standardized way by an experienced
vascular surgeon. Patients were intraoperatively monitored with TCD in case of a
sufficient temporal bone window (n = 58 (85%)) and electroencephalography (EEG;
all patients). An intraluminal shunt was selectively used, based on intraoperative
EEG and TCD parameters. Venous or prosthetic patches were used selectively.
The blood-flow velocity (BFV) was determined with TCD in the M1 segment of
both middle cerebral arteries (MCA). The ipsilateral BFV just before test clamping of
the internal carotid artery and the BFV 3 minutes after clamp release were used to
determine the changes in MCA BFVs relative to clamping. BFV increase was calculated
by the formula: post-clamp BFV minus pre-clamp BFV / pre-clamp BFV x 100%.
Before and after CEA, all patients were evaluated by a study physician. CHS
was defined as headache, a neurological deficit, a seizure and/or intracranial
hemorrhage ipsilateral to the treated carotid artery, with alternative diagnoses ruled
out by means of CT or MRI (1).

CT imaging
Imaging Protocol
CT was performed with a 16- or 64-detector-row scanner (Philips Medical Systems,
Cleveland, OH, USA). CT perfusion parameters were acquired at the level of the
basal ganglia, 3 cm above the dorsum sellae. An 8 x 3.0 mm or 64 x 0.625 mm
collimation was used, with a rotation time of 2.0 seconds. For optimal signal-tonoise ratio, we used a low-kVp technique (90 kVp on the 16-detector-row scanner, 80
kVp on the 64-detector-row scanner) in combination with 150 mAs (12). Images
were reconstructed using a slightly smoothing head filter (“UB”) with a field of view
of 160 mm. For all CT perfusion scans a bolus injection of 40 ml contrast with an
iodine concentration of 300 mg I/ml (Ultravist 300, Schering AG, Berlin, Germany)
was administered at 5 ml/s followed by a 40 ml-saline chaser bolus at 5 ml/s.

CT analysis
CTP data were transferred to a post-processing workstation (Philips Medical Systems,
Best, the Netherlands) on which cerebral blood volume (CBV), mean transit time
(MTT) and cerebral blood flow (CBF) were calculated. CT perfusion post-processing
was performed according to a method previously described (13-15).
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The two slabs of the CTP scan closest to the level of the basal ganglia were used for
quantitative analysis. On each slab a region of interest (ROI) was manually outlined
in both hemispheres corresponding to the cortical flow territory of the MCA (16).
When infarcted tissue was present, this was excluded from the ROI. Automatic removal
of bone, vessels and cerebrospinal fluid was routinely applied. Mean CBF, CBV and
MTT values of both slabs were used for further analysis. Perfusion asymmetries were
calculated in ∆CBF, ∆CBV and ∆MTT. To calculate the ∆CBF, the CBF value of the
contralateral hemisphere was subtracted from the CBF value of the ipsilateral
hemisphere. The same was done for ∆CBV and ∆MTT.
The degree of carotid artery stenosis of both carotids was determined on CT
angiography according to the NASCET criteria (17) on interactive reformations
perpendicular and parallel to the internal carotid artery. The degree of luminal stenosis
was assigned in one of the following ten categories: 0-9%, 10-19%… 80-89%, 9099%.

Statistical analysis
Descriptive statistical analyses were performed to summarize patient characteristics.
The association between perfusion asymmetries and CHS was assessed with an
analysis of covariance (ANCOVA, general linear model). First, we determined whether
the mean ∆CBF, ∆CBV and ∆MTT values differed between patients with and without
CHS unadjusted for confounders. Second, we determined whether the mean ∆CBF,
∆CBV and ∆MTT values differed between patients with and without CHS adjusted
for age, potential confounders: severity of the stenosis in the ipsilateral and contralateral
carotid artery and significant differences in baseline characteristics (18-25). A twosided P value < 0.05 was considered statistically significant. Statistical analyses
were performed with SPSS, version 15.0 (SPSS, Chicago, Ill).

R ESULTS
Four patients were excluded because of technically insufficient CT perfusion
examination. CT perfusion was performed 1 ± 2 days before CEA. The mean (±
SD) age of the 68 patients was 70 ± 9 years. Patient characteristics are summarized
in Table 1.
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Table 1. Baseline characteristics
CHS
Yes (n=3)

No (n=65)

P value

73 ± 14
3 (100)
2 (67)
1 (33)
3 (100)
18 (72)
95 ± 0
35 ± 10
21 ± 17
0 (0)
35 ± 22

70 ± 9
16 (25)
44 (68)
13 (20)
57 (88)
89 (68)
84 ± 14
47 ± 36
52 ± 46
7(11)
33 ± 14

0.625
0.004
0.970
0.577
0.367
0.689
<0.001
0.175
0.235
0.548
0.790

Age (yrs) *
Sex (female)†
Hypertension †
Diabetes mellitus †
(ex)-smoker †
Treated hyperlipidemia †
Ipsilateral stenosis (%) *
Contralateral stenosis (%) *
Days from last ischemic event *
Shunt used †
Duration clamping (min) *
* values are mean ± standard deviation
† values are number (percentage)

Three patients (4%) developed a CHS. In all of these patients, an intracerebral
hemorrhage was found on CT. The CHS occurred after one day, three days or four
days. One patient with CHS had a BFV increase of > 100% after clamp release and
one an increase of 91%, whereas the other had no temporal transcranial window. Of
all 58 patients with intraoperative TCD monitoring, 4 (7%) had an increase in BFV
> 100%.
Patient who developed CHS after CEA had a significantly higher preoperative
∆CBF and ∆MTT between the hemispheres than those who did not (Table 2, Figure 1).
∆CBV did not differ between patients who developed CHS and those who did not.
Adjustment for possible confounders (degree of ipsilateral and contralateral carotid
stenosis), age and sex (significantly different at baseline) did not markedly change
the difference found in ∆CBF and ∆MTT between patients with and without CHS
(table 2).
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Table 2. Development of CHS and CT perfusion parameters
CHS

∆CBF (ml/100g/min)
a∆CBF (ml/100g/min)
∆CBV (ml/100g)
a∆CBV (ml/100g)
∆MTT (s)
a∆MTT (s)

Yes (n=3)

No (n=65)

P value

-27.63 ± 9.75
-28.90 ± 10.73
1.12 ± 0.66
0.47 ± 0.70
2.88 ± 0.72
2.22 ± 0.74

-6.69 ± 2.10
-6.67 ± 2.12
0.06 ± 0.14
0.09 ± 0.14
0.62 ± 0.16
0.64 ± 0.15

0.040
0.048
0.119
0.601
0.003
0.043

Values are mean ± standard error. a∆CBF, a∆CBV and a∆MTT: analyses are adjusted for age, ipsiand contralateral stenosis and sex.

Figure 1. The image A shows the cerebral blood flow asymmetry before CEA in a patient who
developed a cerebral hyperperfusion syndrome 3 days after a right CEA. CT examination (B) performed
3 days after CEA showed a right frontal bleeding.
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D ISCUSSION
The present study shows that a reduced CBF and an increased MTT in the hemisphere
ipsilateral to a symptomatic carotid artery stenosis, as compared with the contralateral
hemisphere, are independently associated with the development of a CHS after CEA.
Several investigators have shown that an impaired cerebral vasoreactivity and
hemodynamic impairment before carotid revascularization is related to the
development of a CHS or intracranial hemorrhage after CEA (21;26-28). The
association between perfusion asymmetries and the development of CHS implies
that cerebral perfusion asymmetries may also be used to identify patients at risk for
CHS.
In the present study, CT perfusion measurements were used to determine the
cerebral perfusion in the MCA territory. In one study CT perfusion measurements
were used to predict CHS after carotid artery stenting (29). They found a relation
between CHS after carotid artery stenting and ∆MTT too, but ∆CBF was not analyzed.
In validation studies compared with xenon CT and H215O positron emission tomography
(PET), CT perfusion measurements of CBF have been shown accurate and reliable
(14). In addition, intra-observer and inter-observer agreement of quantitative CT
perfusion measurements are high (30).
In contrast to ∆CBF and ∆MTT, ∆CBV was not related to the occurrence of
CHS. An increase in CBV has long been regarded as indicative of hemodynamic
impairment (31), but a recent PET study has shown that CBV values may be variable
through the autoregulatory range (32). This may explain that no relation was found
between ∆CBV and the development of CHS.
Three patients (4%) in the present study developed a CHS after CEA. An
incidence of CHS after CEA of 0% up to 18% has been reported (4). The differences
found in incidence of CHS can be explained by differences in sample size, inclusion
criteria and definition of CHS.
To prevent selection bias, we used an entirely clinical definition of the CHS and
did not include the criterion of a 100% post-operative increase in CBF or BFV (1;33).
By including this criterion, we would have missed two of our three patients because
of an increase in post-clamp CBV of 91% and one because of an insufficient temporal
bone window, whereas all three patients developed an intracerebral hemorrhage
preceded by headache, an increase in blood pressure and accompanied by a focal
neurological deficit. Various other authors have supported the definition of the syndrome
based on the combination of the clinical picture and imaging techniques (34-36).
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In conclusion, preoperative cerebral perfusion asymmetry assessed with CT perfusion
is associated with the development of a CHS after CEA. CT perfusion examination
may contribute to the preoperative identification of patients at risk of CHS, though
our findings need to be confirmed in a larger study.
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Cerebral perfusion affects the risk of ischemia

A BSTRACT
Background
Patients with impaired perfusion in the hemisphere ipsilateral to a stenotic internal
carotid artery may have a higher risk of cerebral ischemic complications than those
with normal perfusion. We therefore studied whether the occurrence of new ischemic
lesions after carotid artery stenting is related to cerebral perfusion.

Methods
In 45 patients with symptomatic carotid artery stenosis, CT perfusion and MR diffusionweighted imaging (DWI) were performed before carotid artery stenting; DWI was
repeated within two days thereafter. Cerebral blood volume (CBV), mean transit
time (MTT) and cerebral blood flow (CBF) were measured with CT perfusion in the
cortical flow territory of the middle cerebral artery. Hyperintense lesions on
postprocedural DWI not visible on baseline DWI were considered new cerebral ischemic
lesions. The relation between CBF, CBV and MTT and new ipsilateral ischemic lesions
was tested with logistic regression.

Results
In 11 of the 45 (24%) patients new ischemic lesions were found in the ipsilateral
hemisphere. The occurrence of these lesions was related to a lower CBF (adjusted
odds ratio (aOR), 0.96; 95% confidence interval (CI), 0.92 – 1.00) and a longer
MTT (aOR, 1.65; 95% CI, 1.02 – 2.66) as compared with ipsilateral hemispheres
without new lesions.

Conclusions
Patients with impaired cerebral perfusion are more prone to develop ischemic lesions
during carotid artery stenting. This suggests that in ischemic stroke embolic and
hemodynamic mechanisms may act in concert.
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I NTRODUCTION
Embolism from the heart or large arteries is the most important cause of ischemic
stroke [1-3], however not all emboli to the brain lead to cerebral ischemia [4].
Asymptomatic micro-embolic signals are often found with transcranial doppler
ultrasound (TCD) in the middle cerebral artery of patients with a potential cardiac
source of emboli and in patients with symptomatic carotid artery stenosis [5], during
carotid endarterectomy or stenting [6-8] and during cardiac surgery [9]. It has been
hypothesized that under circumstances of normal cerebral perfusion most of these
emboli are cleared by the cerebral circulation and that a decreased cerebral perfusion
impedes clearance - or washout - of emboli and thereby results in an increased risk of
cerebral ischemia [10;11]. Some studies have indeed suggested that patients with
impaired perfusion in the hemisphere ipsilateral to a stenotic internal carotid artery
(ICA) have an increased risk of ischemic stroke as compared to those with a normal
perfusion [12;13], still conclusive evidence supporting the above-mentioned “washout
hypothesis” is lacking.
High numbers of microembolic signals have been reported in patients undergoing
carotid stenting for symptomatic or asymptomatic carotid artery stenosis [14]. In
some studies these signals correlate with new ischemic lesions on diffusion-weighted
images (DWI) of the brain [6]. However, most micro-emboli do not lead to cerebral
damage [4;8]. Still, new ischemic lesions have been found on DWI in up to 67% of
the patients after carotid artery stenting [15-17]. Differences found in incidence of
new ischemic lesions on DWI may be explained by differences incerebral perfusion.
We studied whether the occurrence of new ischemic lesions after carotid artery stenting
is related to cerebral perfusion.

M ATERIALS

AND

M ETHODS

Patients
The medical ethics review board of our center had approved the study protocol and
written informed consent was obtained from all patients. From February 2004 to
June 2007, 100 consecutive patients with symptomatic carotid artery stenosis
underwent carotid artery stenting in our center. Patients underwent carotid artery
stenting if they had recently symptomatic carotid artery stenosis of 50% or greater
that was suitable for stent placement and were functionally independent (score on
the Modified Rankin Scale [18], 0 to 2). Symptoms should have occurred in the 12
months before stenting. As part of a standardized imaging protocol, we aimed to
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perform CT perfusion and MRI (including DWI) of the brain before stenting and MRI
within two days thereafter. Patients were excluded in case of a medical contra-indication
to iodine contrast or MRI, if they had not given informed consent or if one or more of
the three scans could not be performed because of logistical reasons.

Carotid artery stenting
All patients used low-dose aspirin from the presenting event onwards. Clopidrogel in
a daily dose of 75 mg was started at least four days before stenting and was prescribed
for four weeks after treatment. All procedures were performed under local anesthesia
and without a cerebral protection device. During the procedure, heparin (2500 IU)
was intravenously administered. The procedure started with selective angiography of
the symptomatic carotid artery. Next, an 8F sheath for introduction of the balloon
catheter replaced the 5F sheath. A monorail system with a 0.014-inch guide wire was
used to pass the stenosis. Based on the degree and shape of the stenosis it was
decided whether pre- and post-dilatation were required. Shortly before balloon
dilatation or stent placement, 0.5 mg atropine was administered intravenously to
counteract bradycardia caused by pressure on the carotid baroreceptors.

