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introduction

Stroke is a major cause of mortality and morbidity in the western world. Atherosclerotic dis-

ease of the carotid arteries is in approximately 25% of the cases responsible for the cerebral 

infarction.1 Since NASCET and ECST, carotid endarterectomy (CEA) is considered the standard 

treatment for severe atherosclerotic carotid obstructive disease in symptomatic patients.2, 3

Similar landmark studies were performed for asymptomatic carotid artery disease.4, 5 On the 

basis of these trials the American Heart Association has recommended CEA for symptomatic 

patients with stenosis of 50% to 99% if the perioperative risk of stroke or death is <6%.6 In 

asymptomatic patients CEA is recommended for a stenosis of 60% to 99% if the perioperative 

of stroke or death is < 3%.

In an effort to minimise interventions, in the last decade carotid artery stenting (CAS) has 

been suggested as an alternative to surgical endarterectomy for patients with symptomatic 

and asymptomatic extra cranial obstructive disease. Initially, percutaneous transluminal bal-

loon angioplasty (PTA) was used. Later stent placement was introduced and has been used with 

or without initial PTA. Current data on CAS and CEA suggest that CAS is quickly gaining ground 

on CEA as a first-line treatment

The advantages of CAS include avoidance of general anaesthesia, an incision in the neck 

and the risk of cranial and cutaneous nerve damage from the dissection. Surgically inaccessible 

lesion can be treated with CAS and both procedure- and admission times are usually shorter 

than for surgery, therefore reducing some cost. On the other hand, devices used for CAS are 

more expensive.

At this moment many interventionists embrace carotid stenting, in particular for patients 

with obvious contraindications for surgical endarterectomy like high cardiopulmonary risk, 

high cervical lesion or “hostile neck”.

CAS is relatively new compared to CEA and it should be acknowledged that CAS is an evolv-

ing technique and dedicated materials became only available recently.

clinical results of carotid stenting

Single- and multicenter randomised clinical trials have directly compared CEA to CAS, and 

generated a widespread debate with conflicting results. (Table 1)

The first large RCT, comparing carotid angioplasty and carotid endarterectomy for patients 

with symptomatic high-grade stenosis, was the Carotid and Vertebral Artery Transluminal 

Angioplasty Study (CAVATAS)7 including 504 symptomatic patients. In the endovascular group 

only 26% of the patients were treated with PTA and stent placement and 74% of the patients 

with PTA alone. Embolic protection devices (EPD) were not available for this study. There was 

no statistical difference in the numbers of disabling stroke and death at 30-day for the CEA and 
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angioplasty group (9.9% vs. 10%). This trial showed similar outcome, but room for improvement 

in both arms. Nowadays technique and materials have been significantly improved.

Two randomised trials of CAS versus CEA were stopped early because of poor outcomes in 

stent group. The Leicester Trial (including only symptomatic patients) was stopped after treat-

ing only 17 of the 23 randomised patients because 5 out of 11 patients randomised for stent 

had a procedural stroke.8 The multicenter Wallstent Study was stopped after 219 symptomatic 

patients had been randomised. The 30-day stroke or death rate was significantly higher in the 

stented group than those who underwent CEA (12.1% versus 4.5%)10

The Kentucky Study was a single centre randomised trial.9 The trial comprised a symptomatic 

arm (104 patients) and as asymptomatic arm (85 patients). One patient died from myocardial 

infarction after CEA. There were no complications in the endovascular arm.

The Stenting and Angioplasty with Protection in Patients at High Risk For Endarterectomy 

(SAPPHIRE) trial randomised 334 patients that were considered high risk for CEA.11 Only 29% of 

the patients were symptomatic. The primary objective of SAPPHIRE was to compare the safety 

and effectiveness of carotid stenting with an embolic protection device to endarterectomy in 

the treatment of carotid artery disease. The primary endpoint of the trial was the cumulative 

incidence of death, stroke, or myocardial infarction within 30 days after the procedure or ipsi-

lateral stroke between 31 days and 1 year. This primary endpoint occurred in 20 of 167 patients 

assigned to stenting (cumulative incidence 12.2%) and in 32 of the 167 patients assigned to 

surgery (cumulative incidence 20.1%). The 30-day stroke or death rate in this trial was 4.8% with 

CAS and 5.4% with CEA. The authors conclude that carotid stenting with the use of an embolic 

protection device (EPD) and in the hands of very experienced operators is not inferior to carotid 

endarterectomy.

EVA-3S randomised 527 symptomatic patients to CAS or CEA.12 CEA operators performed 

at least 25 procedures in the previous year, whereas CAS operators had performed 12 CAS 

procedures ever, or 35 stent-procedures in the supra-aortic trunks, including 5 CAS procedures, 

table 1. 30-day stroke or death rate in individual randomised trials

Study Year Number of
patients

30-day stroke/ 
death

CAS (%)

30-day stroke/ 
death

CEA (%)

Odds ratio
(95%-CI)

CAVATAS 2001 504 25/251 (10%) 25/253 (9.9%) 1.01 (0.56-1.81)

Leicester 1998 23 5/11 (45.5%) 0/12 (0%) 12.88 (1.85-89.61)

Kentucky 2001 189 0/96 (0%) 1/93 (1.1%) 0.13 (0-6.61)

Wallstent 2001 219 13/107 (12.1%) 5/112 (4.5%) 2.76 (1.05-7.22)

SAPPHIRE 2004 334 8/167 (4.8%) 9/167 (5.4%) 0.88 (0.33-2.34)

EVA-3S 2006 527 25/261 (9.6%) 10/259( 3.9%) 2.48 (1.25-4.93)

SPACE 2006 1183 46/599 (7.6%) 38/584 (6.5%) 1.19 (0.77-1.86)

TOTAL 2979 122/1492 (8.2%) 88/1480 (5.9%) 1.41 (1.07-1.87)

CI = Confidence Interval
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or being supervised by an experienced tutor. The 30-day stroke or death rate was 3.9% for CEA 

versus 9.6% for CAS. This trial noted a significant difference between CAS with or without EPD: 

30 day stroke or death rate was 7.7% with EPD and 25% without EPD. Many experts in the field 

outlined concerns about this trial including lack of routine use of EPD and the relative inexperi-

ence of the CAS operators compared to the CEA operators.

SPACE randomised 1200, but analysed 1183 symptomatic patients to CAS or CEA.13 Only 

27% of the CAS procedures were performed using EPD. The 30-day stroke or death rate was 

7.6% with CAS and 6.5% with CEA. After an interim analysis the steering committee stopped the 

trial. Point estimates were similar between arms; but with 1183 patients SPACE failed to prove 

non-inferiority at the prespecified delta of 2.5%.

Several meta-analyses have been performed, all with somewhat similar conclusions.14-16 CAS 

is continually developing into a safer and more efficacious therapy for extracranial obstructive 

disease. In patients at high risk for CEA, CAS is an equivalent, maybe better alternative. In symp-

tomatic patients at standard risk for CEA CAS has not proven non-inferior, and is worse when 

performed by relatively inexperienced operators without EPD compared to highly experienced 

CEA surgeons.17

Currently there are 2 more ongoing randomised trials comparing CAS with CEA: the Inter-

national Carotid Stenting Study (ICSS) and Carotid Revascularization Endarterectomy versus 

Stenting Trial (CREST) adding another 4000 patients for further analysis.18, 19 (The results of the 

ICSS will be discussed in chapter 11).

cerebral Protection

Despite the improvements in technical skills and materials, embolic complications remain the 

major unpredictable clinical event. Atherosclerotic material or thrombus can be dislodged 

either by the guide wire or PTA balloon and may embolise to the cerebral circulation and result 

in cerebral ischemia and infarction. Using Transcranial Doppler (TCD) monitoring Jordan et 

al.20 detected eight times more emboli during CAS compared to CEA. Jaeger et al.21 performed 

diffusion- weighted MRI in 67 patients with 70 high-grade stenosis, before and 24 hours after 

CAS. The neurological status was unchanged after 69 of the 70 procedures. Nevertheless, new 

ipsilateral lesions were found in 20 patients (29%) and new contralateral lesions in 6 patients 

(9%). In all patients except one, the new lesions were clinically asymptomatic. Protection 

devices such as occlusion balloons, filters and reversed flow devices are currently undergoing 

clinical evaluation. Distal balloon occlusion was the first of all protection devices. The balloon 

is inflated in the internal carotid artery (ICA), distal to the stenosis, and temporarily occludes 

the flow during the critical phases of the endovascular procedure. The principal of a distal filter 

is that it collects the debris during the procedure while preserving the flow in the ICA. With a 

proximal balloon occlusion the flow is stopped or even reversed in the ICA before treatment of 
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the lesion. Cremonesi et al.22 published the results of protected CAS in 442 patients. In-hospital 

stroke/death and 30-day ipsilateral stroke/death rate was 1.1%. The overall complication rate 

was 3.4%. The cerebral protection device-related complications were 0.9%. Reimers et al.23 

evaluated in a multicenter study the short-term outcome of 753 patients who underwent 

carotid stenting with the routine use of EPDs. The 30-day incidence of stroke and death was 

3.3%. Protection device-related vascular complications, none of witch led to neurological 

complications, occurred in 1.1% of the cases.

From a database of 4 high-volume centres a total of 3160 CAS procedures using nine EPDs 

were analyzed.24 The risk of a procedural adverse event was 0.9% in protected and 2.3% in 

unprotected procedures (P = 0.12). There was no significant difference in the risk of procedural 

adverse events for any of the EPDs used.

Vos et al.25 compared protected and unprotected CAS by measuring emboli with TCD. 

Patients were divided in 3 groups: 161 patients treated before EPDs had become available, 151 

patients treated with filtering EPDs, and 197 patients without EPD after EPDs had become avail-

able. They measured a higher number of micro emboli during filter-protected CAS than during 

unprotected CAS. Macro emboli occurred only in the unprotected groups but only during the 

first 186 procedures. Of the 8 patients with a macro embolus 5 patients were symptomatic.

Although there was already consensus among opinion leaders that a protection device 

should be used in 2001,26 evidence either for or against the use of cerebral protection is still 

lacking. Only a large randomised multicenter trial can solve this dilemma, although it is doubt-

ful that this study will ever be carried out.