CT perfusion
Imaging Protocol
CT was performed with a 16- or 64-detector-row scanner (Philips Medical Systems,
Cleveland, OH, USA). CT perfusion parameters were acquired at the level of the
basal ganglia, 3 cm above the dorsum sellae. Perfusion imaging was obtained in 4
(16-detector-row) or 8 (64-detector-row) levels (5-mm-thick slices). An 8 x 3.0 mm or
64 x 0.625 mm collimation was used, with a rotation time of 2.0 seconds. For
optimal signal-to-noise ratio, we used a low-kVp technique (90 kVp on the 16-detectorrow scanner, 80 kVp on the 64-detector-row scanner) in combination with 150 mAs
[19]. For all perfusion scans, a bolus injection of 40 ml contrast with a iodine
concentration of 300 mg I/ml was administered at 5 ml/s followed by a 40 ml-saline
chaser bolus at 5 ml/s. [20]
CTA was performed after injection of 50 ml contrast material at 5 ml/s followed
by a saline chaser bolus of 50 ml injected at the same flow rate. The scan delay was
determined from the injection bolus of 40 ml contrast material that was used for
CTP.
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CT analysis
CT perfusion data were transferred to a post-processing workstation (Philips Medical
Systems, Best, the Netherlands). Cerebral blood volume (CBV), mean transit time
(MTT) and cerebral blood flow (CBF) were calculated using a deconvolution operation
(PCT software package, Philips Medical Systems, Cleveland, OH, USA). The anterior
cerebral artery and the superior saggital sinus yielded the arterial input function (AIF)
and the venous output function (VOF), respectively. AIF and VOF were determined
semi-automatically; the observer drew a region of interest for the AIF and VOF and
the software then identified the appropriate reference voxels within this region of
interest. Visual inspection was always performed to ensure that the entire AIF and at
least three points of the down slope of the VOF were included [21;22].
CT perfusion analysis provided absolute perfusion data for each pixel in the
symptomatic and asymptomatic hemispheres, with CBV expressed as ml/100 g tissue,
MTT in seconds (s) and CBF in ml/100 g tissue/min. The two slabs closest to the level
of the basal ganglia on the CT perfusion scan were used for quantitative analysis, to
obtain standardized and reproducible measurements in the flow territory of the
middle cerebral artery (MCA)[21]. On each slab a region of interest (ROI) in both
hemispheres, corresponding to the cortical flow territory of the MCA according to the
maps of Damasio [23] was manually outlined. If infarcted tissue was present, this
was excluded from the ROI. Automatic removal of bone, vessels and cerebrospinal
fluid was routinely applied.
Of both carotid arteries the degree of carotid artery stenosis was determined
according to the North American Symptomatic Carotid Endarterectomy Trial
(NASCET) criteria [24], on interactive reformations perpendicular and parallel to the
internal carotid artery. The degree of stenosis was classified into ten categories, ranging
from 0-9% to 90-99% and for statistical analysis dichotomized at 70%.
Assessment of cerebral perfusion and the degree of stenosis was performed
blinded to clinical outcome and to the results of post-procedural DWI.

MR imaging
Imaging protocol
MR imaging was performed on a 1.5-T or 3.0-T MR system (Philips Medical Systems,
Best, the Netherlands). During the course of this study, the MR 3T imaging system
was introduced and became the MR imaging system of first choice. For each patient,
the MR examinations before and after carotid artery stenting were performed on the
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same MR system. The scan parameters for the DWI at 1.5 Tesla were: 26 slices;
thickness = 5 mm, matrix = 128×128, FOV = 230 mm, α = 90°, Single shot EPI,
TE = 79 ms, b = 1000s/mm2 and at 3.0 Tesla: 26 slices, thickness = 5mm, matrix
= 256×256, FOV = 230 mm, α = 90°, Single shot EPI, TE = 71 ms, b = 2500s/
mm2. MR examinations were performed before and within 48 hours after carotid
revascularization.

DWI analysis
The DWI images were evaluated independently by two observers for the presence of
ischemic lesions. Both observers were unaware of the results of CT perfusion analysis
and the occurrence of new symptoms. In the case of disagreement between the two
readers, a consensus opinion was reached. A hyperintense DWI lesion on the postintervention examination that was not visible on the baseline examination was
considered a new cerebral ischemic lesion. Of each new ischemic lesion, the hemisphere
and vascular territory - according to the maps of Damasio [23] - involved were noted.

Statistical analysis
Descriptive statistical analyses were performed to summarize patient characteristics.
A Wilcoxon rank-sum test was used for the analysis of continuous variables and
Fisher’s exact test for dichotomous variables.
The association between CBF, CBV and MTT and new ipsilateral ischemic lesions
was assessed with logistic regression and expressed as an odds ratio (OR) with a
corresponding 95% confidence interval (CI). Odds ratios were adjusted for age and
sex. A two-sided P value ≤ 0.05 was considered statistically significant. Statistical
analyses were performed with SPSS, version 12.0 (SPSS, Chicago, Ill).

R ESULTS
Of the 100 patients who underwent carotid artery stenting, 55 were excluded because
of refusal to undergo the MR or CT examinations (n=10); medical or logistical barriers
to perform both DWI and CT perfusion examinations at baseline (n=40); an
insufficient CT perfusion examination at baseline (n=2) or medical reasons preventing
DWI after revascularization (n=3). Of the last three patients, two had bradycardia
and hypotension and one had a pneumonia, precluding MRI. None of these three
patients had a new neurological deficit after stenting.
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Table 1. Baseline characteristics of patients with and patients without new ipsilateral
ischemic lesions
Patients with new lesions Patients without new lesions
(n=11)
(n=34)
Age, yr *
Sex, male
Treated hypertension
Atrial fibrillation
Diabetes Mellitus
Statin treatment
Current Smoker
Ipsilateral carotid stenosis ≥ 70%
Contralateral carotid stenosis ≥ 70%
Presenting symptoms
Ischemic stroke
Transient ischemic attack
Transient monocular blindness
Duration of procedure (min)*†

P

76 (66-80)
8 (73%)
6 (55%)
1 (9%)
3 (27%)
7 (64%)
4 (36%)
7 (64%)
3 (27%)

70 (62-76)
20 (59%)
12 (35%)
0 (0%)
7 (21%)
20 (59%)
21 (62%)
28 (82%)
12 (35%)

0.213
0.493
0.304
0.224
0.678
1.000
0.176
0.228
0.726

5 (46%)
5 (46%)
1 (9%)
50 (42-55)

11 (32%)
17 (50%)
6 (18%)
55 (44-61)

0.483
1.000
0.663
0.663

Values are n (%) unless indicated otherwise; *: median (interquartile range); †: duration of the
procedure includes both the diagnostic and therapeutic phase. A Wilcoxon rank-sum test was used
to analyse the continuous variables and Fisher’s exact test was used to analyse dichotomous variables.

Baseline characteristics of the 45 included patients are shown in table 1. The CT
perfusion scans were performed at a median of 1 day (interquartile range, 1 - 4 days)
before carotid revascularization.
After stenting, 12 of the 45 patients (27%) had 14 new ischemic lesions on postprocedural DWI (Figure 1). Two patients had new ischemic lesions in both hemispheres
and one patient had a single lesion in the hemisphere contralateral to the carotid
stenosis. All lesions occurred in the MCA flow territory. Two of the 14 lesions resulted
in a new (non-disabling) neurological deficit. Lesions in the contralateral hemisphere
were not included in the statistical analysis because their number was too small to
provide meaningful results. Baseline clinical characteristics and severity of the carotid
artery stenosis did not differ between patients with and patients without new ipsilateral
ischemic lesions (table 1).
Crude baseline CBF, CBV and MTT values in the cortical MCA territories of
hemispheres ipsilateral to the symptomatic stenosis in patients with and without new
ischemic lesions are presented in Figure 2. CBF was substantially lower in patients
with new ipsilateral ischemic lesions (45 ± 12 ml/100g/min) than in patients without
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Figure 1. A new ischemic lesion after left carotid artery stenting in a patient with impaired cerebral
perfusion before the intervention. DWI before stenting shows no recent ischemic lesions (A), but a new
ischemic lesion is found in the left hemisphere after the intervention (B, arrowhead). CT perfusion
analysis before revascularization shows a lower CBF (56 vs. 82 ml/100g/min (C)), a similar CBV (7.0
vs. 5.9 ml/ 100g (D)) and a longer MTT ( 7.5 vs. 4.3 s (E)) in the territory of the middle cerebral artery
of the left hemisphere compared to that of the right hemisphere.

new ipsilateral lesions (62 ± 30 ml/100g/min).Despite the substantial difference in
absolute CBF values, the difference just reached statistical significance (adjusted OR
(95% CI), 0.96 (0.92-1.00)). The MTT was longer in hemispheres with new ischemic
lesions (6.6 ± 2.1 s) than in hemispheres without new lesions (5.4 ± 1.4 s; adjusted
OR (95% CI): 1.65 (1.02-2.66)). CBV did not differ between both groups (Table 2).

D ISCUSSION
In the present study, new cerebral ischemic lesions were found in about a quarter of
patients subjected to carotid artery stenting for symptomatic carotid artery stenosis.
The occurrence of new ipsilateral ischemic lesions was related to a lower CBF and a
longer MTT before the procedure, indicating that impaired cerebral perfusion may
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Table 2. Association between CBF, CBV and MTT on the occurrence of new ipsilateral
ischemic lesions on DWI.
New ipsilateral ischemic lesions

CBF
CBV
MTT

Crude odds ratio (95% CI)

Adjusted odds ratio*(95% CI)

0.96 (0.92 – 1.00)
0.83 (0.55 – 1.27)
1.51 (0.98 – 2.31)

0.96 (0.92 – 1.00)
0.88 (0.60 – 1.29)
1.65 (1.02 – 2.66)

* ratios adjusted for age and sex. CI indicates confidence interval; CBF, cerebral blood flow; CBV,
cerebral blood volume; MTT, mean transit time

impede the clearance of emboli formed during carotid artery stenting. This supports
the hypothesis that at least in some patients with ischemic stroke embolic and
hemodynamic mechanisms act in concert [10,11].
To date, information on the interaction between embolic and hemodynamic
factors in patients with cerebral infarction is limited. This is explained in part by
logistical and technical barriers to measure cerebral perfusion at the tissue level with
conventional techniques such as positron emission tomography, single-photon emission
CT or xenon-enhanced CT [25]. Most studies have therefore relied on indirect
measurements of hemodynamic compromise, such as a reduced vascular reserve
capacity [12;13].
A potential explanation of the observed relation between cerebral perfusion and
new ischemic lesions after carotid stenting may be found in the wash-out hypothesis,
which assumes that an adequate regional cerebral blood flow has the ability to wash
out emboli and thereby prevent cerebral infarction [10]. By contrast, washout of
emboli may be impaired in low-flow areas of the brain, resulting in an increased risk
of infarction [26]. It has been suggested that patients with impaired perfusion reserve
may be more likely to have a stagnant flow that would increase the risk of artery-toartery embolism, whereas areas of marginal perfusion like in the watershed areas
may be more susceptible to the effect of emboli because of already exhausted vascular
reserve or even partly exhausted reserve [27].
In the present study, measurements of cerebral perfusion were performed with
CT perfusion at a median of 1 day before carotid artery stenting. No perfusion
measurements were performed during the stenting procedure, during which the highest
load of micro-emboli is expected. We assume that the observed differences in cerebral
perfusion between patients who eventually develop new ischemic lesions and those
who did not have persisted until revascularization.
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CBF (ml/100/g/min)

100
90
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20
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0

2b.

9

CBV (ml/100/g)

8
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6
5
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4

No lesion

3
2
1
0

2c.

10
9
8

MTT (s)

7
6
5
4

New lesion
No lesion

3
2
1
0

Figure 2. Mean ± SD for cerebral blood flow (CBF) (a), cerebral blood volume (CBV) (b), and
mean transit time (MTT) (c) in patients with and patients without new ipsilateraal ischemic lesions
after carotid artery stenting.
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In three patients, a new ischemic lesion on the DWI images was found in the
contralateral hemisphere. Because no diagnostic catheter angiography was performed
on the contralateral side, we speculate that these lesions might be caused by emboli
originating from the aortic arch.
The use of a cerebral protection device during carotid artery stenting may prevent
embolization to the brain. Several studies have suggested that such devices reduce
the incidence of new ipsilateral ischemic lesions on DWI after carotid artery stenting
[28], but their value is still under debate [14] and remains to be tested in a randomized
clinical trial. Our observation of new ischemic lesions in 12 of 45 (27%) patients is in
line both with previously reported rates of new ischemic lesions after either unprotected
or protected stenting [15].
CT perfusion is a widely available diagnostic tool that provides quick and
minimally invasive assessment of brain perfusion [29;30]. In validation studies against
xenon CT and H215O positron emission tomography (PET), CTP measurements of
CBF have been shown accurate and reliable [31;32]. In addition, intraobserver and
interobserver agreement of quantitative CTP measurements are high [21]. Although
the parameters CBF and CBV are most often used in different perfusion techniques
[25], MTT has been shown to be the most sensitive to changes in cerebral
hemodynamics [33-35] and the most reproducible CT perfusion parameter in patients
with symptomatic carotid artery stenosis [21]. In contrast to CBF and MTT, CBV
was not related to the occurrence of new ischemic lesions. An increase in CBV has
long been regarded as indicative of hemodynamic impairment [36], but a recent PET
study has shown that CBV values may be variable through the autoregulatory range
[37]. A decrease in CBF and an increase in MTT are therefore probably more reflective
of hemodynamic compromise than an increase in CBV.
In the present study, CT perfusion measurements (CBF, MTT and CBV) were
evaluated in a resting condition. Cerebrovascular reactivity measurements, with a
breath-hold or acetazolamide challenge, may provide additional information on
cerebral hemodynamics. However, a recent study has suggested that an acetozolamide
challenge does not contribute much to resting CT perfusion measurements [38].
Our finding of more impaired cerebral perfusion in hemispheres with new ischemic
lesions than in hemispheres without is in line with previous studies showing that in
patients with carotid stenosis or occlusion, cerebral hemodynamic impairment, as
defined by an exhausted cerebrovascular reactivity, increases the risk of ischemic
stroke [12;13;39]. Support for a synergistic effect of hemodynamic and
thromboembolic factors has also been provided by a study demonstrating that the
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flow velocity in the MCA was lower in patients with symptoms of cerebral ischemia
during carotid artery stenting than in those without symptoms [40]. In addition, the
clinical features and radiological patterns of ischemic stroke in patients with
hemodynamic impairment failure and carotid occlusion are often most consistent
with large artery thromboembolic stroke [41].
In the present study, we used DWI to asses the development of new ischemic
events after carotid artery stenting. DWI is a valuable diagnostic method for the
monitoring of periprocedural events and can be used as a surrogate marker for ischemic
stroke during and after neurovascular procedures [15;42]. The sensitivity and specificity
of DWI in the detection of ischemic stroke in patients have been reported as 94% and
97% respectively [43], but sensitivity and specificity for small and silent ischemic
lesions are unknown. Importantly, early ischemic lesions may not always reflect
permanent damage [44]. In a recent study, 18 out of 30 new lesions found on DWI
early after carotid artery stenting were not observed on DWI at a mean of 6 month
after stenting [45].
In observational studies, the incidence of new ischemic lesions on DWI after
carotid artery stenting has ranged between 17% and 67% [4;8;15-17;46;47]. Patients
with diabetes mellitus or hyperlipidemia may have a higher risk of new ischemic
lesions after carotid revascularization [48]. In the present study, differences in the
presence of diabetes mellitus, statin treatment or baseline factors other than CBF
and MTT parameters between patients with and patients without new ischemic lesions
were small and not statistically significant.
In previous studies, the relation between the presence of new ischemic lesions
on DWI and the amount of microemboli detected with TCD during carotid
revascularization has not been consistent. A higher total microembolic signal count
has been observed in patients with new ischemic lesions than in patients without [6],
but in other studies no relation between new ischemic lesions and the occurrence of
sonographic microemboli was found [7;8]. It could be hypothesized that the difference
between these studies might be explained by differences in cerebral perfusion in the
patients included.
A limitation of the present study is the exclusion of 55 out of 100 eligible patients.
The absence of CT perfusion measurements and/or baseline DWI because of patient
refusal or medical or logistic barriers to perform both investigations accounted for 50
exclusions. Apart from the presence of contraindications for MR- or CT-imaging, no
other medical patient characteristics affected the performance of either form of
imaging. For this reason, we consider it unlikely that these baseline exclusions affected
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the results of our study. The number of patients (n=3) excluded because of absence
of post-stenting DWI was small and any potential influence of these exclusions on
the study results will therefore be small as well. Furthermore, none of these three
patients had a new neurological deficit after stenting.
We measured cerebral perfusion in the cortical MCA territory in the two slabs
closest to the level of the basal ganglia on the CT perfusion scan and have not
specifically assessed perfusion in the watershed areas alone. In patients with carotid
stenosis or occlusion, both the hemodynamic impairment and the DWI lesions are
expected to predominate in the watershed regions [27;49]. Our findings could therefore
have been even more pronounced had the analysis included this areas, still this
remains speculative.
Although our finding of an inverse relation between cerebral perfusion and the
risk of new ischemic lesions supports the hypothesis of a synergistic effect of
hemodynamic and thromboembolic factors , this study does not provide conclusive
evidence. For example, reduced cerebral perfusion prior to treatment may reflect
more severe atherosclerosis not only in the cerebral arteries, but also in the aortic
arch or elsewhere in the carotid artery, which could predispose to emboli during
catheter manipulation of the artery. Other factors that were not included in our
analyses, such as carotid plaque morphology, may also have affected the risk of new
ischemic lesions. However, given the comparability of baseline risk factors between
the patients with and those without new lesions, we think the observed inverse relation
between cerebral perfusion and new ischemic lesions is real.
In conclusion, patients with impaired cerebral perfusion are more prone to develop
new ischemic lesions during carotid artery stenting. This suggests that impaired cerebral
perfusion impedes the clearance of emboli formed during the procedure and supports
the hypothesis that at least in some patients with ischemic stroke embolic and
hemodynamic mechanisms act in concert. In future studies of carotid revascularization,
the evaluation of cerebral perfusion may play a role in selecting patients at the
highest risk of ischemic complications.
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A BSTRACT
Background
The International Carotid Stenting Study (ICSS) of stenting and endarterectomy for
symptomatic carotid stenosis found a higher incidence of stroke within 30 days of
stenting compared with endarterectomy. We aimed to compare the rate of ischaemic
brain injury detectable on MRI between the two groups.