HeModynaMic asPects

Cerebral autoregulation is the major mechanism to ensure a stable cerebral blood flow (CBF) 

despite fluctuations in cerebral perfusion pressure (CPP). If CPP changes, CBF can be kept 

constant by changes in cerebral vascular resistance (CVR). In certain circumstances (obstruc-

tive carotid disease or critical perfusion) the cerebral autoregulation mechanism is used upon 

it’s extend. In these situations changes in blood pressure can lead to a significant decrease 

in the cerebral blood flow and consequently ischemic events. Hemodynamic changes during 

the intervention may therefore complicate the stent procedure. Stents or balloons distend the 

carotid sinus, thereby activating stretch-sensitive mechanoreceptors that send impulses to 

the brain stem. This will trigger a reduction of sympatic tone in peripheral blood vessels and 

decreasing blood pressure. Impulses from the carotid sinus also enhanced parasympatic stimu-

lation of the heart, which lowers the heart rate. Several authors report both bradycardia and 

hypotension27, 28 and these may be associated with neurological complications. A retrospective 

analysis29 of 471 patients showed that 7% of the patients had severe hypotension or brady-

cardia despite routine premedication with atropine and adequate fluid balance. Neurological 
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complications were 7% in the hemodynamic stable group compared with 12% in the instable 

group. This difference was not statistically significant. Howell et al.30 concluded that patients 

with a severely elevated systolic blood (>180 mmHg) may be at higher risk for hemodynamic 

instability. The greater the change in systolic blood pressure the more severe the neurological 

event seems to be. There were no neurological events in patients with a < 50 mmHg change in 

systolic blood pressure.

From a retrospective analysis including the data on 500 consecutive CAS procedures per-

formed over a 5-year period could be concluded that patients who develop hemodynamic 

instability are at an increased risk of periprocedural major adverse clinical events and stroke.31 

Hemodynamic instability was defined as periprocedural hypotension (systolic blood pressure 

<90 mm Hg) or bradycardia (heart rate <60 beats/min). Hemodynamic instability occurred 

during 210 procedures (42%), whereas prolonged hemodynamic instability occurred in 84 

procedures (17%). Patients who developed prolonged hemodynamic instability were at a 

significantly increased risk of a periprocedural major adverse clinical event (OR 3.05: range 1.35 

to 5.23) or stroke (OR 3.34: range 1.13 to 9.90)

Different techniques have been used to prevent hemodynamic instability. Most inter-

ventionists will use prophylactic Atropine to prevent hemodynamic instability. Atropine is a 

muscarine antagonist that abolishes the effect of acetylcholine. However it does not have effect 

on the sympatic system and will cause only a modest tachycardia. Some interventionists prefer 

prophylactic β-adrenergic agonists that stimulate both heart rate and contractility by stimulat-

ing β1 receptors in the heart. Others32 use a temporary pacemaker, although this is another 

invasive procedure.

antitHroMbotic tHeraPy

At the inception of endovascular carotid intervention, patients with a significant carotid artery 

stenosis were treated with balloon angioplasty alone.33 In patients with coronary artery disease 

the clinical and angiographic outcomes were better in patients who received a stent.34 As a 

consequence of this observation, angioplasty and stenting became standard for carotid endo-

vascular intervention and is likely to be safer, because dissection and occlusion of the carotid 

artery are less likely to occur. Clopidogrel was approved for clinical use by the FDA in 1998 

and subsequently has rapidly replaced ticlopidine as part of combination antiplatelet therapy 

following coronary stenting.35, 36 In coronary stenting clopidogrel with aspirin is the regimen 

of choice to prevent stent thrombosis although the optimal dosing regimen is still a subject of 

research.

The role of antithrombotic therapy in carotid stenting has not been fully characterised. Bhatt 

et al.37 showed in a small group of patients that dual antiplatelet therapy with Clopidogrel plus 

Aspirin in patients receiving carotid artery stents is associated with a low rate of ischemic events.
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A randomised controlled trial was performed comparing Aspirin and 24-hours Heparin with 

Aspirin and Clopidogrel for patients undergoing CAS.38 Bleeding complications occurred in 17% 

of the heparin and 9% of the Clopidogrel group (p=0.35). The neurological complication rate in 

the 24-hours Heparin group was 25% compared to 0% in the Clopidogrel group (p=0.02). The 

30-day 50-100% stenosis rates were 26% in the Heparin group and 5% in the Clopidogrel group 

(p=0.10). The conclusion from this relatively small study was that dual anti-platelet regime has 

a significant impact on reducing adverse neurological outcomes without an additional increase 

in bleeding complications. This study was terminated prematurely due to an unacceptable level 

of complications in the Heparin arm of the trial.

Most centres now give a combination of Aspirin and Clopidogrel at the time of stenting to 

reduce the risk of in-stent thrombosis and treatment related stroke.

HyPerPerfusion syndroMe

Originally hyperperfusion syndrome was described in patients undergoing carotid endarterec-

tomy for severe carotid stenosis but, more recently it is also described following carotid stent-

ing. It is not yet known if the risk for a hyperperfusion syndrome is comparable between carotid 

endarterectomy and carotid stenting (1-3%). Hyperperfusion syndrome is a neurological 

syndrome, which consists of a triad of ipsilateral throbbing headache with or without nausea, 

seizures and focal neurological symptoms. In its extreme form it can present as an intracerebral 

haemorrhage and death.

Hypertension, the severity of the treated stenosis, and the presence of a contralateral steno-

sis or occlusion are identified as potential risk factors for hyperperfusion syndrome.

Hyperperfusion is a well-recognised complication, caused by an increased cerebral blood 

flow in combination with an impaired cerebral autoregulation. The chronic low-flow state 

induced by severe carotid disease results in a compensatory dilatation of cerebral vessels. As a 

result of the chronic dilatation the vessels lose their ability to autoregulate vascular resistance 

in response to changes in blood pressure. This results in increased cerebral blood flow after 

recanalisation; hyperperfusion.

Symptoms of hyperfusion usually occur between the second and fifth postoperative day.

Transcranial Doppler (TCD) may be able to predict which patients are at increased risk of 

hyperperfusion syndrome by measuring increased mean flow velocities in the ipsilateral 

middle cerebral artery.39

Prevention of hyperperfusion is critical. The most important component of perioperative 

management is vigilant monitoring and control of systemic blood pressure. Additional efforts 

to reduce the risk of hyperperfusion may include limiting the duration of balloon inflation and 

employing EPD.40
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If patients develop clinical symptoms suggestive of hyperperfusion or if patients have a 

documented elevation of the middle cerebral artery blood flow velocities it is suggested to 

withhold antiplatelet agents and administer antihypertensive medication until symptoms have 

resolved and the blood pressure is optimally controlled.

interMediate and long-terM follow-uP

Recurrent stenosis is a concern with both CEA and CAS.

In a systemic review about recurrent stenosis after CEA it was found that the data were very 

heterogeneous.41 The risk of recurrent stenosis was 10% in the first year, 3% in the second and 2% 

in the third year. Extreme heterogeneity was found in the relative risk of stroke in patients with 

recurrent stenosis compared with patients without recurrent stenosis (range from 10 to 0.10).

In the ACAS study42 similar early restenosis rates were found in 7.6% to 11.4% of the cases. 

Late restenosis occurred in 1.9% to 4.9% of the cases. There was no correlation between late 

stroke and recurrent stenosis.

In contrast, the long-term patency rates of carotid stents have not been established in 

larger trials. A systematic review of multiple single centre series43 reporting restenosis rates 

from 3%-22%. Bergeron et al.44 published their 11-year experience with CAS, with an average 

follow up of 2.7 years (1 month to 9.3 years). The restenosis rates at 6 months, 1, 2 and 4.5 years 

were, respectively, 1.4%, 2.3%. 3.7% and 5.9%. The annual risk of a new neurological event, new 

ipsilateral neurological event, any stroke, and ipsilateral stroke were 1%, 0.8%, 0.4%, and 0.2%, 

respectively. In this study asymptomatic lesions and the use of balloon-expandable stents were 

found to be predictors of in-stent restenosis.

Long-term outcome of carotid stenting appears to be competitive with surgery, however 

randomised trials with long term follow-up are necessary to evaluate this.

aiM and outline of tHis tHesis

Carotid artery stenting is a promising technique which is continually developing. Until today, 

major improvements have been made in technique and materials, which make carotid artery 

stenting safer.

The aim of this thesis is to evaluate different aspects of the stenting procedure. We discuss 

our own experience (short-term and mid-term) and present the results of the ICSS-study.

In chapter 2 we describe the use of Transcranial Doppler before and during carotid stenting. 

chapter 3 provides an overview of the three different types of embolic protection devices. 

In chapter 4 we assessed new cerebral lesions using DW-MRI in symptomatic patients with 

carotid artery disease undergoing protected carotid artery stenting or carotid endarterectomy.
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In chapter 5 we investigated in an in vitro experiment the pressure gradient and degree of 

flow reduction associated with embolus protection filters.

In chapter 6 we compared the pattern of catecholamine response in patients undergo-

ing carotid endarterectomy or carotid artery stenting. In chapter 7 we evaluated the use of 

prophylactic administration of isoprenaline to prevent hemodynamic instability during carotid 

angioplasty and stenting. In chapter 8 we examined differences in preoperative myocardial 

ischemia, troponine T release and clinical cardiac events in patients undergoing carotid angio-

plasty and stenting compared to endarterectomy.

In chapter 9 we discuss our results of the first 98 patients with a significant, symptomatic 

carotid artery stenosis, who were treated with angioplasty and stenting.

In chapter 10 we retrospectively evaluated the incidence of mid-term stroke after carotid 

stenting in symptomatic patients. In chapter 11 we present the short-term results of the Inter-

national Carotid Stenting Study (ICSS). These data are summarized in chapter 12.
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introduction

Transcranial Doppler sonography (TCD) has been a diagnostic and monitoring modality 

for more than 20 years. By using a pulsed Doppler system with a relatively low frequency of 

insonation, it has been possible to penetrate the skull to measure shift of Doppler at different 

levels. The implication for clinical practice has been that it is possible to determine blood flow 

velocity (BFV) in the large intracranial vessels. It is used to diagnose intracranial stenosis, to 

evaluate the intracranial collateral circulation (an additional carotid compression test can be 

performed) and to investigate the intracranial autoregulation. Furthermore, long-term registra-

tion can be performed to record High- Intensity Transient Signals or HITS.