Methods
Patients with recently symptomatic carotid artery stenosis enrolled in ICSS were
randomly assigned in a 1:1 ratio to receive carotid artery stenting or endarterectomy.
Of 50 centres in ICSS, seven took part in the MRI substudy. The protocol specified
that MRI was done 1-7 days before treatment, 1-3 days after treatment (post-treatment
scan) and 27-33 days after treatment. Scans were analysed by two or three investigators
who were masked to treatment. The primary endpoint was the presence of at least
one new ischaemic brain lesion on diffusion-weighted imaging (DWI) on the posttreatment scan. Analysis was per protocol. This is a substudy of a registered trial,
ISRCTN 25337470.

Findings
231 patients (124 in the stenting group and 107 in the endarterectomy group) had
MRI before and after treatment. 62 (50%) of 124 patients in the stenting group and
18 (17%) of 107 patients in the endarterectomy group had at least one new DWI
lesion detected on post-treatment scans done a median of 1 day after treatment
(adjusted odds ratio [OR] 5.21, 95% CI 2.78-9.79; p<0.0001). At 1 month, there
were changes on fluid-attenuated inversion recovery sequences in 28 (33%) of 86
patients in the stenting group and six (8%) of 75 in the endarterectomy group (adjusted
OR 5.93, 95% CI 2.25-15.62; p=0.0003. In patients treated at a centre with a
policy of using cerebral protection devices, 37 (73%) of 51 in the stenting group and
eight (17%) of 46 in the endarterectomy group had at least one new DWI lesion on
post-treatment scans (adjusted OR 12.20, 95% CI 4.53-32.84), whereas in those
treated at a centre with a policy of unprotected stenting, 25 (34%) of 73 patients n
the stenting group and ten (16%) of 61 in the endarterectomy group had new lesions
on DWI (adjusted OR 2.70, 1.16-6.24; interaction p=0.019).
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Interpretation
About three times more patients in the stenting group than in the endarterectomy
group had new ischaemic lesions on DWI on post-treatment scans. The difference in
clinical stroke risk in ICSS is therefore unlikely to have been caused by ascertainment
bias. Protection devices did not seem to be effective in preventing cerebral ischaemia
during stenting. DWI might serve as a surrogate outcome measure in future trials of
carotid interventions.
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I NTRODUCTION
Percutaneous stenting is an alternative to endarterectomy for the treatment of internal
carotid artery stenosis. The International Carotid Stenting Study (ICSS) recently
completed random assignment of patients with symptomatic carotid stenosis to stenting
or endarterectomy and the interim results have been published [1]. The risk of
procedural stroke, myocardial infarction or death within the first 120 days after
randomisation was significantly higher with stenting than with surgery (intention-totreat analysis 8.5% vs 5.2%, p=0.006), as was the risk within 30 days of treatment
in the per-protocol analysis (7.4% vs 4.0%, p=0.003). This difference was mainly
caused by a higher number of non-disabling strokes in the stenting group (36 vs 11
within 30 days of treatment); the rate of disabling stroke or death did not differ
significantly (26 vs 18).
Clinical follow-up of patients in ICSS was not masked to treatment allocation;
therefore, there was the possibility of potential bias in ascertainment of non-disabling
strokes. We used multimodal MRI as an additional outcome measure of procedural
cerebral ischaemia that could be analysed without knowledge of treatment allocation.
We aimed to compare the risk of procedural ischaemia and persistent infarction on
MRI between patients randomly allocated to receive stenting or endarterectomy and
to investigate the effect of cerebral protection devices on the risk of ischaemia associated
with stenting.

M ETHODS
Patients
The ICSS-MRI study is a prospective multicentre substudy of ICSS. Details of centre
and investigator requirements, eligibility criteria, method of randomisation, nature of
interventions, follow-up requirements and the definition and assessment of outcome
events have been described [1-3]. Briefly, patients with recently symptomatic, at
least moderate carotid artery stenosis (≥50% measured according to the North
American Symptomatic Carotid Endarterectomy Trial criteria [4]) were randomly
allocated to treatment with stenting or endarterectomy.
ICSS centres with sufficient neuroimaging facilities were invited to take part in
the ICSS-MRI study. All patients randomly assigned to treatment in ICSS were eligible
to participate if they had no contraindications to MRI.
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The study was approved by local ethics committees for non-UK centres and by the
Northwest Multicentre Research Ethics Committee in the UK. Patients provided written
informed consent to undergo MRI when the scans were not part of clinical routine.

Randomisation and masking
Eligible patients were randomly assigned in a 1:1 ratio to receive stenting or
endarterectomy by use of a computerised service provided by the Oxford Clinical
Trials Service Unit staff who were not involved in other parts of the trial. The allocated
treatment was communicated to investigators or one of their research team by telephone
after they provided baseline data of the patient. Randomisation was stratified by
centre with minimisation for sex, age, contralateral occlusion and side of the
randomised artery. Investigators were masked tot the randomisation program. Patients
and individuals who delivered the interventions were not masked to treatment
assignment. Patients were followed up and clinical outcome events reported to the
central trial office, by independent clinicians who were not masked to treatment
assignment but who were not directly involved in delivering the randomly allocated
treatment. Adjudication of outcomes was blinded. Apart from the trail statistician
and the data monitoring committee, all ICSS investigators, including the chief
investigator, remained masked to the results of the trial, including the ICSS-MRI
study, until after recruitment was completed.

Procedures
Stents and other devices used for carotid stenting were chosen by the treating physician
but had to have a CE mark. The protocol recommended that a cerebral protection
device should be used whenever the local investigator thought that one could be used
safely, but this was not mandatory. A combination of aspirin and clopidogrel to
cover stenting procedures was recommended. Use of heparin during the procedure
was mandatory. Surgeons could use standard or eversion endarterectomy. The use of
local or general anaesthesia, shunts and patches was at the discretion of the surgeon.
The protocol initially specified MRI scans to take place 1-3 days before treatment
(pretreatment scan), 1-3 days after treatment (post-treatment scan) and 27-33 days
after treatment (1-month follow-up scan). During the study, the window for the
pretreatment scan was extended to 7 days before treatment to allow for more flexibility.
Diffusion-weighted imaging (DWI) sequences were used at each scan to detect acute
ischaemic brain lesions. Fluid-attenuated inversion recovery (FLAIR) sequences were

92

New ischaemic brain lesions on MRI after stenting or CEA
Table 1. DWI parameters used at participating centres

Amsterdam
Basel
London
Newcastle
Rotterdam
Sheffield
Utrecht

Tesla

Slice
thickness
(mm)

Gap
thickness
(mm)

Matrix

Field
of view
(mm)

Echo
time
(ms)

b*
2
(s/mm )

3
1·5
1·5
3
1·53
1·53
1·5
1·53
1·53

3
5
5
4
55
55
5
55
55

0
2
1·5
1
00
00
1
00
00

256x256
128x128
256x256
256x256
256x256
256x256
130x130
128x128
256x256

230
230
230
230
240
250
240
230
230

94
105
96
70
85
65
102
79
71

1000
1000
1000
2500
1000
1000
1000
1000
2500

* The b value is a function of diffusion gradient strength, the duration of the gradient, and the interval
between diffusion gradients. The higher the b value, the stronger the diffusion weighting, with a
resulting increase in contrast between lesions and normal brain tissue.

used at pretreatment scans to measure cerebral with matter changes and at 1-month
follow-up scans to investigate whether acute ischaemic brain lesions led tot persistent
tissue changes. Centres were allowed to use scanners with field strengths of 1.5 Tesla
or 3 Tesla, as long as the same scanner and the same imaging parameters were used
in both treatment groups (table 1).
A neurologist and a neuroradiologist, both masked to treatment, analysed all
scans. Disagreement was resolved by consensus or, if no consensus could be reached,
a third reviewer had the final decision. On each scan, the number, vascular territory
according to previously published templates [5] and volume of hyperintense lesions
on DWI, signifying acute cerebral ischaemia, were measured. Volumes of separate
lesions were calculated by measuring lesion diameters in three axes, converted to mL
[6]. Lesions were considered separate if there was no continuity between them on the
same slice as well as on adjacent slices. Baseline white-matter changes were
semiquantitatively assessed on FLAIR sequences of the pretreatment scan by use of
the sum of the age-related white matter changes (ARWMC) score [7]. The sites of
hyperintense lesions on post-treatment DWI sequences were investigated for
corresponding hyperintense signal on FLAIR sequences at 1-month follow-up, signifying
persistent infarction.
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The primary imaging outcome was the presence of any new hyperintense DWI lesion
on the post-treatment scan that was not present on the pretreatment scan. Secondary
imaging outcome measures were hyperintensity on FLAIR images at 1-month followup at the site of at least one post-treatment DWI lesion that was not present on the
pretreatment scan; and the presence of any hyperintense DWI lesion at 1-month
follow-up that was not present on the post-treatment scan.

Statistical analysis
A sample size of at least 100 patients per treatment group was chosen on the basis of
detecting an increase in the proportion of patients with the primary outcome measure
in the stenting group of two times compared with the endarterectomy group at a
significance level of 0.05 and 90% power, assuming 25% of patients in the
endarterectomy group would have new DWI lesions after treatment. SPSS Statistics
software version 17.0 was used for statistical analysis (SPSS, Chicago, IL, USA).
The primary analysis of MRI outcome measures included all patients who
completed the allocated treatment and who had both the pretreatment scan and the
post-treatment scan. A secondary sensitivity analysis excluded patients whose
pretreatment scans were done more than 7 days before treatment or whose posttreatment scans were done more than 3 days after treatment. We used binary logistic
regression models to compare MRI outcome measures between treatment groups,
adjusted for any significant imbalances in baseline characteristics. Interactions between
the effect of treatment on the primary outcome measure and selected baseline
characteristics (age, sex, type of most recent ipsilateral event, presence of a hyperintense
DWI lesion before treatment and ARWMC score) were investigated, adjusted for any
significant imbalances in baseline characteristics.
To assess the effect of cerebral protection devices in stenting, we separated
centres into those with a policy of using such devices wherever possible and those
with a policy of using mainly unprotected stenting and tested for an interaction
between centre policy and treatment effect. To take into account the fact that centres
with a policy of protected stenting did not use cerebral protection devices in every
patient and that the devices were used in some patients at centres with a policy of
unprotected stenting, we also did a direct comparison between patients treated with
protection versus those without in the stenting group, adjusted for any significant
imbalances in baseline characteristics between groups.
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A non-randomised exploratory comparison of the total lesion number and total lesion
volume was done in the subset of patients with new DWI lesions on the post-treatment
scan by use of Mann-Whitney tests.
This is a substudy of a registered trial, ISRCTN 25337470.

R ESULTS
In ICSS, 1713 patients were randomly allocated to stenting (n=855) or endarterectomy
(n=858) between May, 2001 and October, 2008. Seven centres used the ICSS-MRI
study protocol: five had a policy of using cerebral protection devices during stenting
and two had a policy of unprotected stenting. In these seven centres, 189 patients
were randomly assigned to stenting and 190 patients to endarterectomy (figure 1).
124 patients in the stenting group and 107 patients in the endarterectomy group were
included in the primary analysis. Figure 1 shows the reasons for exclusion and
incomplete MRI. In the primary analysis population, the pretreatment scan was done
more than 7 days before treatment in one patient in the stenting group (11 days) and
in 14 patients in the endarterectomy group (maximum 29 days [median 9, IQR 816]). The post-treatment scan was done more than 3 days after treatment in five
patients in the stenting group (maximum six days [5, 4-6]) and in eight patients in the
endarterectomy group (maximum 8 days [5,4-7]). In 203 patients (118 in the stenting
group and 85 in the endarterectomy group), both pretreatment and post-treatment
scans were done within the specified time limits.
Demographic, clinical and MRI baseline characteristics did not differ substantially
between the two groups (table 2); however, the interval between treatment and the
post-treatment MRI scan was longer in the endarterectomy group (p=0.008). Baseline
characteristics were similar to those of patients in the main ICSS trial who were not
included in this MRI substudy, with the exception of higher systolic blood pressure at
randomisation in patients in the MRI substudy than in the other patients (mean 156
mmHg [SD 27] vs 144 mmHg [23], p<0.0001)[1]. In a post-hoc analysis, systolic
blood pressure did not predict the occurrence of new DWI lesions after treatment
(unadjusted OR 1.00 [95% CI 0.99-1.01], p=0.682; OR adjusted for treatment 1.00
[0.99-1.01], p=0.703).
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DWI quality insufficient (n=2)

Post-treatment scan
(n = 107)

Included analysis
(n = 107)

Post-treatment scan
(n = 126)

Included in analysis
(n = 124)

CEA completed
(n = 129)

CAS completed
(n = 142)

Fatal peri-procedural MI (n=1)
No post-treatment scan for medical reasons (n=1)
Withdrew consent for post-treatment scan (n=1)
MRI scanner unavailable after treatment (n=13)

CEA initiated
(n = 129)

CAS initiated
(n = 147)

CAS aborted (n=5)
Received CEA (n=3), received BMT (n=2)

Pre-treatment scan
(n = 131)

Pre-treatment scan
(n = 149)

Fatal stroke during procedure (n=1)
No post-treatment scan for medical reasons (n=7)
Withdrew consent for post-treatment scan (n=1)
MRI scanner unavailable after treatment (n=13)

Probable sudden cardiac death before
treatment (n=1)
Patient withdrew consent for treatment,
received BMT (n=1)

MRI contraindicated (n=9)
No pre-treatment scan for medical reasons (n=1)
No consent to MRI substudy (n=3)
MRI scanner unavailable before (n=39)

MRI contraindicated (n=10)
No consent to MRI substudy (n=2)
MRI scanner unavailable before (n=27)

DWI not done (n=2)

Recieved CAS (n=2), received BMT (n=5)

Allocated CES
(n = 190)

Received BMT (n=1)

Allocated CAS
(n = 189)

Patients randomized
(n=379)

Chapter 6

Figure 1. Study profile
†
DWI=diffusion-weighted imaging. *Carotid occlusion before scheduled treatment. Carotid occlusion
‡
(n=4), patient was unfit for either procedure (n=1). Suspected lung tumour in preoperative investigation
§
5
6
(n=1), refused allocated treatment (n=1). Hypotension. Probable cardiac cause. Functional carotid
occlusion (n-=1) and stenosis <50% (n=1). **Problems in getting access to stenosis (n=2) and
††
‡‡
severe back pain during the procedure (n=1). Hypotension. Hypotension or hypertension (n=3),
non-fatal procedural myocardial infarction (n=1), cardiac arrhythmia (n=2), surgical clips with
uncertain MRI compatibility used (n=1).
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Table 2. Demographics and baseline characteristics
Carotid
stenting
(n=124)
Age (years)
70·5 (9·4)
Men
87 (70%)
Vascular risk factors
- History of hypertension
85 (69%)
- History of diabetes
24 (19%)
- History of hypercholesterolaemia
78 (63%)
- Smoking (past or present)
94 (76%)
- Coronary heart disease
30 (24%)
- Peripheral artery disease
22 (18%)
- Systolic blood pressure at randomisation (mmHg)
156·3 (26·0)
- Total cholesterol at randomisation (mmol/L)
4·8 (1·3)
Most recent ipsilateral event
- Amaurosis fugax
23 (19%)
- Retinal stroke
4 (3%)
- Transient ischaemic attack
42 (34%)
- Hemispheric ischaemic stroke
55 (44%)
Modified Rankin Scale score at randomisation
-0
54 (44%)
-1
29 (23%)
-2
31 (25%)
-3
7 (6%)
-4
3 (2%)
Degree of ipsilateral carotid stenosis at randomisation*
- Moderate (50-69%)
17 (14%)
- Severe (70-99%)
107 (86%)
Contralateral carotid occlusion
8 (6%)
Interval between most recent ipsilateral event and treatment (days) 37 (14-82)
Interval between pretreatment scan and treatment (days)
1 (1-3)
†
Interval between treatment and post-treatment scan (days)
1 (1-1)
Presence of ischaemic lesion on DWI before treatment
54 (44%)
ARWMC score
4 (2-7)
‡
Interval between treatment and 1-month follow-up scan (days)
33 (30-36)

Carotid
endarterectomy
(n=107)
69·5 (8·8)
76 (71%)
74
24
72
80
21
15
155·7
5·0

(69%)
(22%)
(67%)
(75%)
(20%)
(14%)
(28·3)
(1·3)

21
1
46
39

(20%)
(1%)
(43%)
(36%)

38
29
28
9
3

(36%)
(27%)
(26%)
(8%)
(3%)

8
99
2
45
1
1
42
4
33

(8%)
(93%)
(2%)
(23-85)
(1-3)
†
(1-2)
(39%)
(2-8)
(30-34)

Data are mean (SD), number (%), or median (IQR). ARWMC=age-related white matter changes.
†
DWI=diffusion-weighted imaging. *According to NASCET method. Mann-Whitney test p=0·008.
‡
1-month follow-up scans were done in 86 patients in the stenting group and in 75 patients in the
endarterectomy group.
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Table 3. Clinical outcome within 30 days of treatment

Any stroke or death
All cause death
Any stroke
Stroke pathology
- Ischaemic
- Haemorrhagic
Stroke severity
- Non-disabling
- Disabling
- Fatal
TIA
Ischaemic stroke or TIA

Carotid
stenting
(n=124)

Carotid
endarterectomy
(n=107)

OR (95% CI)

p*

11 (9%)
1
10 (8%)

5 (5%)
0
5 (5%)

1·99 (0·70-5·66)

0·300

1·79 (0·62-5·17)

0·423

10 (8)
0

3 (3%)
2 (2%)

7 (6%)
3 (2%)
0
3 (2%)
13 (10%)

2 (2%)
3 (3%)
0
0
3 (3%)

4·06 (1·20-13·63)

0·035

Data are number (%). TIA=transient ischaemic attack. *Fisher’s exact test.

11 (9%) of 124 patients in the stenting group had any procedural stroke or death (ie,
occurring within 30 days of treatment) compared with five (5%) of 107 in the
endarterectomy group (p=0.30, table 3). Although there were no fatal strokes, one
sudden cardiac death occurred 25 days after stenting. 13 patients (10%) in the stenting
group and three (3%) in the endarterectomy group had procedural transient ischaemic
attack or ischaemic stroke (OR 4.06, 95% CI 1.20-13.63, p=0.035).
62 (50%) of 124 patients in the stenting group had new DWI lesions on posttreatment scans compared with 18 (17%) of 107 patients in the endarterectomy
group (OR 5.21, 95% CI 2.78-9·79; p<0.0001, adjusted for interval between treatment
and post-treatment scan; table 4). There were non-significant imbalances between
treatment groups in the proportion of patients with hemispheric ischaemic stroke as
qualifying event (55 [44%] of 124 in the stenting group and 39 [36%] of 107 in the
endarterectomy group, p=0.223) and interval between most recent ipsilateral event
and treatment (median 37 days [IQR 14-82] in the stenting group and 45 [23-85] in
the endarterectomy group, p=0.123; table 2). In a post-hoc comparison adjusted for
these variables in addition to interval between treatment and post-treatment scan,
the OR for new DWI lesions was 5.30 (95% CI 2.80-10.05, p<0.0001). In patients
who had pretreatment and post-treatment scans within the prespecified time limits,
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Table 4. New DWI lesions on post-treatment scans
Carotid
stenting
(n=124)

Carotid
endarterectomy
(n=107)

At least one new lesion

62 (50%)

18 (17%)

- Single lesion
- Multiple lesions
Location of lesions
- Ipsilateral carotid
circulation only
- Ipsilateral carotid and
non-ipsilateral (contralateral
carotid or vertebrobasilar)
circulations
- Non-ipsilateral (contralateral
carotid or vertebrobasilar)
circulations only
Ischaemic events in patients
§
with new DWI lesions

18 (15%)
44 (35%)

9 (8%)
9 (8%)

34 (27%)

14 (13%)

22 (18%)

3 (3%)

6 (5%)

1 (1%)

-

8 (6%)
1 (1%)
0
53 (43%)

3 (3%)
0
0
15 (14%)

Hemispheric stroke
Retinal infarct
TIA
None

OR (95% CI)

p*

4·94
†
(2·67-9·16)

<0·0001

5·21
‡
(2·78-9·79)

<0·0001

Data are number (%). DWI=diffusion-weighted imaging. TIA=transient ischaemic attack. *Logistic
†
‡
§
regression. Unadjusted. Adjusted for interval between treatment and post-treatment scan. Events
occurring between start of treatment and post-treatment scans only. No ischaemic event occurred
between the start of treatment and the post-treatment scan in patients without new DWI lesions.

58 (49%) of 118 patients in the stenting group and 15 (18%) of 85 patients in the
endarterectomy group had new DWI lesions after treatment (adjusted OR 4.84, 95%
CI 2.45-9.55; p<0.0001).
66 patients were studied in 3 Tesla scanners (37 in the stenting group and 29 in
the endarterectomy group) and 165 in 1.5 Tesla scanners. Lesions were detected in
29 (44%) of 66 patients scanned with 3 Tesla compared with 51 (31%) of 165
patients scanned with 1.5 Tesla (p=0.06).
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In eight of 62 patients with positive DWI after stenting, lesions were associated with
symptoms of an ischaemic hemispheric stroke between initiation of treatment and
the post-treatment scan and one patient had an ipsilateral retinal stroke before the
scan (table 4). In the other 53 patients with stents and new DWI lesions, no ischaemic
events happened up to the time of the scan; however, one patient had an ischaemic
stroke 4 days after the scan and two had transient ischaemic attacks (26 and 28 days
after the scan). In addition, one patient without new DWI lesions on the post-treatment
scan had a transient ischaemic attack 19 days after the scan. In the endarterectomy
group, three of 18 patients with new DWI lesions had ischaemic hemispheric strokes,
whereas 15 did not have any ischaemic events up to the time of the scan; however,
two patients who did not have any new lesions on post-treatment DWI had
haemorrhagic strokes 1 and 3 days after the scan. No hemispheric ischaemic event
occurred between treatment and the post-treatment scan without a corresponding
lesion on DWI in any of the 231 patients included in the primary analysis.
In patients with hemispheric stroke as the qualifying event, 33 (60%) of 55 in
the stenting group and four (10%) of 39 in the endarterectomy group had new DWI
lesions on post-treatment scans (adjusted OR 15.04, 95% CI 4.38-51.67), whereas
in those with a retinal ischaemic event or transient ischaemic attack as the qualifying
event, 29 (42%) of 69 in the stenting group and 14 (21%) of 68 in the endarterectomy
group had new DWI lesions (adjusted OR, 2.89, 1.34-6.22; interaction p=0·025;
figure 2). In patients treated at a centre with a policy of using cerebral protection
devices, 37 (73%) of 51 in the stenting group and eight (17%) of 46 in the
endarterectomy group had new DWI lesions on post-treatment scans (adjusted OR
12.20, 95% CI 4.53-32.84), whereas in those treated at a centre with a policy of
unprotected stenting 25 (34%) of 73 patients in the stenting group and ten (16%) of
61 in the endarterectomy group had new lesions on DWI (adjusted OR 2.70, 1.166.24; interaction p=0.019). Both interactions remained significant after adjustment
for each other (p=0.040 and p=0.038, respectively). In the stenting group, cerebral
protection devices were used in 47 (92%) of 51 patients enrolled at centres with a
policy of using protection and in nine (12%) of 73 patients at centres with a policy of
unprotected stenting. All cerebral protection devices used in the ICSS-MRI study
were of the filter type. Compared with patients who had stenting without protection,
in those who had cerebral protection devices a history of hypertension was more
common (80% vs 59%, p=0.012) and intervals between treatment and post-treatment
scans were longer (median 1 day [IQR 1-2] vs 1 day [1-1], p=0.001). When use of
cerebral protection devices was compared irrespective of centre policy, 38 (68%) of
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Subgroup

CAS
CEA
DWI+ Total DWI+ Total
N (%) N
N (%) N

Odds Ratio
[95% CI]

Odds Ratio
95% CI

Interaction
p-value

Age

<71 years
≥71 years

25 (40) 62
37 (60) 62

9 (17)
9 (16)

52
55

3.27 [1.34, 8.02]
8.10 [3.30, 19.86]

0.187

20 (54) 37
42 (48) 87

5 (16)
13 (17)

31
76

5.77 [1.78, 18.72]
4.95 [2.34, 10.48]

0.593

14 (21)
4 (10)

68
39

2.89 [1.34, 6.22]
15.04 [4.38, 51.67]

10 (15)
8 (19)

65
42

5.16 [2.24, 11.91]
5.02 [1.91, 13.22]

10 (16)
8 (18)

63
44

3.30 [1.41, 7.69]
8.47 [3.15, 22.78]

h

61
46

2.70 [1.16, 6.24]
12.20 [4.53, 32.84]

h

Sex

Female
Male

Type of qualifying event

Retinal or TIA
29 (42) 69
Hemispheric stroke 33 (60) 55

h

0.025

DWI lesion on pre-treatment scan

No
Yes

34 (49) 70
28 (52) 54

0.853

ARWMC on pre-treatment scan

0-4
≥5

27 (40) 67
35 (61) 57

0.272

Centre policy of using cerebral protection

25 (34) 73
37 (73) 51

10 (16)
8 (17)

Total

62 (50) 124

18 (17) 107

5.21 [2.78, 9.79]

0.05

0.2

Favours CAS

0.019



No
Yes

1

5

20

Favours CEA

Figure 2. New DWI lesions on post-treatment scans in patient subgroups
Data are numbers of patients (%) with new DWI lesions on post-treatment scans (DWI positive) and
total numbers of patients per treatment group. Squares and horizontal lines are adjusted odds ratios
(OR) and 95% CIs. The diamond represents the overall adjusted OR and 95% CI. All OR and
interaction p values are adjusted for interval between treatment and post-treatment scan. *Dichotomised
at the rounded median age of the study population. DWI=diffusion-weighted imaging. ARWMC=agerelated white matter changes.