Finally, it is used as a monitoring device during operative procedures to record hemody-

namic changes and/or HITS.

tHe use of tcd before carotid stenting

circle of willis and collateral circulation

The hemodynamic effect of an internal carotid artery (ICA) stenosis is determined by the sever-

ity of the stenosis, the quality of the collateral circulation and the presence of compensatory 

vasodilatation.

The blood flow toward the brain originates from the two ICA’s and the basilar artery (BA).

Each internal carotid bifurcates into the middle cerebral (MCA) and the anterior cerebral 

artery (ACA). The BA bifurcates into the left and right posterior cerebral artery (PCA). The circu-

lar vessel structure is completed by an anterior communicating artery (ACoA) and two posterior 

communicating arteries (PCoA) and is called the Circle of Willis. If one or more of the feeding 

arteries is obstructed, the circle of Willis provides an effective collateral blood flow. Blood flow 

can be recruited within seconds through the ACoA or PCoA. However, the anatomy of the circle 

of Willis can vary, and these anatomical variations can often interfere with adequate compensa-

tion through the collateral circulation.

TCD has been used as a monitoring tool during carotid endarterectomy (CEA) to determine 

hemodynamic changes in the MCA. The blood flow velocity can be considered in the decision 

for shunt placement during carotid occlusion portion of the carotid endarterectomy surgical 

procedure. If preoperative investigations could reliably identify which patients will need a shunt 

during CEA, intraoperative monitoring could be omitted. Various methods have been investi-

gated, such as the common carotid artery (CCA) compression test with monitoring of clinical 

symptoms or EEG changes, ocular pletysmography, and TCD with cerebrovascular reactivity tests 

or with CCA compression test. None of these preoperative tests could predict shunt requirement 

with a probability higher then about 50%1. Visser et al.2 were able, by using TCD and the CCA 

compression test, to predict a subgroup of patients who did not need a shunt during operation.
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During angioplasty and stenting the carotid artery is not clamped, but it can be expected 

that not every patient tolerate some of the protection devices (balloon-occlusion or reversed 

flow). Perhaps in the future these patients can be selected by the use of TCD with the CCA 

compression test.

cerebral autoregulation

Besides the quality of the circle of Willis, the presence of compensatory vasodilatation is also 

an important factor in determining the hemodynamic effect of an ICA stenosis. Cerebral auto-

regulation is the major mechanism to ensure a stable cerebral blood flow despite fluctuations 

in cerebral perfusion pressure.

CBF = CPP / CVR   CPP = ABP − ICP

CBF = cerebral blood flow; CPP = cerebral perfusion pressure; CVR = cerebrovascular resistance; 

ABP = arterial blood pressure; ICP = intracranial pressure

If CPP changes, CBF can be kept constant by decreasing the CVR, which is the result of cerebral 

vasodilatation.

This mechanism can be investigated with TCD using the CO2 reactivity test. Under normal 

physiological conditions hypercapnia induces vasodilatation. However, an already existing 

vasodilatation will interfere with the ability of the cerebral vessels to dilate further in response 

to hypercapnia. The CO2 reactivity provides information about the extent of pre-existing vaso-

dilatation, which in turn reflects the reserve capacity of the cerebral autoregulation. A dimin-

ished or even absent CO2 reactivity is indicative of a decreased reserve capacity in patients with 

ICA stenosis or occlusion and is considered a risk for ischemic complications. The significance 

of impaired vasodilatory reserve in patients with internal carotid artery stenosis has not been 

evaluated in large prospective studies. However, in a prospective follow up study in patients 

with carotid artery occlusions a severely reduced reactivity has been shown to be associated 

with markedly increased stroke rate3. So it seems important to improve cerebral reserve capac-

ity. Cerebral hemodynamics improves after carotid endartectomy4. Markus et al.5 showed by 

using the CO2 reactivity test that cerebral hemodynamics also improve after angioplasty and 

the degree of improvement is similar to that seen after carotid endarterectomy.

tcd during carotid angioPlasty and stenting

blood flow velocity

One criticism of carotid angioplasty is that balloon inflation results in occlusion of the carotid 

artery with the risk of cerebral ischemia and infarction. Eckert et al.6 have shown that with a 
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decrease of more than 50% in blood flow velocity in the middle cerebral artery, 50% of the 

patients developed neurological complications.

Crawley et al.7 performed also monitoring during angioplasty and endarterectomy. They 

compared the duration of ischemia time during both procedures and found that this ischemic 

period was much shorter during angioplasty. Although there were a couple of patients in both 

groups with a blood flow reduction in the MCA to less than a third of baseline, they couldn’t find 

any relation with neurological complications. More research has to be done to find out what 

these flow reductions mean, and how important this is for this group of patients. The combined 

monitoring of TCD with EEG has the advantage to monitor the effect of blood flow reduction 

(TCD) on brain function (EEG).

Hits

Another concern in carotid angioplasty is that atherosclerotic material during the procedure 

and may embolize to the cerebral circulation and result in cerebral ischemia and infarction.

Several TCD studies found significantly more HITS (microemboli) during angioplasty and 

stenting than during endarterectomy. Jordan et al.8 detected eight times more emboli during 

angioplasty. But Crawley et al.9 showed that despite the higher embolic load during angioplasty, 

this was not associated with more cerebral complications. Although the evidence that HITS 

represent micremboli is well established, their use as a marker of embolic during angioplasty 

and stenting may have a limitation10. On the other hand, we know from diffusion- weighted 

MRI that after angioplasty and stenting infarcts can be seen in the brain without clinical symp-

toms11. We still don’t know the actual functional consequences of these “silent infarcts”. Recent 

studies have shown that a protection device significantly reduces the amount of micremboli 

detected by TCD12, 13.

conclusion

Transcranial Doppler is safe, non invasive and in expensive. It gives a good impression of the 

collateral circulation before the intervention and can delineate a group of patients who are at 

risk for ischemic complications. During the angioplasty blood flow velocity and the occurrence 

of microemboli (HITS) can be monitored continuously. This provides the ability to compare dif-

ferent protection devices and to have some quality control during the procedure.
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abstract

Embolic complications remain the major and unpredictable clinical event during carotid 

angioplasty and stenting. Cerebral protection devices could play an important role in the pre-

vention of such emboli. Protection devices such as occlusion balloons, filters and reversed flow 

devices are currently undergoing clinical evaluation and appear to be promising in reducing 

the incidence of embolic events. This article provides an overview of the three different types 

of embolic protection devices.
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introduction

Stroke is a major cause of mortality and morbidity in the western world. Atherosclerotic disease 

of the carotid arteries is responsible for approximately 25% of all cerebral infarction cases.1 The 

traditional standard of care in treating cervical artery stenosis has been carotid endarterectomy 

(CEA). This procedure was initially performed in the 1950s2 and has proved its efficacy and 

superiority over medical management for treatment of high-grade symptomatic lesions.3, 4

In the last decade carotid angioplasty and stenting (CAS) has been recommended as an 

alternative to surgical endarterectomy to minimise invasive interventions. Experiences of phy-

sicians around the world have demonstrated that carotid artery stent placement is an effective 

and relatively safe method of treating cervical carotid artery disease.5-7 However, dedicated 

catheter and stent technology for carotid procedures have only recently been developed.

The major complication of CAS is intracerebral embolism by fragments of plaque or clot with 

consecutive stroke or death. From literature is known that during CAS eight times more High 

Intensity Transient Signals (HITS) can be observed than during CEA. This is measured by Trans 

Cranial Doppler (TCD).8 In order to prevent this complication, embolic protection devices (EPD) 

have been introduced during clinical practice. The common goal of these devices is to capture 

any material that may be liberated during angioplasty and stenting.

This is either achieved by temporary distal or proximal occlusion or by the placement of a 

filter device distal to the lesion. Currently, a consensus exists among specialists that some form 

of EPD should be routinely used during CAS.7, 9

eMbolic Protection devices

distal balloon occlusion

Distal balloon occlusion (figure 1)as a form of EPD during CAS was the first of all protection 

devices. Pioneer in this field was Theron. Already in 1990 Theron et al.10 published a series of 

articles with good results using this protection device. In the mid-nineties, commercially avail-

able distal occlusion protection devices such as the PercuSurge Guardwire™ (Medtronic AVE) 

were produced.

The balloon catheter is the first device that crosses the lesion in the internal carotid artery 

(ICA). The balloon is inflated distal to the stenosis, which temporarily occludes the outflow dur-

ing the procedure or during critical phases of the procedure. It is important to inflate the bal-

loon sufficiently to prevent leaking. An angiogram demonstrates when the balloon completely 

occludes the ICA. The debris that enters the blood during manipulation of the stenosis stays 

in the standing column of blood and is aspirated and discarded after the stent is placed.11, 12

The Guardwire™ has a low crossing profile (2.7 F), is flexible, and gives you complete protec-

tion of the distal ICA during occlusion.
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On the other hand, the stenotic lesion needs to be crossed to place the balloon in the distal 

ICA and it may be difficult to pass tight and tortuous lesions. The blood flow is redirected 

towards the external carotid artery (ECA) and this is a potential route for embolisation to the 

brain. Further, there is a risk of spasm and intimal damage of the ICA due to balloon inflation. 

In addition, some patients do not tolerate the interruption of the flow and careful neurological 

monitoring of the patient is needed.

Several studies evaluated carotid artery stenting under protection of a distal balloon protec-

tion system. The study of Albuquerque and colleagues13 describes that in one patient the non-

detachable silicone balloon catheter (Target Therapeutics, Fremont, CA) could not be advanced 

across the stenosis. The patient experienced a transient ischemic attack (TIA) after unprotected 

angioplasty. Fifteen patients that were treated under protection of a distal balloon experienced 

no complications.

Al-Moubarak et al.14 demonstrated that the use of a distal balloon catheter significantly 

reduces the frequency of TCD detected HITS during CAS. The 37 patients that underwent 

unprotected CAS had a mean number of 168±108 HITS whereas the protected patients had a 

mean number of 63±83 HITS.

Whitlow et al.15 described that 5 (12%) of the 75 patients treated with CAS under balloon 

protection developed a TIA. However, none of these patients developed a minor or major 

stroke within 30 days.