56 patients who had protected stenting and 24 (35%) of 68 patients who had
unprotected stenting had new DWI lesions after treatment (OR 3.28, 1.50-7.20;
p=0.003, adjusted for hypertension and delay to post-treatment scan).
In patients with new DWI lesions on the post-treatment scan, the median number
of lesions in patients in the stenting group was 3 (IQR 1-9) compared with 2 (1-5) in
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Table 5. MRI findings at 1-month follow-up

At least one new ischaemic
lesion on post-treatment DWI

Carotid
stenting
(n=86)

Carotid
endarterectomy
(n=75)

44 (51%)

10 (13%)

New hyperintensity on FLAIR
at 1-month follow-up at site
of at least one post-treatment
DWI lesion

28 (33%)

New ischaemic lesion on DWI
at 1-month follow-up not seen
on post-treatment scan

6 (7%)

6 (8%)

1 (1%)

OR (95% CI)

5·55
(2·15-14·33)
5.93
(2·25-15·62)
5·55
(0·65-47·19)

p*

†

0·0004

‡

0·0003

†

0·117

Data are number (%) or OR (95% CI). Patients with completed pre-treatment, post-treatment and
1-month follow-up MRI scans are included. DWI=diffusion-weighted imaging. FLAIR=fluid-attenuated
†
‡
inversion recovery imaging. *Logistic regression p-value. Unadjusted. Adjusted for interval between
treatment and post-treatment scan.

patients in the endarterectomy group (p=0.073). Median total lesion volume was
0.17 mL (IQR 0.06-0.58) in the stenting group and 0.19 mL (0.06-0.58) in the
endarterectomy group (p=0.800). In both groups combined, median total lesion
volume was 9.40 mL (IQR 2.26-12.83) in the 11 patients (eight in the stenting group
and three in the endarterectomy group) with corresponding symptoms of ischaemic
hemispheric stroke and 0.12 mL (0.05-0.40) in the 69 patients (54 in the stenting
group and 15 in the endarterectomy group) with silent lesions (p<0.0001, figure 3).
1-month follow-up MRI scans were not done routinely at one centre (17 patients
in the stenting group and 16 in the endarterectomy group). In the other centres, all
three scans were done in 86 (80%) of 107 patients in the stenting group and in 75
(82%) of 91 patients in the endarterectomy group. Within this population, 89 (17%)
of 537 DWI lesions detected at post-treatment scans in the stenting group and 18
(53%) of 34 DWI lesions in the endarterectomy group had a corresponding hyperintense
FLAIR signal at follow-up. FLAIR signals were present at follow-up at the site of at
least one post-treatment DWI lesion in 28 patients (33%) in the stenting group and
six patients (8%) in the endarterectomy group (adjusted OR 5.93 [95% CI 2.2515.62]; p=0.0003; table 5). Six patients in the stenting group and one in the
endarterectomy group had new hyperintense DWI lesions on the 1-month follow-up
scan.
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40

Number of patients

80
Symptomatic lesions
Silent lesions

30
70
60
20
10
50
0
< 0.1

0.1-0.25 0.25-0.5

0.5-1

1-5

>5

Total volume of DWI lesions on post-treatment scan (mL)

Figure 3. Distribution of DWI lesion volumes on post-treatment scans according to whether or not
focal neurological deficits occurred DWI=diffusion-weighted imaging.

The two reviewers initially disagreed and reached consensus on the presence or absence
of hyperintense DWI lesions in two of 231 pretreatment scans that were included in
the primary analysis, eight of 231 post-treatment scans and one of 161 scans at 1month follow-up. In addition, there was initial disagreement on the number of lesions
in 25 of the 80 patients who had new DWI lesions on post-treatment scans.

D ISCUSSION
In this MRI substudy of ICSS, about three times more patients had new ischaemic
lesions on DWI after stenting than after endarterectomy and the risk of cerebral
ischaemia was higher among patients undergoing stenting with cerebral protection
devices than without.
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Study

CAS
CEA
DWI+ Total DWI+ Total

Odds Ratio
M-H, Fixed, 95% CI

Odds Ratio
M-H, Fixed, 95% CI

Non-randomised studies

Garcia-Sanchez 2004

4

10

1

10

6.00 [0.53, 67.65]

Flach 2004

9

21

2

23

7.88 [1.46, 42.61]

Roh 2005

8

22

1

26

14.29 [1.62, 126.30]

Poppert 2006

22

41

16

93

5.57 [2.46, 12.61]

Iihara 2006

32

92

13

139

5.17 [2.53, 10.56]

Lacroix 2007

26

61

7

60

5.62 [2.20, 14.36]

Faraglia 2007

12

35

3

40

6.43 [1.64, 25.27]

Tedesco 2007

24

34

1

30

69.60 [8.31, 583.10]

Skjelland 2009

6

28

2

30

3.82 [0.70, 20.79]

143

344

46

451

6.71 [4.57, 9.87]

Subtotal (95% CI)

h

h



Heterogeneity: Chi² = 6.43, df = 8 (P = 0.60); I² = 0%
Test for overall effect: Z = 9.69 (P < 0.00001
Randomised studies

ICSS-MRI Study 2010
Total (95% CI)

62

124

18

107

4.94 [2.67, 9.16]

205

468

64

558

6.16 [4.45, 8.54]



Heterogeneity: Chi² = 6.78, df = 9 (P = 0.66); I² = 0%
Test for overall effect: Z = 10.92 (P < 0.00001)
0.01

0.1

Favours CAS

1

10

100

Favours CEA

Figure 4. Meta-analysis of studies comparing ischaemic lesions on DWI after carotid stenting versus
carotid endarterectomy Mantel-Haenszel fixed effect model comparing the proportions of patients with
hyperintense DWI lesions after stenting versus endarterectomy in nine non-randomised studies, and in
the ICSS-MRI study. Data are numbers of patients with new DWI lesions on post-treatment scans (DWI
positive) and total numbers of patients in studies. Squares and horizontal lines are odds ratios (OR)
and 95% CIs, with size of squares representing study weight. Diamonds represent aggregate OR and
95% CI. DWI=diffusion-weighted imaging.

Non-randomised studies have suggested a higher rate of postprocedural ischaemic
lesions on DWI after stenting compared with endarterectomy [8-16]. In a metaanalysis of these studies the aggregate OR of new ischaemic lesions after treatment
was 6.71 (95% CI 4.57-9.87) favouring endarterectomy (figure 4). However, whether
this was because more patients who had high cardiovascular risk profiles were assigned
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to stenting is unclear. The OR for DWI lesions in our randomised study was very
similar, arguing against such a bias.
At most centres in ICSS, patients were sent to neurological wards after stenting,
whereas patients who had endarterectomy were transferred to high-dependency units
or were sent to surgical ward for care after treatment. Thus, non-disabling strokes
might have been detected more readily among patients who had stenting than among
those who had endarterectomy. However, the results of the ICSS-MRI study confirm
an increased risk of cerebral ischaemia associated with stenting in comparison with
endarterectomy by using a separate, blinded assessment of MRI; thus it is unlikely
that ascertainment bias caused the difference in non-disabling strokes between the
two groups.
Among the 62 patients in the stenting group who had new DWI lesions after
treatment, 44 (71%) had more than one lesion and 28 (45%) had lesions in the
contralateral carotid or vertebrobasilar circulation (mostly in addition to lesions in
the ipsilateral carotid circulation). These results support the notion of an embolic
pathogenesis of cerebral ischaemia [17]. Embolism might have happened at any
stage of the stent procedure, including angiography before stenting [18]. Thrombotic
material or atherosclerotic debris dislodged during the stenting procedure seems to
result in single or multiple small emboli, which might manifest as stroke if a large
enough volume of eloquent brain tissue is affected.
The differential risk of cerebral ischaemia was modified by the type of the most
recent ipsilateral event before randomisation: the proportion with DWI lesions
associated with stenting was smaller for patients enrolled after a transient ischaemic
attack or a retinal ischaemic event than for patients who were enrolled after a
hemispheric stroke. This pattern might have developed because patients with strokes
have less stable plaques compared with those presenting with other ischaemic
symptoms, a hypothesis that is supported by a histological study of symptomatic
carotid plaques [19]. Thus, increased plaque instability might pose a greater risk for
cerebral embolism with stenting than with endarterectomy.
Five centres participating in the ICSS-MRI study had a policy of using filter-type
cerebral protection devices during stenting, whereas at two centres stenting was mainly
done without protection. The proportion of patients with DWI lesions in the stenting
group was higher when centres used protection than when they did not. Our findings
seem to contradict systematic reviews of observational studies reporting lower rates
of stroke and ischaemia on DWI with protected than with unprotected stenting [20,21].
However, these studies either compared outcomes after protected stenting with
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historical controls of unprotected stenting (and thus might have been confounded by
a learning curve effect) or were prone to selection bias. The results of the ICSS-MRI
study are in agreement with two small randomised studies in which non-significant
increases in the risk of cerebral ischaemia on DWI were reported after filter-protected
stenting compared with unprotected stenting [22,23]. Together, these findings cast
doubt on the efficacy of the routine use of filter-type cerebral protection devices in
preventing cerebral embolism during stenting. Embolisation might develop during
insertion of cerebral protection devices, especially in tortuous vessels and stenoses,
which are difficult to pass and thrombo-embolism might result from damage to the
endothelium. Nevertheless, some patients might benefit more than others from the
use of filter-type cerebral protection devices, as suggested by a recent DWI study
[24]. A randomised trial comparing protected versus unprotected stenting is required
to investigate the safety and efficacy of cerebral protection devices.
Only 17% of DWI lesions in the stenting group and 53% in the endarterectomy
group were associated with signal changes on FLAIR imaging 1 month later. This
might be because full recovery of tissue injury occurred in the other lesions or because
of differences in slice positioning between post-treatment scans and 1-month followup scans. However, more patients in the stenting group than in the endarterectomy
group had at least one early DWI lesion leading to persistent tissue change. The
finding of a higher proportion of DWI lesions after endarterectomy than stenting
associated with permanent tissue damage on FLAIR might be explained by differences
in volumes of individual lesions but might also suggest different pathogenetic
mechanisms of cerebral ischaemia between stenting and endarterectomy.
New ischaemic lesions, even without corresponding focal deficit, might lead to
clinical consequences in the long term, including cognitive decline and dementia
[25]. The effect of DWI lesions on cognitive function has been investigated in a single
centre participating in the ICSS-MRI study and will be the subject of a separate
report.
This study has several limitations. Although allocation of treatment was
randomised, only 74% of patients randomly assigned treatment in ICSS at participating
centres entered the ICSS-MRI study, 83% of whom completed post-treatment
scanning. Thus, imbalances in unmeasured risk factors for DWI lesions between
treatment groups might have influenced the results. Fewer patients allocated to have
endarterectomy than to stenting completed the MRI study, suggesting a more restricted
access to neuroimaging from surgical wards than from neurological wards. Clinically
unstable patients with a higher risk for procedural ischaemia might have been less
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likely to complete the imaging protocol. However, any such bias is unlikely to explain
the large difference in the occurrence of cerebral ischaemia between the two groups.
The use of cerebral protection devices was not randomised in ICSS and other centrerelated factor (eg, experience of the interventionalist) might have contributed to the
observed interaction. Also, because all cerebral protection devices used in the ICSSMRI study were of the filter type, we cannot make any conclusions about the efficacy
of other types of devices (eg, with distal or proximal balloon occlusion). Almost a
third of patients in the ICSS-MRI study were studied in a 3 Tesla scanner and,
although there was a higher DWI lesion detection rate than with 1.5 Tesla, there was
no difference in the proportion of patients analysed with the higher magnetic field
strength between the two treatment groups. The results were, therefore, probably not
biased by detection of lesions at different field strengths.
By use of a separate masked assessment of MRI, we have shown in this substudy
that the increased risk of cerebral ischaemia after stenting compared with
endarterectomy reported in ICSS in unlikely to have been caused by ascertainment
bias. DWI could be used as a surrogate outcome measure for treatment safety in
future pilot studies of carotid interventions.
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Frequency and consequences of early in-stent lesions

A BSTRACT
Purpose
To examine the prevalence of in-stent lesions 1 month after carotid artery stent
placement with multidetector computed tomography (CT) angiography and to evaluate
their possible causes and their consequences during 1-year follow-up.

Materials and methods
Sixty-nine patients with symptomatic carotid artery stenosis underwent multidetector
CT angiography of the carotid arteries 1 month after carotid artery stent placement.
Patients were followed-up until 1 year after stent placement, when duplex
ultrasonography (US) was performed. In-stent lesions were defined as hypo- or
hyperattenuating lesions at the stent wall found with multidetector CT. Significant
restenosis (70%) at 1 year was defined as a peak systolic velocity of more than 300
cm/sec at duplex US. The Fisher exact test was used to assess the relationship between
early in-stent lesions and ischemic events and restenosis.

Results
At 1 month, 14 of the 69 patients (20%) were found to have in-stent lesions. In one
patient, the stent was occluded. The other 13 in-stent lesions did not result in
significant lumen reduction. In the year following stent placement, no difference in
ischemic events was found between patients with (14%) and those without (14%)
early in-stent lesions (P = 1.00). There was no difference in the occurrence of restenosis
at 1 year (7% vs 4%, P = 0.59).

Conclusions
At 1 month after carotid artery stent placement, in-stent lesions are found in about
one-fifth of patients. These lesions do not appear to be related to recurrent ischemic
events or to restenosis at 1 year.

113

Frequency and consequences of early in-stent lesions

I NTRODUCTION
In the past decade, carotid artery stent placement has evolved as a potential
alternative to carotid endarterectomy in patients with carotid artery stenosis. Large
trials are on their way to compare stent placement and carotid endarterectomy. As
compared with carotid endarterectomy, carotid artery stent placement has a number
of potential advantages, such as avoiding the risks of general anesthesia and the risk
of cranial nerve damage [1]. Carotid artery stent placement may be preferred to
carotid endarterectomy in patients at high surgical risk due to ischemic heart disease
[1;2]. However, in the average patient with carotid stenosis, the safety and efficacy
of carotid artery stent placement as compared with carotid endarterectomy are still
uncertain [1;3;4]. Stent placement may be complicated by in-stent thrombosis and
neointimal hyperplasia, which may affect stent patency [5]. In bare metal coronary
stents, thrombus formation generally occurs in the 1st month after placement, whereas
neointimal hyperplasia is usually found after the first few months [6;7]. The incidence
of in-stent restenosis is reported to be up to 20% [8]. Earlier studies have reported an
incidence of 0.5%-2% of acute or subacute in-stent thrombosis [9;10]. To our
knowledge, occurrence of in-stent thrombosis 1 week to 3 months after stent placement
has only been reported by a few case reports from a series of 96 patients [11;12].
Surveillance imaging after carotid stent placement is generally performed by duplex
ultrasonography (US). Duplex US measures flow velocity changes resulting from a
moderate to severe lumen reduction or occlusion. Subtle in-stent changes may not
result in flow velocity changes and may therefore remain unnoticed. However, such
lesions may lead to thromboembolism and in the long term, restenosis or occlusion.
Several case reports have demonstrated the capacity of multidetector computed
tomography (CT) to depict in-stent restenosis and other early in-stent changes [13;14]
due to the high spatial resolution of this technique and the high contrast between the
stent, in-stent lesions and stent lumen. However, no multidetector CT study has
systematically assessed the prevalence of early in-stent lesions after carotid artery
stent placement, risk factors for their development and their consequences.
In this study, we aimed to examine the prevalence of in-stent lesions 1 month
after carotid artery stent placement with multidetector CT angiography and to evaluate
their possible causes and their consequences during 1-year follow-up.
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MATERIALS

AND

M ETHODS

Patients
All patients in the present study had a symptomatic carotid artery stenosis of at least
50%. During the period from September 2003 to September 2006, 88 consecutive
patients underwent carotid artery stent placement at our institution. Of these 88
patients, 19 were excluded from the present study because of logistical reasons: 10
because there was not enough time to perform additional multidetector CT imaging
before carotid stent placement, 3 because of technically insufficient multidetector
CT angiography and 6 because they refused to undergo multidetector CT. Thus, 69
patients were included in this study. There were 24 women and 45 men, with a mean
age (± standard deviation) of 69 years ± 10 (range, 45-85 years). In all 69 patients,
multidetector CT angiography of the carotid arteries was performed 1 month after
stent placement. In 66 patients, duplex US was performed at 1-year follow-up. The
remaining three patients did not undergo duplex US because of carotid occlusion at
1 month, refusal or death during follow-up. Patients were interviewed and examined
by a study physician 1 day, 1 month and 1 year after carotid artery stent placement.
The medical ethics review board of our institute had approved the study protocol and
written informed consent was obtained from all patients.

Carotid artery stent placement
Two experienced neurointerventional radiologists performed all procedures. Each had
performed more than 100 neurointerventional procedures before the current study
was started. All patients had received low-dose aspirin after their transient ischemic
attack or nondisabling stroke. Clopidogrel in a daily dose of 75 mg was started at
least 3 days before stent placement and was prescribed for 4 weeks after treatment.
All procedures were performed with the patient under local anesthesia. During the
procedure, heparin (2,500 IU) was intravenously administered. The procedure started
with selective angiography of the symptomatic carotid artery, with measurement of
the degree of stenosis according to the North American Symptomatic Carotid
Endarterectomy Trial criteria [15]. Next, an 8-F sheath for the introduction of the
balloon catheter replaced the 6-F shuttle sheath (Cook, Bloomington, Indiana). A
monorail system was used, with a 0.014-inch guide wire (PT Choice; Boston Scientific,
Natick, Massachusetts) to pass the stenosis. On the basis of the degree and shape of
the stenosis, it was decided whether pre- and/or postdilatation were required. Monorailtype balloons, such as the Amiia balloon (Cordis, Miami, Florida), were used for preand/or postdilatation. Sizes varied according to the lesions. Different types of self116
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expandable stents were used, as follows: Wallstent (Boston Scientific), NexStent
(Boston Scientific), Precise RX (Cordis) and Protégé RX (ev3, Plymouth, Indiana).
Stents differed in length, diameter and material (nitinol or stainless steel). The nitinol
stents differed in configuration (tapered or nontapered). Shortly before balloon
dilatation, 0.5-mg atropine was administered intravenously to counteract bradycardia
caused by pressure on the carotid baroreceptors. No cerebral protection device was
used. Finally, angiography of the treated carotid artery was performed to determine
the percentage of residual stenosis.

Multidetector CT angiography
Multidetector CT angiography was performed 1 month after carotid artery stent
placement with a 16-section scanner (MX8000 IDT), a 40-section scanner (Brilliance40) or a 64-section scanner (Brilliance-64; all from Philips Medical Systems, Cleveland,
Ohio), depending on availability. To minimize dental artifacts, patients were scanned
in the supine position with the head tilted so that the mandible was perpendicular to
the table. The scan range started 3 cm under the vertex and ended below the aortic
arch. A collimation of 16 x 0.75 mm, 40 x 0.625 mm or 64 x 0.625 mm was used,
with a pitch between 0.77 and 0.85 (depending on the scanner options) and a rotation
time of 0.42 second. Exposure settings were 120 kVp and 180 mAs. Overlapping
sections of 1.0-mm section thickness on the 16-section scanner or 0.9-mm section
thickness on the 40- or 64-section scanners were reconstructed at a reconstruction
interval of 0.5 mm and a field of view of 160 mm.
CT angiography was performed after the injection of 50 mL of contrast medium
(Ultravist 300; Schering, Berlin, Germany) at 5 mL/sec followed by a saline chaser
bolus of 50 mL injected at the same flow rate. The scan delay was determined from
the injection of a bolus of 40 mL contrast medium that was used for a brain perfusion
study.
The resulting images were sent to a dedicated CT workstation (Extended Brilliance
Workspace; Philips) for further evaluation.

In-stent lesions
Identification of in-stent lesions was performed by two observers (L.J. and J.H.). In
case of disagreement, a third observer (M.P.) served as an arbiter. On the CT
workstation, curved planar reformations through the centerline of the stented vessel
and sections perpendicular to the vessel course were used to determine the presence
of in-stent lesions. Window level settings were optimized by the reviewers. In-stent
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Table 1. Baseline characteristics related to the presence of in-stent lesions
In-stent lesion
(n=14)

No in-stent lesion
(n=55)

p-value

Patient characteristics
- Age (yrs) *
- Sex (male) †
- Side (right) †
- Hypertension †
- Diabetes mellitus †

69.1 ± 8.1
12 (86)
7 (50)
6 (43)
0 (0)

69.2 ± 10.0
33 (60)
32 (58)
35 (64)
12 (22)

0.98
0.12
0.76
0.22
0.11

Stent characteristics
- Material (nitinol) †
- Material (stainless steel) †
- Length (mm) ‡
- Diameter (mm) ‡
- Tapered †

13(93)
1 (7)
30 (30-40)
8 (7-9)
8 (57)

36 (66)
19 (34)
30 (30-30)
8 (7-9)
20 (36)

0.05
0.16
0.34
0.22

Procedure characteristics
- Degree of stenosis (%)‡
- Residual stenosis (%)‡
- Duration procedure (min) ‡
- Pre-dilatation †
- Post-dilatation †

80 (68-92)
14 (4-21)
50 (35-60)
10 (71)
8 (57)

77 (64-85)
8 (0-18)
50 (45-60)
39 (71)
36 (66)

0.63
0.31
0.25
1.00
0.76

* values are mean ± SD
† values are N (%)
‡ values are median (interquartile range)

lesions were defined as present if a hypo- or hyperattenuating structure was observed
at the stent wall between the struts and the in-stent lumen. Whether a lesion was
hyper- or hypoattenuating was determined by eyeballing because of the inevitable
partial volume effect influencing Hounsfield unit measurement. A lesion was considered
to result in significant stenosis if the lumen reduction was greater than 70% and
occlusive if the entire lumen of the stent was occluded.

Duplex US
Carotid duplex US was performed, blinded for the presence of in-stent lesions, at 1month and at 1-year follow-up. Examinations included standard gray-scale, B-mode
and color images of the stent in the carotid artery. The peak systolic velocity (PSV)
was recorded. Significant restenosis was defined as a PSV of more than 300 cm/sec
or an occlusion [16;17].
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Figure 1. Multiplanar reformations obtained parallel (a) and perpendicular (b) to a stainless steel
stent show the only hyperattenuating in-stent lesion (arrow in b) found in the present study.

Data analysis
Descriptive statistical analyses were performed to describe patient, procedure and
stent characteristics. Univariate analyses were performed on all variables by using
the Fisher exact test, the unpaired t test for normally distributed data and the Wilcoxon
rank sum test for non-normally distributed data. A Fisher exact test was also used to
assess the relationship between in-stent lesions and ischemic events and restenosis. A
P value of less than .05 was considered to be statistically significant.

R ESULTS
Multidetector CT angiography of the carotid arteries was performed 1 month after
stent placement in 69 patients in whom 69 stents had been placed. Patient
characteristics are shown in Table 1. In-stent lesions were found in 14 of the 69
patients (20%). The lesion was hyperattenuating in one patient (Fig 1) and
hypoattenuating in the others (Fig 2). In one patient, the stent was occluded (Fig 3).
Except for the patient in whom the stent was occluded, none of the patients had a
lumen reduction of more than 70% at CT angiography. In addition, except for the
patient in whom the stent was occluded, none of the patients showed in-stent restenosis
at carotid duplex US performed at 1-month follow-up.
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Table 2. Duplex ultrasonography and ischemic events related to the presence of in-stent
lesions
In-stent lesion
(n=14)

No in-stent lesion
(n=52)

p-value

Ipsilateral ischemic events
1 month *
1 month – 1 year *
Total *

1 (7)
1 (7)
2 (14)

5 (10)
4 (8)
7 (14)

1.0
0.987
1.0

Duplex ultrasonography
PSV 1 year †
Restenosis 1 year *

81 ± 32
1 (7)

117 ±64
2 (4)

0.051
0.599

* values are N (%)
† values are mean ± SD (range)

Except for the stent material, no statistically significant differences in clinical,
angiographic and procedural characteristics were found between patients with and
patients without in-stent lesions (Table 1). In-stent lesions occurred in 13 of the 49
nitinol stents (27%) and in one of the 20 stainless steel stents (5%, P = 0.05).
In the period between stent placement and 1-month follow-up, two patients
had an ipsilateral ischemic stroke and four had an ipsilateral transient ischemic attack.
Between 1-month and 1-year follow-up, one of the patients who had had an ischemic
stroke in the 1st month after stent placement died of a hemorrhagic stroke, one
patient had an ipsilateral ischemic stroke, two patients had an ipsilateral transient
ischemic attack and one patient had a contralateral transient ischemic attack. No
differences in the occurrence of ischemic events in the 1st month or 1st year were
found between patients with and patients without early in-stent lesions (Table 2). Of
note, the patient with ipsilateral ischemic stroke within 1 month after stent placement
was the only patient who had discontinued the use of clopidogrel prematurely.
At 1 month and 1 year, there was a trend towards a higher PSV in patients
without early in-stent lesions than in patients with such lesions (Table 2). Two patients
without early in-stent lesions had a restenosis with a PSV of more than 300 cm/sec
and one of the patients with an in-stent lesion at 1 month had an occlusion. All three
patients were asymptomatic.
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Figure 2. Multiplanar reformations of the stented carotid bifurcations in the 12 patients with
hypoattenuating in-stent lesions (arrow).

Figure 3. Multiplanar reformations obtained parallel (a) and perpendicular (b) to a nitinol steel
stent show the only occlusion found in the present study.
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D ISCUSSION
In the present study, we found in-stent lesions with multidetector CT angiography in
20% of the patients 1 month after stent placement for symptomatic carotid artery
stenosis. The presence of these early lesions was not related to ischemic complications
or in-stent restenosis at 1-year follow-up. Although our sample of 69 patients is too
small for definitive conclusions, this suggests that early in-stent lesions are generally
benign and that the finding of an asymptomatic lesion does not warrant a change in
medication or additional follow-up.
To our knowledge, the formation of in-stent lesions in carotid stents has not
been addressed before in a systematic fashion. In patients receiving bare metal coronary
stents under dual antiplatelet therapy, symptomatic or severe stent thrombosis occurs
in as few as 0.5%-1.9% of cases [5]. Most of these thrombotic events occur in the 1st
month after implantation [6]. After carotid artery stent placement, symptomatic instent thrombosis has been described in 0.5%-3.0% of the cases [10;11;18]. In the
present study, we found 7% restenosis in patients with and 4% restenosis in patients
without early in-stent lesions. Most of the restenoses are asymptomatic and currently
the consensus on performing repeat interventions is when patients become symptomatic
or when the stenosis progresses and is more than 80% [8]. In the present study, we
found early in-stent lesions in about 20% of the patients 1 month after stent placement;
only one of those patients was symptomatic. Thirteen patients had a localized lesion
without a significant lumen reduction and one patient had an occlusion. Nevertheless,
after stent placement ischemic events did occur in both patient groups, suggesting
other embolic sources. Still, after stent placement an ischemic event did occur in
both patient groups. Unfortunately, patients with carotid artery stenosis do have
generalized atherosclerosis and an ischemic event may result from thrombi originating
from more than just the carotid bifurcation.
Imaging of carotid stents with multidetector CT angiography has only been
reported before in a case report and in small case series [13;19]. Both reported the
application of multidetector CT to image a carotid stent at 1-year follow-up. In both
studies, a circumferential rim inside the stent was found that was considered to
reflect intimal hyperplasia. The present study differs from these previous reports by
its systematic character and by the short time window between stent placement and
multidetector CT angiography.
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The nature of the early in-stent lesions can only be speculated upon. It may be
hypothesized that the lesions consist of plaque material pushed through the stent
mesh [20]. The single hyperattenuating lesion we found is probably best explained by
a calcification pushed through the stent mesh. Such plaque material is considered
thrombogenic [20] and could thereby lead to the localized lesions we found. Second,
the lesions may consist of thrombus formed due to thrombogenicity of the stent, the
native vessel wall or the plaques that are pushed aside by the stent. Mural thrombi
may occur in regions where neointima has not been formed yet. In a morphologic
study of human coronary stents (21), thrombi were found in most sections in the first
11 days and in a quarter of the sections up to 30 days after stent placement. Third,
excessive neointima proliferation could explain some flat wall-adherent lesions.
Neointima formation starts right after stent placement and will eventually result in
complete covering of the stent with a neointima layer [21;22]. However, it takes at
least several months before neointima has proliferated enough to result in lumen
reduction. This occurs typically in a circumferential way [21]. Excessive neointima
formation appears a less likely explanation for early in-stent lesions.
In patients receiving carotid artery stents, the use of clopidogrel in combination
with aspirin has been reported to reduce the risk of thrombotic complications as
compared with combined treatment with aspirin and heparin [23]. All but one of our
patients with in-stent lesions had used a combination of low-dose aspirin and clopidogrel
from at least 3 days before stent placement to 4 weeks thereafter; the large majority
of lesions observed cannot be explained by inadequate antiplatelet therapy. This
differs from a previous observation that carotid in-stent thrombosis is associated with
discontinuation of dual antiplatelet therapy [11].
Data from previous studies indicate that the extent of thrombus inside coronary
or iliac stents early after implantation is related to the extent of neointimal formation
at later stages [20;24]. In the present study, no relationship was found between the
occurrence of in-stent restenosis at 1-year follow-up and the presence of in-stent
lesions at 1 month. These early lesions did not, therefore, induce excessive neointima
formation.
In the present study we found a strong trend towards more in-stent lesions at 1
month in nitinol stents compared with stainless steel stents. The knowledge about
differences in thrombogenicity of bare metal stents is limited. Some experimental
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studies point at a higher thrombogenicity and more intimal proliferation within nitinol
stents compared to stainless steel stents [25;26]. However, other studies suggest a
higher thrombogenicity of stainless steel stents compared with nitinol stents [27-29].
Most studies comparing the thrombogenicity of nitinol and stainless steel stents
conclude that other factors may also play a role in the thrombogenicity, such as the
length and the diameter of the stents. This is not supported by the present study, in
which the length and diameter of the stents were not related to the occurrence of
early in-stent lesions. Another important stent characteristic that has caused more
in-stent lesions is the closed configuration of the stainless steel stents and the open
configuration of the nitinol stents. In addition, stainless steel stents generally have
higher Hounsfield units than nitinol stents, resulting in more streak and blooming
artifacts which may explain the underestimation of in-stent lesions in stainless steel
stents [30].
The present study has limitations. First, different types of multidetector CT
scanners were used to assess the carotid stents. However, visualization of in-stent
lesions with 16-, 40- and 64-section scanners is virtually similar, because of an identical
spatial resolution in the x-y plane and a minimum difference in spatial resolution
along the z-axis (0.9- vs 1.0-mm sections). Second, stents give rise to blooming
artifacts. Such artifacts may have resulted in an underestimation of the occurrence
of early in-stent lesions. The sensitivity and specificity of multidetector CT in assessing
the patency of the carotid stents are unknown, but there is evidence that multidetector
CT can asses the in-stent diameter accurately [31]. In addition, we could only
hypothesize on the nature of the in-stent lesions, because it was impossible to obtain
pathological proof. Follow-up at 1 year with multidetector CT would be optimal.
However, duplex US can also give sufficient information about in-stent restenosis.
Third, no unenhanced multidetector CT scans were assessed, which may have resulted
in an underestimation of the hyperattenuating in-stent lesions. However, missed
hyperattenuating lesions would only be those lesions with attenuation equal to that
of the contrast medium. Because we found no positive relationship between in-stent
lesions and in-stent restenosis, it is not likely that a possible underestimation of instent lesions will result in a positive relation.
In conclusion, early in-stent lesions are found with multidetector CT angiography
in about one-fifth of the carotid stents at 1 month. There is no firm indication that
these in-stent lesions lead to clinical symptoms or to in-stent restenosis.
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G ENERAL D ISCUSSION
Cerebral perfusion
Cerebral perfusion is necessary to provide the brain with oxygen and glucose to
maintain normal functioning of the brain. There are different pathways which are
involved in the cerebral perfusion control to maintain sufficient brain perfusion. The
prime driving force for the cerebral perfusion is the cerebral perfusion pressure (CPP).
The CPP is determined by the difference between the mean arterial perfusion pressure
and intra-cranial pressure (ICP). In steady state conditions, mean arterial blood pressure
is determined by total peripheral resistance and cardiac output. Peripheral resistance
is influenced by the amount of (i.e. carotid) artery stenosis and the different collateral
pathways.
The brain can also regulate its own blood supply by autoregulation. This occurs
primarily due to changes in cerebrovascular resistance [1]. Cerebral autoregulation is
under influence of multiple modulating factors such as brain metabolism and CO2.
Both an increased metabolic activity and an increased CO2 pressure induce cerebral
vasodilatation and thus increase cerebral blood flow. Both sympathic and
parasympathic inputs in cerebral perfusion have been implicated, still neurogenic
control of the cerebrovascular tone is not proven [2].