Theron et al.16 showed that the use of a distal balloon protection system reduces the fre-

quency of embolic complications during CAS. Three (8%) of the 38 patients in the unprotected 

group experienced embolic complications in comparison to the two (1%) of the 136 protected 

patients.

figure 1. Distal balloon occlusion, PercuSurge Guardwire™ (Medtronic AVE)
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Proximal balloon occlusion

The principle of this device is to reverse the flow (figure 2) in the ICA before treatment of the 

lesion. There are two different proximal balloon occlusion devices commercially available.

The Parodi anti-embolisation system (PAES) (ArteriA Medical Science, Inc) is a guiding cath-

eter with three lumens and a balloon at the distal end of the catheter. The main lumen provides 

access for catheters needed for angioplasty and stent placement. The balloon at the distal end 

of the catheter is inflated in the common carotid artery (CCA), which creates a negative pressure 

gradient distal to the balloon occlusion. In addition, the ECA is occluded with a balloon catheter 

through one of the side-lumens and the flow reversal is established by connecting the arterial 

sheath with a venous sheath placed in the femoral vein. A filter located in the arteriovenous 

shunt prevents embolic particles to enter the venous system.

Another proximal occlusion device is the MO.MA (Invatec). In this device two balloons are 

attached to a single guiding catheter. Close to the proximal balloon, the exit port of the guiding 

catheter enables advancement of angioplasty materials and the aspiration of debris containing 

blood after the procedure.

With a proximal occlusion device the lesion is not crossed before the reversal of the flow in 

the ICA. This makes the system suitable for lesions with thrombus that are at risk to embolise.

These devices require a larger puncture site in the groin than the occluding devices and the 

PAES needs a femoral venous access. Under- or over inflation should be prevented, just as with 

the distal balloon occlusion. In addition, with the proximal balloon catheter there is a risk for 

cerebral hypoperfusion, which is the main concern when this device is used.

In a nonrandomised, prospective multi-centre trial the safety and efficacy of the PAES 

was investigated in 30 patients.17 Technical error and access-related difficulties prevented 

establishment of flow reversal in two patients. Among the 28 treated patients, four developed 

figure 2. Proximal balloon occlusion, MO.MA (Invatec)
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temporarily neurological deficits caused by procedural related cerebral hypoperfusion, yet 

after 30 days none of the patients had remaining neurological deficits.

distal filter

The principle of a distal filter (figure 3) is that it collects the debris during the procedure while 

preserving the flow in the ICA. The filter has to cross the lesion to reach the anatomical target 

site where the delivery sheath is removed and the filter is deployed. Until now several types of 

filters are developed and they can be categorised in: filters with or without a nitinol endoskel-

eton and fixed-wire and bare wire systems.

figure 3. Filter, E.P.I. FilterWire EZ™ (Boston Scientific)

Filter devices are especially suitable for patients, who have a lesion in the contra lateral ICA or 

a cerebral vascular anatomy that does not allow an occlusive device. A disadvantage is that a 

filter has to cross the lesion and its relatively large crossing profile (2.9-3.9 F) may give complica-

tions when passing difficult and tortuous lesions. The developed filters have different pore sizes 

(50 µm – 140 µm). The pores may not be too small because of resistance of the blood flow 

and potential thrombosis. Particles that are smaller than the pore size may pass the filter. To 

functionally collect the debris, the filter has to fit to the vessel wall to prevent debris passing 

between the vessel wall and the filter. Irritation of the vessel wall may cause vasospasm or 

intimal damage.

In several studies the feasibility and safety of filters during CAS have been investigated. In a 

multicentre trial18 with 162 patients filter (MedNova NeuroshieldTM Cerebral Protection System, 

Abbott) placement was successful in 154 (94%) of the patients.

Under protection of a filter one patient developed a minor stroke and two patients died 

within 30 days of the procedure. One of the deaths was cardiac arrhythmic related, and the 

other due to a hyperperfusion-related intracerebral hemorrhage. The results of the prospective 

cohort analysis from Macdonald et al.19 were comparable. In 98% of the procedures filter place-

ment was successful and one (2%) of the 50 patients developed a minor stroke. Two deaths 

occurred that were not atheroembolic related. Angelini et al.20 reported that filter placement 

was possible in 37 (97%) of the 38 procedures and that no neurological sequelae occurred. The 

study from Reimers and colleagues21 showed comparable results.
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discussion

Despite the improvement in technical skills, embolic complications remain the major and 

unpredictable clinical event during CAS. Several TCD studies found significantly more HITS 

during angioplasty and stenting than during endarterectomy. Although it is well established 

that HITS represent microemboli, their use as a marker of emboli may have limitations.22 Jordan 

et al.8 detected eight times more emboli during angioplasty without an EPD than during CEA. 

However, Crawley et al.23 showed that the higher embolic load measured with TCD (compared 

with CEA) was not associated with increased cerebral complications.

With a diffusion-weighted MRI silent infarcts can be detected after an intervention and 

several groups evaluated the efficiency of the protection devices. After using a protection 

device, Matthias24 found less new lesions on the diffusion- weighted MRI and observed less 

complications than during unprotected CAS. The actual functional consequences of these 

silent infarcts remain unclear. Jaeger and colleagues25 saw after 8 (22%) of the 37 procedures, 

in arteries supplying the brain, new lesions with diffusion-weighted MRI without neurological 

symptoms or deficits.

There is consensus among the current leaders in the field that a protection device should 

be used.9 At the moment it is not clear which type is the safest and most effective. The group 

of Ohki26 and the group of Parodi27 tested the three different devices. Both groups concluded 

that all devices can be used safely and that every device has its own strengths and weaknesses. 

Nowadays, the choice of the protection device is dependent on the opinion of the intervention-

ist and on the patient’s characteristics.

It seems logical that a stenosis with thrombus is best treated with protection of a proximal 

occlusion device. In patients with critical perfusion of the brain a filter device might be better 

tolerated. A 90-99% stenosis may be difficult to pass with a filter device and in these cases 

a distal occlusion device could be preferable. Another option is to perform an unprotected 

predilation so that afterwards a filter can be placed.

However, which EPD is best in which situation remains to be determined.
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abstract

Purpose: To investigate the pressure gradient and degree of flow reduction associated with 

embolus protection filters for carotid stenting in an in vitro experiment.

Methods: Three filter devices with a perforated membrane design and one wire mesh type 

filter were tested. At a pressure of 70 mmHg, the flow reduction and pressure gradient were 

measured in a 5-mm tube using blood-mimicking fluid.

Results: The pressure gradient in the wire mesh filter was 1.65±0.49 mmHg (95% CI 1.32 to 

1.86). The mean pressure gradient in the perforated membrane filters was 6.88±2.62 mmHg 

(95% CI 6.22 to 7.55, p<0.0001). There was also a significant correlation between pressure gradi-

ent and flow reduction (r=–0.77, p<0.01).

Conclusions: Embolic protection filters cause a pressure gradient and obstruct blood flow. This 

effect is marked in perforated membrane filters and almost absent in the wire mesh filter.
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introduction

Carotid artery stenting (CAS) is gaining acceptance as a minimally invasive alternative to sur-

gical carotid endarterectomy. Neurological complications due to embolization are a serious 

drawback to this method. These events were the impetus for the development of embolus pro-

tection devices (EPD), which were designed to capture material liberated during angioplasty 

and stenting by temporary distal or proximal occlusion or by placing a filter distal to the lesion. 

In a review of the literature by Kastrup et al.,1 the authors concluded that these EPDs appear to 

reduce thromboembolic complications during CAS.

Hemodynamic changes during carotid stenting have also been associated with a greater 

likelihood of neurological events.2-5 Bradycardia and hypotension are reported to occur in up to 

30% of CAS patients,6 mostly due to the reaction of the carotid sinus during postdilation. Filters 

potentially obstruct cerebral blood flow, and if this occurs during a phase of bradycardia and 

hypotension, the resistance to flow could be decisive for the outcome of a procedure.

In terms of device construction, the embolic capture potential relies either on a perforated 

membrane or a wire mesh. In this study, we measured the effect of various filter constructions 

on blood flow in an in-vitro setup. We hypothesized that there is no difference in pressure gradi-

ent between the two filter types.

MetHods

Four different devices (Fig. 1) were studied: 3 perforated membrane filters (Angioguard RX [Cor-

dis, a Johnson & Johnson company, Miami Lakes, FL, USA]; RX AccuNet [Guidant Corporation, 

Santa Clara, CA, USA]; and FilterWire EZ [Boston Scientific, Natick, MA, USA]) and a wire mesh 

filter (Spider; EV3, Plymouth, MN, USA).

A 5-mm-diameter tube was used as a model for the internal carotid artery (ICA). The tube 

was connected to a reservoir filled with blood-mimicking fluid (Shelley Medical Imaging Tech-

nologies, Arca Tech, Quebec, Canada). A pilot study at 3 different input pressures (90, 70, and 40 

mmHg) was performed first, taking 10 measurements per filter at each pressure. Simultaneous 

pressure recordings were made with pressure transducers positioned proximally and distally to 

the filter (Fig. 2). Volume flow was assessed using a calibrated container and a stopwatch; the 

collected fluid volume was measured after 60 seconds.

Because the input pressure did not have any influence on the results, the definitive measure-

ments were performed with an input pressure of 70 mmHg; the outflow resistance was fixed. 

This combination of pressure and outflow resulted in a flow of ~200 mL/min. For comparison, 

the normal blood flow to the brain is ~750 mL/min (range 500–900), of which 40%, or >200 mL/

min, passes through each ICA. The measurements were repeated 20 times for each filter.
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statistical analysis

The pressure gradient was calculated by subtracting the pressure distal to the filter from the 

pressure proximal to the filter. Continuous variables are presented as the mean ± standard 

deviation and 95% confidence intervals (CI). Comparisons of the variables were assessed with a 

paired 2-tailed Student t test. The Pearson’s product moment correlation, r, was used to assess 

correlation between pressure gradient and flow reduction. Statistical significance was assumed 

at p<0.05.

A B

C D

figure 1. (a) Angioguard RX, (b) RX Accunet, (c) Filterwire EZ, (d) Spider.

figure 2. Picture of in vitro setup.
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results

The mean pressure gradient of the wire mesh filter was 1.65±0.49 mmHg (95% CI 1.32 to 1.86), 

which differed significantly from the mean pressure gradient of all the perforated membrane 

filters (6.88±2.62 mmHg, 95% CI 6.22 to 7.55; p<0.0001). Among the perforated membrane 

filters (Table), the AccuNet had significantly less pressure gradient than the other 2 perforated 

membrane filters (p<0.0001). There was also a significant correlation between the pressure 

gradient and flow reduction (r=–0.77, p<0.01, Fig. 3).

figure 3. There was a significant correlation between pressure gradient and flow reduction (r=–0.77, 
p<0.01)

table. Pressure gradient according to filter type

Number Pressure gradient

Spider 20 1.65±0.49

All perforated membrane
filters

60 6.88±2.62

 Accunet 20 3.90±0.30

 Filterwire EZ 20 7.95±1.76

 Angioguard 20 8.80±1.91

Data presented as mean ± standard deviation.
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discussion

The major complication of CAS is intracerebral embolism of plaque fragments or clot, with 

consequent stroke or death. It has been demonstrated that CAS generates 8 times more high 

intensity transient signals (HITS) observed by transcranial Doppler (TCD) than carotid endarter-

ectomy (CEA).7 To prevent this embolization, EPDs were introduced to collect debris during the 

CAS procedure while preserving ICA flow. Several studies have investigated the feasibility and 

safety of filters during CAS: macroscopically visible particles were retrieved in 35% to 83.7% 

of the filters.8-10 Muller-Hulsbeck et al.11 tested 5 filter devices in an in vitro setting and found 

differences in the rate of emboli capture ranging from 95.6% to 99.2%. The resistance to flow 

was not reported in this study.

The clinical relevance of pressure drop and cerebral flow reduction is unclear, although a cor-

relation between periprocedural hypotension and neurological events has been suggested.2-5 

Mlekusch and colleagues3 found more neurological events in patients with hemodynamic 

instability (12% versus 7%). Although this difference was not statistically significant, the higher 

frequencies of neurological complications in these patients admonish us to be careful. Howell 

et al.2 showed a significant linear correlation between increasing systolic blood pressure (SBP) 

changes and greater severity of neurological events (r=0.74, p<0.001). The greater the change 

in SBP, the more severe the neurological event seems to be.

In our study, we varied the pressure and not the flow rate because this most closely 

resembles natural brain circulation. Cerebral autoregulation ensures stable cerebral blood flow 

(CBF) despite fluctuations in cerebral perfusion pressure (CPP). If the CPP changes, the CBF can 

be kept constant by changing the cerebral vascular resistance (CVR): CBF=CPP/CVR. In general, 

this mechanism is intact in patients with a carotid artery stenosis; only in situations of critical 

perfusion is this mechanism exhausted.

Our data show that, depending on the design, distal filters may cause a pressure gradient 

and may seriously reduce antegrade flow. This effect is marked in perforated membrane filters 

and almost absent in the wire mesh filter. Whenever a filter is in place during a phase of bra-

dycardia and hypotension, it is reasonable to suppose that the cerebral blood flow may fall 

below a critical level. Although the significance of periprocedural hypotension and reduced 

cerebral blood flow on neurological complications is at present unproven, it seems reasonable 

to include potential flow obstruction of the filter as a criterion when selecting a particular EPD, 

among other recognized characteristics, such as emboli capture rate, ease of placement, and 

utility of the filter in various grades of ICA tortuosity.
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abstract

Purpose: To determine the incidence of symptomatic and asymptomatic cerebral ischemic 

lesions found on diffusion-weighted magnetic resonance imaging (DW-MRI) after carotid 

interventions.

Methods: A prospective study was conducted to assess new cerebral ischemic lesions using 

DW-MRI in symptomatic patients with carotid artery disease undergoing protected carotid 

artery stenting (CAS) or carotid endarterectomy (CEA). DW-MRI was performed before and after 

the intervention in 44 patients (21 CAS and 23 CEA). Two experienced radiologists not involved 

in the carotid procedures or neurological assessment compared the postprocedural DW-MR 

images with those acquired before the intervention.

Results: Three (6.8%) of the 44 patients suffered strokes: 1 major and 1 minor stroke after CEA 

and 1 minor stroke after CAS. DW-MRI showed 15 new hyperintense lesions in 2 (9%) of 23 CEA 

patients; 31 new hyperintense lesions were found in 9 (43%) of the 21 CAS patients. The major-

ity of new lesions were located in the ipsilateral vascular territory; 2 CAS patients also showed 

6 new hyperintense lesions in the cerebellum. The mean lesion load per patient was 2.52 cm3 

(range 0.31–4.74) in the CEA group and 1.74 cm3 (0.03–9.72) in the CAS group (p=0.35). The vol-

ume of the individual lesions in CEA patients was 0.39 cm3 (range 0.01–2.16) compared to 0.52 

cm3 (range 0.01–5.47) in the CAS group (p=0.23). Patients who were asymptomatic after the 

intervention had fewer lesions (p=0.03) and a smaller lesion load than symptomatic patients.

Conclusions: Ischemic lesions were more frequently seen on DW-MRI after carotid stenting than 

after endarterectomy. The majority of the detected lesions did not cause neurological deficits.
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introduction

About 20% of all ischemic strokes are caused by atherosclerotic disease of the carotid artery.1 

Carotid endarterectomy (CEA) combined with medical treatment is an established therapy in 

patients with symptomatic carotid artery stenosis.2-4 Carotid artery stenting (CAS) has been 

recently advocated as a less invasive alternative to CEA. Case series of endovascular treatment 

with angioplasty or stenting have shown morbidity and mortality (4.9% to 10% 30-day stroke 

and death rates) comparable with CEA.5-10 The randomized Carotid and Vertebral Artery Trans-

luminal Angioplasty Study (CAVATAS) showed similar major risks and efficacy with respect to 

prevention of stroke within the first 3 years for carotid balloon angioplasty or stenting com-

pared with CEA.10 Randomized multicenter studies are currently comparing CAS and CEA; these 

trials have stroke-free survival as primary outcome. Because the differences in stroke rate in the 

2 treatment arms are expected to be small, large numbers of patients have to be included in 

these studies.

Asymptomatic or “silent” ischemic lesions detected with diffusion-weighted magnetic reso-

nance imaging (DW-MRI) have been reported more frequently than clinical events after carotid 

interventions.11-15 Vermeer et al.16 recently found that silent brain infarcts are associated with 

cognitive dysfunction in the general population, so these silent lesions may become a valuable 

outcome measure in clinical trials of CAS versus CEA. The aim of this study was to determine 

the incidence of symptomatic and asymptomatic cerebral ischemic lesions on DW-MRI after 

surgical and endovascular carotid intervention in a single-center setting.

MetHods

study design and patient sample

in June 1999, CAS was introduced in our center for the treatment of high-grade symptomatic 

carotid stenosis (>70%) in high-risk patients. In a 1.5-year pilot phase, 12 high-risk patients were 

treated with CAS while 57 low-risk patients underwent CEA. Since February 2001, all patients 

with a symptomatic carotid stenosis appropriate for endovascular repair have been offered 

their preference of stenting or CEA after having been extensively informed about the proce-

dures. At the same time, a prospective study was started to monitor cerebral ischemic lesions 

in both endovascularly and surgically treated patients using pre and postprocedural DW-MRI. 

Informed consent was obtained from each patient.

From February 2001 until November 2002, 101 patients were treated (42 CAS, 59 CEA), 

of which DW-MRI was performed before and after carotid intervention in 44 (21 CAS and 23 

CEA) patients (35 men; mean age 69 years, range 45 to 84). DW-MRI could not performed in 

57 patients for various reasons: (1) the MRI scanner was not available within 48 hours of the 
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procedure; (2) patient refusal to participate in the study; and (3) standard contraindications for 

MRI, including claustrophobia.

All patients underwent neurological examination before and 24 hours after the carotid 

intervention. Stroke was defined as major if the Rankin grade was ≥3 and as minor if the grade 

was <3.17

cea procedure

Carotid endarterectomy was performed by experienced vascular surgeons on patients under 

general anesthesia and monitored with intraoperative electroencephalography (EEG). All 

patients received 5000 units of heparin intravenously before clamping. A shunt was used when 

EEG monitoring revealed asymmetrical activity. The endarterectomy was performed in classical 

fashion (not everted); the arteriotomy was closed with a patch when indicated. Antithrombotic 

treatment (aspirin 80 mg/d) was started in all patients before surgery and continued for life.

cas procedure

Clopidogrel (300 mg) was given 1 day before CAS procedures, which were performed under 

local anesthesia via percutaneous transfemoral access by an experienced team consisting of 

an interventional radiologist and a vascular surgeon. After placement of an 8 to 10-F guiding 

catheter in the common carotid artery (CCA) and intravenous administration of 5000 units of 

heparin, angiography was performed. Two methods of cerebral embolic protection were used: 

a filter device (Angioguard, [Cordis, a Johnson & Johnson company, Miami Lakes, FL, USA]) or 

Filterwire [Boston Scientific, Natick, MA, USA] or a protection system based on the reversed flow 

principle (Parodi Anti-Emboli System, [ArteriA Medical Science, Inc., San Francisco, CA, USA]). In 

the majority of patients, the lesion was predilated with a 3-mm-diameter coronary balloon after 

placement of the protection device. The stents (Carotid Wallstent, [Boston Scientific]; Dynalink, 

Acculink, and Herculink [Guidant Corporation, Indianapolis, IN, USA]; SMART, [Cordis]): were 

placed and subsequently postdilated with a 5 to 6-mm balloon depending on the diameter 

of the internal carotid artery as determined by the preprocedural duplex scan. The operators 

attempted to achieve <30% residual stenosis. Finally, an angiogram of the treated carotid artery 

and the intracranial circulation was obtained. Antithrombotic medication consisted of clopido-

grel (75 mg/d) for 1 month and aspirin (80 mg/d) for life. Doppler ultrasound surveillance was 

performed in the CAS patients.

Mri technique and analysis

mR imaging of the brain was performed before and after treatment using a 1.5-T Sigma scanner 

(General Electric, Milwaukee, WI, USA) with a head coil. The MRI protocol before and after the 

intervention consisted of a DW-MRI sequence with a slice thickness of 5 mm and b value of 1000 

s/mm² (SE/EPI [spin echo/echo planar imaging], repetition time [TR]=12999, minimum echo 

time [ET], 24×19-cm field of view [FOV], 128×160 matrix, and number of excitations [NEX]=3). 
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The images were acquired with diffusion sensitization gradients successively activated in 3 

orthogonal directions, and isotropic (trace of the tensor) images were generated and analyzed.