Evaluating cerebral perfusion
In the present thesis CT perfusion is used to asses cerebral perfusion in patients with
a symptomatic carotid artery stenosis. Perfusion studies can be carried out with
magnetic resonance imaging (MRI), computed tomography (CT) and in an indirect
way by transcranial Doppler (TCD) as well as with the reference modalities used until
now, such as positron emission tomography (PET), single-photon emission tomography
(SPECT) and Xenon-CT, each with its own advantages and drawbacks. CT perfusion
provides quick and minimally invasive assessment of brain perfusion and can be
easily implemented in most hospitals [3;4]. In validation studies against xenon CT
and H215O positron emission tomography (PET), CTP measurements of CBF have
been shown to be accurate and reliable [5]. In addition, intra-observer and interobserver agreement of quantitative CTP measurements are high [6]. Brain perfusion
measurements are subject to high inter-subject variation and are influenced by
physiologic factors such as blood pressure [7;8]. This can be overcome by using
relative cerebral perfusion measurements, which compare the ipsilateral hemisphere
to the contralateral hemisphere. These relative cerebral perfusion measurements also
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show the highest reproducibility [5]. Unfortunately, the use of relative perfusion
measurements results in solely analyzing patients with a unilateral carotid artery
stenosis.
In recent literature the limitations of the use of cerebral perfusion measurements
are addressed [9]. For example, the mathematical assumptions which make use of
the “tightness” of the contrast bolus in CT perfusion are discussed. The calculation
of the mean transit time and consequently the cerebral blood flow (CBF) is dependent
on this “tightness” of the contrast bolus. This “tightness” of the contrast bolus may
be influenced by the cardiac output and proximal artery stenosis. However, when
using relative cerebral perfusion values these problems can be resolved.

Cerebral perfusion in patients with symptomatic carotid artery
stenosis
Impaired cerebral perfusion is common in patients who have symptomatic carotid
artery stenosis [10;11]. We showed that in patients with symptomatic internal carotid
artery stenosis, the degree of the stenosis is inversely related to perfusion in the ipsilateral
MCA territory (chapter 2). The mean rCBF is lower and the mean ÄMTT is larger in
patients with a higher degree of carotid artery stenosis. Still, there is a considerable
difference in cerebral perfusion values in patients with a high-grade carotid artery
stenosis (figure 1 and 2 chapter 2), ranging from normal to severely impaired cerebral
perfusion. This range found in cerebral perfusion values can probably be explained
by other factors upon which the cerebral perfusion is dependent, such as the collateral
pathways. However, a relation between the configuration of the circle of Willis and
cerebral perfusion could not be proven. We hypothesize that cerebral perfusion can
be compensated by many collateral routes [12]. Next to the circle of Willis the
secondary collateral pathways of the leptomeningeal arteries and the ophthalmic
artery may contribute to cerebral perfusion [13;14]. Chronic hypoperfusion due to
severe carotid stenosis may promote the development of these secondary collaterals
[13] and may thereby obviate the role of the primary collaterals of the circle of Willis.
Besides the severity of carotid stenosis and the presence or absence of collateral
pathways cerebral perfusion may also depend on other factors, such as small-vessel
disease and different autoregulation mechanisms [2;15;16]. Small-vessel disease, as
in the presence of white matter lesions, has been described to be related to impaired
cerebral perfusion. Still the question remains whether impaired cerebral perfusion
results in more white matter lesions or whether small-vessel disease result in impaired
cerebral perfusion, due to a higher cerebral vascular resistance.
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Cerebral perfusion after treatment
Improvement of cerebral perfusion has been described in various studies after carotid
endarterectomy (CEA) or carotid artery stenting (CAS) [17-20]. Significant
improvement in cerebral perfusion was also found in the CAS patients as well in the
CEA patients in chapter 3. Consequently, successful treatment of carotid artery stenosis
provides not only benefit by removing the embolic source, but possibly also by
improving cerebral hemodynamics.
Comparing improvement in cerebral perfusion between patients treated with
CEA and CAS (chapter 3) showed a significant higher change in cerebral perfusion in
the patients treated with CAS.
Probably the difference in technique between these treatment options results in
a difference in the effect of CEA and CAS on the sympathovagal balance of the
heart [21]. After CEA a relative increase in sympathic activity occurs compared to a
relative increase in parasympathic activity after CAS [22;23]. An influence of the
sympathic and parasympathic mechanisms on cerebral perfusion have been implicated
[2]. An increase in sympathic activity will lead to vasoconstriction and a higher
cerebral vascular resistance resulting in a decreased cerebral blood flow. Parasympathic
modulation induces vasodilatation, which results in a decreased cerebral vascular
resistance. This in turn results in an increased cerebral blood flow.
Thus, the difference found in improvement of cerebral perfusion may best be
explained by the differences in autonomic innervation after CEA and CAS.
Interhemispheric differences in cerebral perfusion measurements are independently
associated with the development of a CHS after CEA (chapter 4). Several investigators
have shown that an impaired cerebral vasoreactivity and hemodynamic impairment
before carotid revascularization is related to the development of a CHS or intracranial
hemorrhage after CEA [24-27]. The association between perfusion asymmetries and
the development of CHS implies that cerebral perfusion asymmetries may also be
used to identify patients at risk for CHS.

Cerebral ischemia in symptomatic carotid artery stenosis
In concordance with the earlier opted “wash-out” hypothesis [28;29], chapter 5 shows
that patients with impaired cerebral perfusion are more prone to develop new ischemic
lesions during carotid artery stenting (CAS). This supports the hypothesis of a synergistic
effect of embolic and hemodynamic factors.
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An increased stroke risk in patients with symptomatic carotid artery stenosis has
often been related to the atheromatous plaque and its surface irregularity and
subsequent thrombus formation [30]. However, the degree of the carotid stenosis is
also an independent predictor of ischemic stroke within 2 years of presentation [30].
In chapter 2 we showed that the degree of carotid artery stenosis is inversely related
to the cerebral perfusion. Consequently, the increased risk of stroke in patients with a
higher degree of carotid artery stenosis may be explained by impaired perfusion in
the patients with a higher degree of stenosis. This is in agreement with earlier studies
which identified impaired hemodynamics as a predictor of stroke risk, independent of
treatment [31].

Post treatment ischemia
Ischemic lesions on diffusion weighted imaging (DWI) were more often found in the
CAS patients (50%) compared to the CEA patients (17%). This is possibly explained
by the release of a larger amount of thromboemboli, which can lead to ischemia,
during CAS compared to CEA (chapter 6). At one month follow-up FLAIR imaging
was used to investigate whether acute ischemic lesions led to persistent tissue damage.
Despite the more lesions found on DWI in the CAS patients after treatment, only
17% of the DWI lesions seen directly after CAS persisted on FLAIR imaging at one
month follow-up. This compared to 53% of the ischemic lesions which persisted on
FLAIR imaging at one month follow-up in the CEA group.
This finding can be explained by the results found in chapter 3, namely more
improvement in cerebral perfusion after CAS compared to CEA, in combination
with the wash-out hypothesis. The wash-out hypothesis states that impaired cerebral
perfusion may lead to delayed washout of microembolic material and vice versa
[28;29]. It is therefore hypothesized, that a more improved cerebral perfusion after
CAS will wash-out the thrombomboli more easily and the ischemic lesions seen on
DWI will not lead to permanent tissue damage. In contrast the ischemic lesions seen
on DWI after CEA will lead to permanent tissue damage more often, because of
impaired “wash-out” of the thromboemboli due to less improvement in cerebral
perfusion.
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Conclusion
This thesis has answered the questions posed in the introduction. First, the presence
of a carotid artery stenosis in patients with symptomatic carotid artery stenosis results
in impaired cerebral perfusion in the ipsilateral hemisphere. Thus, cerebral perfusion
is impaired in patients with symptomatic carotid artery stenosis, especially in patients
with a high grade carotid artery stenosis. Second, regardless of which treatment
option (CEA or CAS) is used, cerebral perfusion will improve after treatment and
may explain the decreased risk of recurrent ischemic events in long-term follow-up.
Third, impaired cerebral perfusion in patients with symptomatic carotid artery stenosis
is related to the occurrence of their ischemic symptoms. These findings support the
presence and role of cerebral perfusion in the occurrence of ischemia in patients with
symptomatic carotid artery stenosis.
Cerebral perfusion measurements can be easily assessed nowadays and will
even be better with improvement of the different techniques, such as CT perfusion.
CT perfusion assesses cerebral perfusion in an quick and reliable way. Since cerebral
perfusion measurements are related to both the presence of a symptomatic carotid
artery stenosis and the occurrence of ischemia, cerebral perfusion measurements
may predict clinical outcome and benefit of treatment. As follows, future research
should test the value of cerebral perfusion measurements in the selection in treatment
of patients with symptomatic carotid artery stenosis. In these studies the CT perfusion
technique is a good technique which is easily accessible to perform in a large number
of patients.
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Summary

S UMMARY
Next to thromboembolism from the atherosclerotic plaque, impaired cerebral perfusion
is the main mechanism of cerebral ischemia in patients with symptomatic carotid
artery stenosis. There is supporting evidence of a synergistic effect of both embolic
and hemodynamic factors. An understanding of both mechanisms in the occurrence
of cerebral ischemia is important because it may improve the selection of patients
for treatment of carotid artery stenosis. This thesis explored the role of cerebral perfusion
in patients with symptomatic carotid artery stenosis. Three etiologic questions related
to cerebral perfusion were addressed in this thesis. First, is cerebral perfusion related
to the presence of a carotid artery stenosis? Second, does cerebral perfusion improve
due to the treatment of carotid stenosis by carotid endarterectomy (CEA) or carotid
artery stenting (CAS)? Third, is cerebral perfusion related to the occurrence of cerebral
ischemia?
In chapter 2 we used relative cerebral perfusion measurements to test the relation
between the degree of the carotid artery stenosis and cerebral perfusion. An inverse
relation between the degree of carotid artery stenosis and the cerebral perfusion in
the ipsilateral MCA territory was found. The influence on cerebral perfusion of the
circle of Willis, the primary collateral pathway, was tested as well. However, no
relation was found, suggesting that other collateral pathways play an important role.
The effects of CEA and CAS on cerebral perfusion were compared in patients with
an unilateral carotid artery stenosis in chapter 3. A significant improvement in
cerebral perfusion was found in both the CAS group and the CEA group. An important
new finding in this study is that significantly more improvement in cerebral perfusion
was found in the patients treated with CAS than in patients treated with CEA. This
difference in improvement may be explained by the opposing effects of CEA and
CAS on the autonomic nervous system.
Pre-operative cerebral perfusion asymmetries were assessed in patients with
symptomatic carotid artery stenosis before CEA in chapter 4. The occurrence of
the cerebral hyperperfusion syndrome after CEA is related to higher cerebral perfusion
asymmetries before treatment. Pre-operative CT perfusion examination may contribute
to indentification of patients at risk of cerebral hyperperfusion syndrome.
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Cerebral perfusion measurements were related to the occurrence of silent ischemia,
as in the presence of ischemic lesions on diffusion weighted imaging (DWI), after
CAS in chapter 5. New ischemic lesions were found in about a quarter of patients
after CAS. The occurrence of new ipsilateral lesions was related to a lower CBF and
longer MTT before the procedure, indicating that impaired cerebral perfusion may
impede the clearance of emboli formed during CAS. This supports the synergistic
effect of both embolic and hemodynamic factors.
Chapter 6 is a substudy of the International Carotid Stenting Study (ICSS).
The difference in the occurrence of silent cerebral ischemia after CEA or CAS were
examined by DWI before and after treatment. Approximately three times more patients
in the CAS group than in the CEA group had new ischemic lesions on DWI on posttreatment scans. This difference is probably explained by the release of a larger
amount of thrombo-emboli during CAS compared to CEA.
In chapter 7 we used multidetector-row CT angiography to examine the
prevalence of in-stent lesions during follow-up after carotid artery stenting. We also
evaluated their possible causes and their consequences at one year follow-up. Instent lesions are present in 20% of the patients treated with CAS. The presence of
these in-stent lesions was not related to ischemic complications or in-stent restenosis
at one year follow-up.
In chapter 8 the findings of this thesis are discussed and the three etiologic question
posed in the introduction are answered. First, the presence of a carotid artery stenosis
in patients with symptomatic carotid artery stenosis results in impaired cerebral
perfusion in the ipsilateral hemisphere. Second, regardless of which treatment option
(CEA or CAS) is used, cerebral perfusion will improve after treatment and may
explain the decreased risk of recurrent ischemic events in long-term follow-up. Third,
impaired cerebral perfusion in patients with symptomatic carotid artery stenosis is
related to the occurrence of their ischemic symptoms. These findings support the
presence and role of cerebral perfusion in the occurrence of ischemia in patients with
symptomatic carotid artery stenosis.
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S AMENVATTING
Goede cerebrale perfusie – oftewel hersendoorbloeding – is noodzakelijk om de hersenen
te voorzien van zuurstof en glucose, zodat de hersenen kunnen functioneren. Er zijn
verschillende mechanismen die de cerebrale perfusie beïnvloeden. Dit zijn onder andere
de bloeddruk en de weerstand van de slagaderen (ook wel arteriën genoemd). De
weerstand van de arteriën wordt onder meer bepaald door de aanwezigheid van
stenosen: vernauwingen in de arteriën. Een belangrijke vernauwing die aanwezig kan
zijn, is de vernauwing van de halsslagader. Dit is een stenose van de arteria carotis
ook wel carotisstenose genoemd. Het hebben van een carotisstenose kan leiden tot
een verminderde cerebrale perfusie. De carotisstenose wordt veroorzaakt door
slagaderverkalking (atherosclerose) in de wand van de halsslagader, wat leidt tot een
vernauwing van het lumen van de arteria carotis.
Bij de patiënten die een carotisstenose hebben, komt dit meestal aan het licht
wanneer zij een (tijdelijk) herseninfarct krijgen. Van de patiënten met een (tijdelijk)
herseninfarct heeft 20-30% een carotisstenose. Het hebben van een carotisstenose in
combinatie met een herseninfarct (een symptomatisch carotisstenose) geeft een
vergroot risico op het krijgen van een nieuw herseninfarct. Eerder onderzoek heeft
aangetoond dat de behandeling van een carotisstenose het risico op een nieuw
herseninfarct duidelijk vermindert. De behandeling van een carotisstenose wordt
standaard gedaan middels een carotisendarterectomie: een operatieve techniek waarbij
de vernauwing in de arteria carotis wordt opgeheven. Hiernaast kunnen mensen ook
worden behandeld middels een carotisstentplaatsing: hierbij wordt er een buisje (stent)
geplaatst in de arteria carotis via de lies.
In theorie kan de carotisstenose op twee manieren leiden tot een herseninfarct.
Het eerste mechanisme bestaat uit de bloedpropjes oftewel thrombi welke los kunnen
komen van de slagaderverkalking in de halsslagader. Deze bloedpropjes gaan na het
loslaten verder met de bloedstroom mee en kunnen dan vast blijven zitten in de
kleinere arteriën dieper in de hersenen. Daar kunnen zij dan voor een verstopping
zorgen met als gevolg dat er geen bloed meer naar het achterliggende hersenweefsel
gaat. Dan ontstaat er ischemie (zuurstof tekort) van het hersenweefsel. Wanneer de
ischemie lang genoeg blijft bestaan of het gebied groot is, ontstaat er uiteindelijk een
herseninfarct. Een tweede mechanisme is dat de carotisstenose kan leiden tot een
verminderde cerebrale perfusie in het hersenweefsel. Hierdoor komt er minder bloed
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en dus ook minder zuurstof in het hersenweefsel wat kan leiden tot ischemie en
uiteindelijk een herseninfarct. Beide mechanismen zullen waarschijnlijk een rol spelen
in het ontstaan van ischemie.
Aangezien de rol van de thrombi al veelvuldig is onderzocht, is dit proefschrift
vooral gericht op de rol van de verminderde cerebrale perfusie in het ontstaan van
herseninfarcten bij patiënten met een symptomatische carotisstenose. De patiënten
die zijn onderzocht deden allen mee aan een internationale studie, de International
Carotid Stenting Study (ICSS), in het Universitair Medisch Centrum Utrecht. In deze
studie worden de twee behandelmethoden: de carotisendarterectomie en de
carotisstentplaatsing met elkaar vergeleken. Daarom worden deze twee
behandeltechnieken beide in dit proefschrift besproken. De cerebrale perfusie is bij
deze patiënten onderzocht middels een CT techniek, de CT perfusie.
Drie vragen gericht op de rol van cerebrale perfusie bij patiënten met een
symptomatische carotisstenose worden in dit proefschrift behandeld.
1.
2.
3.