Two experienced radiologists who were not involved in the carotid procedures or assessment 

of neurological outcome compared the postprocedural DW-MR images with those acquired 

before the intervention. The number, location (ipsilateral versus contralateral), and volume 

(cm³) of new hyperintense lesions were recorded. Disagreements were settled by consensus. 

Ipsilateral lesions were those on the side of the treated carotid artery; contralateral lesions 

included those on the opposite side to the treated carotid artery and also in the cerebellum.

To calculate the volume of the hyperintense lesions on DW-MRI, a semi-automated segmen-

tation software was developed using MATLAB (The Math Works Inc., Natick, MA, USA). Two inter-

active methods were used to start the automated segmentation of the lesion. For large, clearly 

visible lesions, a box could be drawn around the lesion. For small lesions with low contrast, a 

seed was placed in the lesion. A threshold was automatically determined based on the local 

gradients in the volume surrounding the lesion. Using a 3D region-growing technique based 

on pixel intensities and local gradients, the lesion was segmented and the volume calculated.

statistical analysis

differences between categorical data were analyzed with a chi-square test; continuous data 

were analyzed with a Wilcoxon rank sum test. P<0.05 was considered indicative of a significant 

difference.

results

clinical outcomes

among all 101 patients undergoing carotid interventions in the study period (Table 1), 2 major 

and 5 minor strokes were registered (6.9% stroke rate). In the 59 CEA patients, the patient 

with major stroke developed a contralateral arm paresis caused by a total occlusion of the 

ipsilateral carotid artery the day after the procedure. The 2 minor neurological complications 

in this subgroup were a cerebral hematoma 5 days after surgery in 1 patient and, in the other 

case, a postprocedural cerebral ischemic event with hemianesthesia and an infarct on a control 

computed tomographic (CT) scan 4 months later.

In the 42-patient CAS cohort, predilation was performed in 28 procedures and poststent 

dilation in 38. In 1 patient, the stenotic origin of the CCA was dilated before a guiding catheter 

could be advanced and a reversed flow neuroprotection device deployed; the patient experi-

enced a minor stroke after the procedure. Two other patients experienced minor strokes, and 

1 patient died of a major stroke. Postprocedural ultrasound scans showed that all stents were 

patent.
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ischemic lesions

postprocedural DW-MRI was performed in the 44 patients within 2 days in all but 2 cases (2 at 

<3 days). In 3 (6.8%) of the 44 pretreatment scans, 6 hyperintense lesions were found. In the 

post-treatment scans (Table 2), 15 new hyperintense lesions were recorded in 2 (9%) of the 23 

surgical procedures (Fig. 1), while 31 new hyperintense lesions (Fig. 2) were seen in 9 (43%) of 

the 21 patients after endovascular procedures (p=0.02). In the 9 CAS patients with new hyper-

intense lesions, predilation was performed in 5, whereas the other 4 patients were primarily 

stented. In 8 of these 9 patients, postdilation was performed: a 6-mm balloon in 3 patients, 

a 5.5-mm balloon in 1, and a 5-mm balloon in 3 patients. The majority of new lesions were 

located in the vascular territory of the treated carotid artery, but 2 CAS patients also showed 

6 new hyperintense lesions in the vascular territory of the posterior inferior cerebellar artery. 

There were no significant differences in the number of lesions per patient after the intervention 

(p=0.34), the lesion load per patient (p=0.35), or the volume of the individual lesions (p=0.23).

table 1. Complications in 101 carotid interventions and diffusion weighted magnetic resonance imaging 
(DW-MRI) studies in a 44-patient subgroup

Complications DW-MRI

Major Minor Performed Not performed

CEA (n=59) 1 2 23 (1 major, 1 minor)* 31 (1 minor)

CAS (n=42) 1 3 21 (1 minor) 16 (1 major, 2 minor)

Totals 2 5 44 57

CEA: carotid endarterectomy, CAS: carotid stenting.
*One minor complication (cerebral hematoma after 5 days) occurred after a normal postprocedural DW-
MRI study.

table 2. Number and volume of new lesions in patients who underwent carotid endarterectomy (CEA) or 
stent placement (CAS)

CEA
(n=23)

CAS
(n=21)

p

Patients with DW-MRI lesions 2 (9%) 9 (43%) 0.02

Number of new lesions 15 31

Ipsilateral/contralateral 15/0 25/6

Number of lesions/patient 7.5 (2–13) 3.4 (1–10) 0.34

Per-patient lesion load, cm3 2.52 (0.31–4.74) 1.74 (0.03–9.72) 0.35

Per-lesion volume, cm3 0.39 (0.01–2.16) 0.52 (0.01–5.47) 0.23

Per-patient and per-lesion data are presented as mean (range).
DW-MRI: diffusion weighted magnetic resonance imaging.



Cerebral ischemia 55

The patient with a cerebral hematoma 5 days after surgery did not have any lesion on the 

DW-MRI performed 1 day after the procedure, so he was included in the postprocedural asymp-

tomatic group for analysis. Patients who were asymptomatic after the carotid intervention had 

fewer lesions (p=0.03) and a smaller lesion load (p=0.06) than symptomatic patients (Table 3).

figure 1. Axial diffusion-weighted MR images with hyperintense lesions in the vascular territory of the 
treated carotid artery in a patient with a major stroke after carotid endarterectomy.

figure 2. Axial diffusion-weighted MR image with one hyperintense lesion in the vascular territory of the 
treated carotid artery in a patient without neurological symptoms after carotid artery stenting.
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discussion

This study investigated the frequency of new hyperintense DW-MRI lesions in patients who 

underwent a percutaneous or surgical carotid intervention. In this single-center setting, 

DW-MRI lesions were more commonly seen after CAS than after CEA, and the frequency of 

new hyperintense lesions was much higher than the rate of symptomatic neurological events. 

Comparison between postprocedural symptomatic and asymptomatic patients revealed fewer 

lesions and a smaller lesion load in asymptomatic patients.

Our 9% frequency of new lesions in surgically treated patients falls within the range in previ-

ous studies: Müller et al.18 reported the highest frequency (34% in 77 patients), while others 

saw these lesions in less than 12% of their patients.10,11,14,18 On the other hand, our 43% rate 

of new hyperintense lesions in the CAS group falls beyond the 21% to 37% range previously 

reported.14,19,20 All these studies except one11 included patients with and without postproce-

dural symptoms. For this reason, the frequency of silent postprocedural lesions is slightly lower 

than their reported rates. However, the overall impression that more silent cerebral lesions can 

be found after endovascular treatment remains valid.

The most likely cause of all new hyperintense lesions is embolization of thrombotic or 

atherosclerotic plaque material to the cerebral circulation. The majority of the lesions were 

located in the ipsilateral hemisphere, which suggests manipulation prior to, during, or after 

stent placement as the most probable cause of these lesions in CAS patients. In this study, new 

lesions were also seen in other vascular territories (cerebellum) in 2 of the 21 patients with new 

lesions after endovascular treatment. This observation was also reported by Jaeger et al.,14 who 

found contralateral lesions in 6 (9%) of their 52 patients, and by Koch et al.21 in 22 (20%) of their 

108 patients. The contralateral location of new lesions in endovascularly treated patients may 

in part be explained by manipulation of the guidewires and guiding catheters in the aortic arch.

Notably, the antiplatelet regime varies among different centers. The aspirin dose we used is 

lower than that prescribed by some interventionists, but it has not been proven that a larger 

table 3. Number and volume of lesions in postprocedural symptomatic and asymptomatic patients

Symptomatic
(n=2)

Asymptomatic
(n=9)*

P

Number of new lesions 23 23

Number of lesions/patient 11.5 (10–13) 2.6 (1–6) 0.03

Per-patient lesion load, cm3 7.23 (4.74–9.72) 0.69(0.03–4.78) 0.06

Per-lesion volume, cm3 0.66 (0.01–5.47) 0.30 (0.01–3.25) 0.30

Per-patient and per-lesions data are presented as mean (range).
*The patient with a cerebral hematoma 5 days after surgery did not have any lesion on the postprocedural 
DW-MRI, so he was included in the postprocedural asymptomatic group for analysis.
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dose of aspirin is beneficial for the outcome after intervention, while a higher dose increases 

the rate of bleeding complications.22

What is the clinical importance of new DW-MRI lesions in view of the observation that most 

patients were clinically asymptomatic? DW-MRI abnormalities after a frank infarct (with and 

without clinical symptoms) normally lead to infarcts that could also be disclosed on follow-up 

studies with other MRI sequences. It is not known whether subclinical DW-MRI lesions seen 

after carotid intervention will produce structural damage to the brain, nor is it known whether 

these lesions may cause neuropsychological deterioration. Previous studies have revealed an 

increase in neuropsychometric changes after carotid endarterectomy, which may have been 

mediated by silent infarcts.23-25 In addition, population-based studies have demonstrated an 

increased frequency of dementia in patients with lacunar infarcts and white matter lesions.16 

In a subgroup of CAVATAS patients in whom transcranial Doppler was used, the investigators 

found that despite an increased number of microembolic signals in the endovascular arm com-

pared to CEA, there was no difference in neuropsychological dysfunction between groups.26 

The presence or absence of neurological symptoms is mainly dependent on the location of 

the new hyperintense DW-MRI lesions. It may also depend on the total volume of the lesion(s).

Our study revealed fewer lesions and a smaller lesion load in the patients without neuro-

logical symptoms after carotid intervention compared to patients with neurological sequelae, 

which could imply that the onset of clinical symptoms is also dependent on the amount of 

brain tissue damaged. DW-MRI lesions can be considered as a surrogate endpoint in the evalu-

ation of CAS compared with CEA and in the evaluation of treatment modification (filter device, 

periprocedural medication).

Because of the higher frequency of subclinical lesions than clinical symptoms, power calcu-

lations for randomized studies would indicate a lower number of patients needed to reach sta-

tistically significant results. The semi-automated measurement of lesion load may be a further 

improvement, as lesion load may better reflect ischemic damage than the number of lesions.

This study has several limitations that should be considered before drawing conclusions 

about the safety of the surgical and endovascular procedures. The first limitation is the rather 

low frequency of DW-MRI studies in both groups (39% and 50%), resulting in a nonconsecutive 

cohort of patients. However, medical conditions were not the reason why the DW-MRI studies 

could not be performed in the remaining patients. The second and most important limitation is 

the nonrandomized comparison of both treatments. A valid comparison between CAS and CEA 

with regard to clinical outcome and DW-MRI lesions requires a randomized trial.