Is de cerebrale perfusie gerelateerd aan de ernst van de carotisstenose?
Verbeterd de cerebrale perfusie na de behandeling van een carotisstenose?
Is de cerebrale perfusie gerelateerd aan het ontstaan van een herseninfarct?

In hoofdstuk 2 hebben we relatieve cerebrale perfusie metingen gebruikt om de
relatie tussen de mate van de carotisstenose en de cerebrale perfusie te testen. Wij
vonden een relatie tussen de mate van de carotisstenose en de cerebrale perfusie.
Patiënten met een ernstige carotisstenose hadden een duidelijk verminderde cerebrale
perfusie. De invloed van de cirkel van Willis (een ring van vaten welke als collateraal
(omweg) kan dienen) is ook onderzocht: een relatie tussen de cirkel van Willis en de
cerebrale perfusie kon niet worden aangetoond. Dit suggereert dat de andere collaterale
wegen waarschijnlijk een grotere rol spelen.
Het effect van de behandeling van de carotisstenose, middels carotisendarterectomie of carotisstentplaatsing, op de cerebrale perfusie is beschreven in
hoofdstuk 3. De cerebrale perfusie verbeterde significant na beide procedures.
Een opvallende bevinding is echter dat de cerebrale perfusie meer verbeterde na de
behandeling middels carotisstentplaatsing dan na carotisendarterectomie. Een
mogelijke verklaring voor het gevonden verschil ligt in het verschillende effect van
beide behandelingen op het autonome zenuwstelsel.
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Zoals beschreven in hoofdstuk 4, zijn de verschillen in de cerebrale perfusie tussen
de beide hersenhelften (hemisferen) onderzocht voordat patiënten werden behandeld
middels carotisendarterectomie. Het hyperperfusiesyndroom is een complicatie van
de behandeling bestaand uit een verhoogde bloeddruk gecombineerd met neurologische
uitval, vaak resulterend in een hersenbloeding. Het optreden van een
hyperperfusiesyndroom is gerelateerd aan het hebben van grote verschillen in de
cerebrale perfusie tussen beide hemisferen voor de carotisendarterectomie. Mogelijk
kunnen de analyses van de CT perfusie onderzoeken ons helpen met het identificeren
van patiënten met een hoog risico op het krijgen van complicaties na een behandeling
van een carotisstenose.
Hoofdstuk 5 beschrijft dat verminderde cerebrale perfusie is gerelateerd aan
het vaker optreden van ischemische laesies (gebiedjes), gezien op de diffusiegewogen
MRI onderzoeken na carotisstentplaatsing. Deze ischemische laesies dienen als een
surrogaatmarker voor een herseninfarct. Nieuwe ischemische laesies zijn gevonden bij
ongeveer een kwart van de patiënten. Het ontstaan van deze ischemische laesies is
gerelateerd aan verminderde cerebrale perfusiewaarden voor de carotisstentplaatsing.
Dit komt overeen met de “wash-out” theorie: bij verminderde cerebrale perfusie kunnen
de thrombi die ontstaan tijdens de carotisstentplaatsing niet “wegwassen” en zo alsnog
zorgen voor een herseninfarct. Dit alles bevestigt de interactie tussen zowel de thrombi
als de verminderde cerebrale perfusie in het ontstaan van een herseninfarct.
Hoofdstuk 6 beschrijft een substudie van de internationale ICSS studie. In
dit hoofdstuk worden de verschillen tussen het optreden van ischemische laesies op
diffusiegewogen MRI onderzoek tussen de twee behandelopties, carotisendarterectomie
en carotisstentplaatsing onderzocht. Ischemische laesies worden ongeveer drie keer
zo vaak gevonden na carotisstentplaatsing dan na carotisendarterectomie. Dit komt
waarschijnlijk omdat er tijdens de carotisstentplaatsing meer thrombi vrijkomen dan
bij de carotisendarterectomie.
In hoofdstuk 7 is beschreven hoe de multislice CT-scanner gebruikt kan worden
om kleine veranderingen (“in-stent laesies”) in de carotis stent zichtbaar te maken.
Ook is onderzocht of deze in-stent laesies nog gevolgen hadden voor de patiënten. Bij
20% van de patiënten met een carotis stent zijn in-stent laesies gevonden, echter het
hebben van een in-stent laesie heeft geen gevolgen voor de patiënten. Bij een followup na een jaar blijkt dat deze patiënten niet meer kans hebben op een nieuwe
vernauwing (restenose) of op een herseninfarct.
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In hoofdstuk 8 bediscussiëren we alle bevindingen en geven we een antwoord op
de drie vragen die we aan het begin hebben gesteld. Ten eerste is het hebben van een
ernstige carotisstenose gerelateerd aan het hebben van verminderde cerebrale perfusie
in de ipsilaterale hemisfeer. Ten tweede, welke behandelmethode je ook gebruikt, de
cerebrale perfusie verbetert na het behandelen van een carotisstenose. Deze verbetering
in cerebrale perfusie kan mogelijk een deel van de risicovermindering op een nieuw
herseninfarct verklaren. En ten derde, verminderde cerebrale perfusie bij patiënten
met een symptomatische carotis stenose is gerelateerd aan het optreden van een
herseninfarct. Dit alles bevestigt de rol van de cerebrale perfusie in het ontstaan van
een herseninfarct bij de patiënten met een symptomatische carotisstenose.
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Mijn proefschrift is nu echt af! Natuurlijk is dit alles niet het resultaat van mijn
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zijn of haar manier geholpen. Sommigen van jullie wil ik hier in het bijzonder bedanken.
Prof. dr. W.P.Th.M. Mali, beste professor, “zwemmen” kan ik nu! Ik ben niet verdronken
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allemaal bezit. Ik ben blij heb ik een tijd met u mee mogen kijken en van u mogen
leren. Ik heb erg genoten van de (vaak niet afgesproken) brainstormsessies aan het
einde van de dag.
Dr. H.B. van de Worp, beste Bart, enkele aanpassingen bij jou betekenen een geheel
“rood” manuscript. Hoe zien veel aanpassingen er dan uit? Het geeft wel aan hoe
precies je bent, daardoor zijn mijn manuscripten stukken beter geworden. Je interesse
in mijn leven naast het proefschrift heb ik erg gewaardeerd.
Prof. dr. Y. van der Graaf, beste Yolanda. Officieel ben je niet bij mijn promotieproject
betrokken, maar door de (moeilijkere) analyses en de master epidemiologie kon ik
gelukkig niet om je heen. Ook al was je niet betrokken bij het opstellen van de
vraagstellingen, je kon alles goed overzien. Dank voor je altijd snelle hulp.
Dr. J. Hendrikse, beste Jeroen, wat fijn dat op de terugweg vanuit Apeldoorn af en
toe de telefoon ging en jij me vroeg of de volgende artikelen alweer geschreven waren.
Jouw enthousiasme zorgde ervoor dat mijn artikelen sneller af waren en zorgt ervoor
dat er nog menig artikel gepubliceerd gaat worden.
Dr. A. Waaijer, lieve Annet, jij bent de ICSS begonnen en ik had het geluk om het van
je over te nemen. Dat heb ik dan ook met veel plezier gedaan. Samen naar mijn
eerste congres en praatje, je stond altijd klaar met feedback. Super (!) om bij de thee
het reilen en zeilen van het onderzoek en nog duizend andere dingen te bespreken.
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De ICSS studie groep: drs. T.H. Lo, beste Rob, fantastisch hoe snel jij een stent in
een carotis plaatst. Prof. dr. F.L. Moll, dr. G.J. de Borst, beste Frans en Gert Jan,
altijd nuttig commentaar. Prof. dr. L.J. Kappelle, beste Jaap, zeer nauw betrokken
bij de ICSS en de inclusies. Aysun, bij jou begint het ook te vorderen en dadelijk heb
ik echt meer tijd om je met de perfusiewaarden te helpen.
Dr L.H. Bonati, dear Leo, a special thanks to you. We scored a lot of scans together,
getting dizzy of all the black and white spots. It is great we could publish our first
article quickly and I hope we can write some more articles together in the future.
Prof. dr. A. Algra en prof. dr. J.A. Reekers, bedankt voor het beoordelen van mijn
proefschrift.
Het trialbureau: beste Anneke, Cees en Saskia, wat moeten de grote trials zonder
jullie ondersteuning? Zonder jullie hulp was dit proefschrift nog lang niet afgerond!
Heerlijk om bij jullie terug te komen voor een kop koffie en een praatje.
Lieve Annemarieke en Nicky, bij jullie op de kamer voelde ik me meteen thuis! Anne,
ben blij dat ik je nu weer vaak zie, maar weet dat het altijd goed is. Nicky, jij kan
alles: radiologie, fysica, epidemiologie. Daarnaast heb je een druk sociaal leven.
Hoop dat we nog vaak samen gaan dansen, misschien in Cambridge…
De andere kamergenoten: Ricardo, Jan Willem, Liesbeth, Jet en Wilco. Al mijn verhalen
over mijn onderzoek of hele andere dingen, jullie hadden altijd een luisterend oor.
Onderzoekers van de Q-gang: Hester, Audrey, Peter Jan, Niek, Bart Jan, Reinout, en
nog velen anderen. Samen lunchen en je hart luchten. Leuk dat ik (de meesten van)
jullie nog tegenkom in de opleiding!
Lieve Wenche en Petra, samen begonnen aan de master epidemiologie en jullie waren
alletwee bezig met de radiologie als niet radiologen. Wenche, bruisend en vol
enthousiasme stort jij je in het ene na het andere avontuur. Ik vind het heerlijk om er
ook een paar mee te maken. Petra, tijdens en na het werk altijd tijd voor een drankje
en een kop koffie. Jij wist hoe het was om je vriend niet in Nederland te hebben en
dat het zeker ook goed kan gaan.
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De radiologen en collega-assistenten in Apeldoorn, dank voor jullie support en interesse.
Over een jaar CT-perfusie in Apeldoorn?
Lieve vrienden en vriendinnen, dank voor jullie interesse in mijn onderzoek (en
uiteindelijk proefschrift) en het wel of niet vorderen daarvan. Heerlijk om even te
kunnen bellen in een stressmoment of om juist goed nieuws te vertellen. Super om
even wat anders te kunnen doen dan met het onderzoek bezig te zijn: samen eten of
een drankje doen. Dadelijk heb ik echt meer tijd…
Beste paranimfen, broer(tje) en zus(je), lieve Joep en Annet, als oudste en de kleinste
van de drie ben ik vereerd dat jullie 2 september achter mij staan. Joep, we verschillen
heel erg en toch lijken we weer op elkaar. Niets moet, maar als het nodig is ben je er.
Annet, voor jou is promoveren een “ver van je bed show”, dank voor je oneindige
interesse. Amsterdam is toch wat dichterbij dan Nijmegen, ik vind het ook niet zo erg
dat je nog even in Amsterdam blijft.
Lieve papa en mama, altijd staan jullie achter jullie kinderen en dus ook achter mij.
Dank voor het oneindige vertrouwen in alles wat ik doe. Zonder jullie was ik nooit zo
ver gekomen.
Lieve Sierk, lieve lief, samen met jou ben ik gelukkig en gaat alles zo veel makkelijker.
Met enige regelmaat zei jij “no worries”, het komt allemaal goed. En dat komt het
dan ook. Ben zo blij dat ik nu elke dag met jou thuis kom.
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