In conclusion, we found that DW-MRI revealed ischemic lesions more often after protected 

CAS than after CEA and that most of these lesions did not cause focal neurological deficits. If 

future studies demonstrate that these lesions are associated with cognitive dysfunction, DW-

MRI may become a valuable outcome measure in future randomized clinical trials.
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abstract

Purpose: To investigate the pattern of catecholamine response in patients undergoing carotid 

endarterectomy (CEA) or carotid artery stenting (CAS).

Methods: Adrenaline, noradrenaline, and renin levels were measured at 5 time points in 12 

patients undergoing 13 CEAs (1 bilateral) and 13 patients undergoing unilateral CAS. Arterial 

blood samples were taken at the following time points: (1) after induction in CEA patients or 

5 minutes following first contrast injection in CAS patients, (2) 5 minutes following ICA clamp 

release in surgical patients or deflation of the balloon in the CAS cohort, (3) 60 minutes follow-

ing ICA clamp release in surgical patients or deflation of the balloon in the CAS cohort, and (4) 

24 hours following the procedure. Intraoperative blood pressure and heart rate were recorded 

using radial arterial monitoring. Changes in adrenaline, noradrenaline, and renin levels are 

expressed as ratios versus baseline.

Results: Patterns of adrenaline and noradrenaline release were significantly different in 

patients undergoing CAS and CEA, with much higher and more variable surges of adrenaline 

and noradrenaline occurring in CEA patients. Adrenaline and noradrenaline levels increased 

significantly over baseline following carotid artery clamping in patients undergoing CEA (nor-

adrenaline ratio before clamping: 1.54±1.25, 24 hours after unclamping: 8.38±16.35 [p<0.001]; 

adrenaline ratio before clamping: 1.12±0.49, 60 minutes after unclamping: 17.59±19.14 

[p<0.001]). Conversely, in patients undergoing CAS, catecholamine levels remained unchanged 

(noradrenaline ratio before dilation: 0.96±0.23, 24 hours after the procedure: 0.92±0.32 [p=NS]; 

adrenaline ratio before dilation: 0.83±0.33, 60 minutes after balloon deflation: 0.56±0.32 

[p=NS]).

Conclusions: CAS is associated with a significantly less marked catecholamine response than 

CEA, which may reflect down-regulation of the sympathetic nervous system in response to 

carotid sinus stimulation during carotid angioplasty.
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introduction

Patients undergoing carotid endarterectomy (CEA) are especially prone to peri and postopera-

tive myocardial complications because of the high prevalence of ischemic heart disease in this 

group.1-4 Carotid artery angioplasty and stenting (CAS) has been proposed as an alternative to 

CEA in patients with significant carotid stenosis; even those at high risk owing to severe coro-

nary artery disease have been successfully treated with CAS.1 This latter group may prove to be 

those who derive the most benefit from CAS. Previously, the only options available were CEA 

performed under local anesthesia or a combined CEA and coronary artery bypass procedure. 

Unfortunately, the use of local anesthesia has not been shown to reduce cardiac morbidity,2, 5, 6 

probably because catecholamine levels are significantly higher in patients operated upon 

under local anesthesia compared to general anesthesia.7

Some degree of hemodynamic instability (hypertension, hypotension, and bradycardia) 

commonly develops after CEA.8-12 Although these postoperative cardiovascular fluctuations 

are usually transient, hemodynamic instability after CEA has been linked to surgical mortality 

and morbidity, especially the occurrence of stroke and cardiac complications.13 The mechanism 

of post CEA hemodynamic instability remains unclear. Animal studies have shown that acute 

cerebral ischemia causes the sympathetic nervous system to stimulate renal renin release, 

leading to elevated angiotensin levels and hypertension. Further studies have implicated a 

sympathetic nervous system neuroamine, such as adrenaline or noradrenaline.9

Hemodynamic instability has been described after CAS and may also have clinical implica-

tions.14-16 Pre-existing cardiac arrhythmias may be exacerbated, and the risk of hypoperfusion 

and stroke may increase in the postoperative period. The pathophysiology underlying the 

phenomenon of hemodynamic instability in patients undergoing CAS is likely due to direct 

mechanical dilation of the carotid bulb and sinus, resulting in increased parasympathetic dis-

charge and decreased systemic arterial smooth muscle tone, thus causing hypotension.15, 16 The 

aim of this study was to investigate the relationship between fluctuations in plasma adrenaline 

and noradrenaline levels in patients undergoing CEA or CAS.

MetHods

study design and patient sample

This was a prospective nonrandomized study carried out under local ethics committee approval. 

Twenty-five patients (20 men; mean age 67.8±9.9 years) undergoing CEA (n=13) or CAS (n=13) 

were enrolled. All patients were symptomatic owing to a high-grade carotid artery stenosis. 

The decision to perform CAS was subjectively based on the angiographic appearance of the 

stenotic lesion and the suitability of the carotid vasculature for a cerebral protection device. 

Following informed consent, patients were allocated to CEA or protected CAS depending on 
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the angiographic appearance of the carotid stenosis. Patients did not routinely undergo a 

neurological evaluation before or after either type of carotid intervention.

The patients were similar with regard to demographics, ASA (American Society of Anesthe-

siologists) grade, baseline risk factors, and indications for treatment (Table 1). There was no 

difference in the preoperative use of antihypertensive medication. One CAS patient had previ-

ously undergone a CEA and redo CEA with patch angioplasty 2 years later. One CEA patient was 

diabetic, the only one in the entire sample. One patient had bilateral CEAs in staged procedures.

carotid endarterectomy

Carotid endarterectomy was carried out under general anesthesia induced with thiopental 

sodium and maintained with nitrous oxide, fentanyl, and isoflurane. Carotid endarterectomy 

was performed using a transverse cervical incision with full heparinization and electroencepha-

lographic (EEG) monitoring; a shunt was used if the EEG became asymmetrical. Polytetrafluo-

roethylene (W.L. Gore & Associates, Flagstaff, AZ, USA) or venous patches were used where the 

artery caliber was too small to allow primary closure. All patients were extubated immediately 

following wound closure.

table 1. Patient demographics and risk factors

CEA (=12) CAS (n=13) p

Men 8 12 NS

Age, y 64.3±10.9 67.7±9.96 NS

ASA grade

 I 0 0

 II 10 12

 III 1 1

 IV 1 0 NS

Hypertension 4 5

Cardiac history NS

Previous myocardial infarction 1 2

Dysrhythimia 2 2

Preoperative medication NS

Calcium channel blockers 3 4

Beta-blockers 3 2

Indication for intervention*

Amaurosis fugax 5 1

Transient ischemic attack 5 8

Cerebrovascular accident 3 4

Continuous data are presented as mean ± standard deviation. NS: not significant.
* Per hemisphere; 1 patient had bilateral CEAs in staged procedures.
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carotid artery stenting

Patients received clopidogrel (300 mg; Sanofi Pharmaceuticals, New York, NY, USA) 12 hours 

before the procedure, which was carried out under local anesthesia with continuous intra-

arterial blood pressure, cardiac, and neurological monitoring (EEG and transcranial Doppler) 

in the interventional radiology suite. Control angiograms were performed following admin-

istration of 5000 units of heparin. Using a roadmap technique, the stenosis was crossed with 

an AngioGuard filter device (Cordis, a Johnson & Johnson company, Miami Lakes, FL, USA) for 

cerebral protection. An isoprenaline infusion (0.01 µg/kg/min) was begun immediately before 

balloon inflation in all patients to reduce the incidence of bradycardia and hypotension. Pre-

dilation was selectively performed in heavily calcified lesions or tight stenoses that would not 

accommodate the stent. A noncompliant balloon was delivered over a long exchange wire and 

inflated to a maximum pressure of 4 atmospheres. Self-expanding stents (Wallstent, Boston 

Scientific, Natick, MA, USA; SMART, Cordis; and Dynalink, Guidant, Indianapolis, IN, USA) were 

sized to match the common carotid artery diameter measured on the preprocedural duplex 

scan and the control angiogram. After the stent was deployed and dilated (maximum of 8 to 10 

atmospheres), a control angiogram was performed. Patients were continued on clopidogrel (75 

mg/d) for 1 month following the procedure.

blood samples and assays

All patients had radial arterial lines inserted before induction of anesthesia or before com-

mencement of the stenting procedure. Blood samples were drawn from the arterial line, 

transferred to heparinized glass containers, and placed immediately on ice. In CEA patients, 

samples were drawn after induction of anesthesia (baseline), 5 minutes after internal carotid 

artery (ICA) clamping, and at 5 and 60 minutes after restoration of cerebral circulation. A further 

sample was taken at 24 hours postoperatively only if the radial arterial line was still in place, 

as catecholamine levels have been shown to vary between the arterial and venous sides of 

the circulation.17 Patients undergoing CAS had blood taken 15 minutes after radial arterial line 

insertion (baseline), immediately after the first contrast injection, at 5 and 60 minutes after 

deflation of the angioplasty balloon, and 24 hours following the procedure. All patients were 

returned to the intensive care unit for postprocedural monitoring.

Plasma catecholamines (adrenaline and noradrenaline) were measured using high per-

formance liquid chromatography with electrochemical detection. Samples were analyzed 3 

months after commencement of the study. Renin concentrations were determined by radioim-

munoassay.

statistical analysis

Data were tested for normality. Continuous data are presented as the mean ± standard 

deviation. Changes in hemodynamic variables (heart rate, blood pressure) and hormone levels 

are expressed as a ratio of the baseline value. Due to wide individual variation in individual 
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catecholamine levels, data are presented as a plot of each patient’s ratio of change. The Student 

t test was used to compare paired data and the chi-square test for proportional analyses. A 

2-way analysis of variance (ANOVA) for repeated measurements with Bonferroni post-hoc 

correction was used for multiple comparisons. All analyses were performed with the Instat 

statistical software package (GraphPad Software, Inc., San Diego, CA, USA).

results

Mean duration of carotid artery clamping in CEA patients was 34.0±12.7 minutes in a procedure 

that lasted a mean 121.5±27.1 minutes (Table 2 ). One CEA patient had a shunt placed. In CAS 

patients, 6 Wallstents, 3 SMART stents, and 4 Dynalink stents were implanted in protected pro-

cedures averaging 86.6±24.9 minutes. There were no major strokes or death, but 1 patient in 

each group suffered minor neurological complications. One CEA patient developed weakness 

of his right hand 6 hours following a left CEA; carotid duplex showed an occluded ICA. However, 

as the patient’s neurological condition remained stable, no further intervention was carried 

out. One CAS patient developed a transient arm weakness that resolved within 24 hours. This 

patient had experienced hypotension and extreme bradycardia during balloon angioplasty, 

and the cerebral protection device had become occluded. He subsequently made an unevent-

ful recovery.

Hemodynamic data

There was no difference in mean heart rate between groups at the start of the procedure 

(CAS: 71±12 beats/minute, CEA 74±15 beats/ minute) (p=0.81), and no significant changes 

were evident between groups at various time points in the procedures (Table 3 ). However, 

systolic blood pressure was significantly higher at baseline in the CAS group (171±26 mmHg) 

compared to CEA (134±20 mmHg; p<0.05). A significant decrease in blood pressure was seen 

5 minutes following balloon dilation in the CAS group (–32±28 mmHg) compared to a mild 

increase in blood pressure (8.3±28.1 mmHg; p=0.01) 5 minutes following cerebral reperfusion 

in the CEA group.

table 2. Intraprocedural data for patients undergoing carotid artery stenting (CAS) or carotid 
endarterectomy (CEA)

CEA CAS p

Duration of procedure, min 121.5±27.1 86.6±24.9 <0.005

Intravenous fluids, mL 3150±1355 1400±374 <0.006

Fluid infusion, mL/min 26.7±3.9 17.1±2.4 <0.046

Continuous data are presented as mean ± standard deviation.
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catecholamine and renin levels

Patterns of adrenaline (Fig. 1) and noradrenaline (Fig. 2) release were significantly different in 

patients undergoing CAS and CEA, with much higher and more variable surges of adrenaline 

and noradrenaline occurring in CEA patients. The ratios of adrenaline and noradrenaline 

change increased significantly following carotid artery clamping in patients undergoing CEA 

(noradrenaline ratio before clamping: 1.54±1.25 and 24 hours after unclamping: 8.38±16.38 

[p<0.001]; adrenaline ratio before clamping: 1.12±0.49 and 60 minutes after unclamping: 

17.59±19.14 [p<0.001]). Conversely, in CAS patients, catecholamine levels remained unchanged 

(noradrenaline ratio before dilation: 0.96±0.23 and 24 hours after dilation: 0.92±0.32 [p=NS]; 

adrenaline ratio before dilation: 0.83±0.33 and 60 minutes after balloon deflation: 0.56±0.32 

[p=NS]).

When direct comparisons between catecholamine levels in CAS and CEA patients were 

made, the most marked differences were seen in adrenaline ratios at 60 minutes follow-

ing either ICA clamping in CEA patients (17.59±19.14) or balloon deflation in CAS patients 

(0.56±0.32, p<0.001). Noradrenaline ratios were higher in CEA patients at 60 minutes following 

ICA clamping (8.38±16.35) compared to levels in CAS patients 60 minutes following balloon 

deflation (0.92±0.32), but this difference was not statistically significant.

Catecholamine levels at 24 hours postprocedure were available in 6 of 12 patients who 

underwent CEA and 7 of 13 patients who underwent CAS. When the patients who suffered 

minor neurological events (1 per group) were excluded, a reanalysis of the catecholamine data 

did not show a difference in the trends. Similarly, when the CEA patient who required a shunt 

was removed from the analysis, there was no significant difference observed.

table 3. Changes in heart rate and blood pressure from baseline in patients undergoing carotid 
endarterectomy (CEA) or carotid artery stenting (CAS)

CEA

Before 
clamping*

After clamping 5 minutes after 
unclamping

60 minutes after 
unclamping

End of surgery

Heart rate, beats -4.08±13.17 -6.70±12.60 -9.30±13.90 -3.50±13.90 1.30±14.50

Blood pressure, 
mmHg

3.25±22.91 5.58±36.50 8.33±28.07 -2.25±24.78 4.41±23.94

CAS

Before cath† After contrast 
injection

Before dilation 5 minutes after 
dilation

60 minutes after 
dilation

Heart rate, beats 0.91±10.72 11.17±11.15 18.50±13.67 -1.30±25.70 6.42±15.24

Blood pressure, 
mmHg

-5.00±13.69 -7.69±13.78 -2.69±19.43 -32.31±28.20 -23.85±21.00

Continuous data are presented as mean ± standard deviation.
* After induction of anesthesia.
† Fifteen minutes after radial line insertion.
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As with the catecholamines, there was significant individual variation in plasma renin levels 

(Table 4), but no significant differences in the ratios of renin values between the groups or 

within the groups at any time point.

figure 1. Adrenaline levels for individual (A) CEA and (B) CAS patients. Values are the ratio of change from 
baseline (I). II: after induction in CEA or 5 minutes following first contrast injection in CAS, III: 5 minutes 
following ICA clamp release in surgical patients or deflation of angioplasty balloon in CAS cohort, IV: 60 
minutes following ICA clamp release in surgical patients or deflation of angioplasty balloon in CAS cohort, 
and V: 24 hours postoperatively



Catecholamine release 69

figure 2. Individual noradrenaline data for patients undergoing (A) CEA or (B) CAS. Values are ratios of 
change from baseline (I). II: after induction in CEA or 5 minutes following first contrast injection in CAS, 
III: 5 minutes following ICA clamp release in surgical patients or deflation of angioplasty balloon in CAS 
cohort, IV: 60 minutes following ICA clamp release in surgical patients or deflation of angioplasty balloon 
in CAS cohort, and V: 24 hours postoperatively

table 4. Changes in renin levels* in patients undergoing carotid artery stenting (CAS) or carotid 
endarterectomy (CEA)

Time CAS CEA

I 1.00 1.00

II 0.88±0.36 1.02±0.35

III 0.83±0.38 1.10±0.20

IV 0.50±0.50 0.92±0.34

Continuous data are presented as mean ± standard deviation.
* Values are changes from baseline (I) expressed as ratios. II: after induction in CEA or 5 minutes following 
first contrast injection in CAS, III: 5 minutes following ICA clamp release in surgical patients or deflation of 
angioplasty balloon in CAS cohort, and IV: 60 minutes following ICA clamp release in surgical patients or 
deflation of angioplasty balloon in CAS cohort.
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discussion

Carotid artery stenting is emerging as a potential alternative to carotid endarterectomy for 

symptomatic carotid artery stenosis, particularly in high-risk patients.18-20 However, there have 

been sporadic reports of hemodynamic disturbances in the form of bradycardia and hypoten-

sion occurring at the time of stent deployment,14-16 notably in elderly patients and those with 

coronary artery disease.21 Carotid angioplasty involves extensive manipulation in the region 

of both adventitial receptors and the carotid sinus. According to experimental studies using 

electrical stimulation,22 carotid sinus manipulation dampens the sympathetic nervous system 

influence on cardiovascular dynamics, resulting in bradycardia, reduced arterial resistance, 

increased venous capacitance, and decreased cardiac output.

There is conflicting evidence, however, as to whether periprocedural hemodynamic insta-

bility is associated with poor neurological outcome.21, 23, 24 One study has demonstrated that 

patients who experience hypotension during CAS have significantly worse short and midterm 

prognoses than those who remain hemodynamically stable.24 On the other hand, Mlekusch et 

al.21 showed no increased risk of neurological deficit associated with hypotension and brady-

cardia in elective CAS.

The present study was undertaken to investigate the pattern of changes in catecholamine 

levels in patients undergoing CEA under general anesthesia compared to CAS patients treated 

under local anesthesia. It is difficult to measure sympathetic nervous system (SNS) activity 

directly, but fluctuations in sympathetic tone can be estimated indirectly by recording changes 

in plasma noradrenaline.25 Differences between noradrenaline re-uptake, clearance, and conju-

gation can make it difficult to interpret individual patient data.25 For that reason, we used ratios 

of change from baseline as a comparative measure.

Case reports have been published describing significant cardiac arrhythmias and hypoten-

sion immediately following balloon deflation and for up to 36 hours after the procedure in CAS 

patients.15 In a retrospective review of 51 CAS patients, Qureshi et al.14 presented respective 

rates for hypertension, hypotension, and bradycardia of 38%, 22%, and 27.5%. Other investiga-

tors have reported rates for bradycardia and hypotension together of 68% and 71%.14, 16 The 

most likely explanation for this is a disturbance of adventitial receptors and modification in 

the elasticity of the arterial wall, which may alter the sensitivity of carotid receptors.26 Animal 

studies have shown that the adaptation of carotid sinus receptors to changes in mechanical 

properties is slow and incomplete.27 Angell-James et al.28 showed that post-CEA hypotension 

was caused by increased sinus nerve activity resulting from increased diameter of the carotid 

sinus. Therefore, carotid angioplasty may lead to a steady-state increase in sinus baroreceptor 

stimulation and activity, in turn resulting in inhibition of sympathetic tone to peripheral blood 

vessels, thus causing systemic hypotension.14 This mechanism is in keeping with our finding 

of decreased levels of noradrenaline and adrenaline and also works well with the finding of 

Sleight et al.,29 who reported that the increased noradrenaline levels during exercise and the 
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associated change in blood pressure are inversely proportional to resting baroreceptor sensi-

tivity and correlate with changes in sympathetic nervous system activity.

In the current study, patients were allocated to an endovascular or surgical procedure 

according to the radiological appearance of the carotid lesion rather than on the basis of 

medical risk. A study of CAS patients in our institution identified a significant incidence of 

bradycardia and hypotension that proved unresponsive to the pre-emptive administration of 

atropine in many cases (unpublished data). Others having this experience have speculated that 

hemodynamic instability may be a feature of the learning curve: inexperience in determining 

the optimal level of balloon dilation and sizing of stents, for example, has been cited as a pos-

sible explanation.14,  16,  18 Excessive balloon dilation followed by exaggerated radial pressure 

caused by an oversized stent could be expected to increase both the incidence and duration of 

postprocedural hypotension. Studies have already shown that the incidence of hemodynamic 

instability is significantly higher in patients treated with balloon-expandable compared to self-

expanding stents.18,23 Our current practice is to administer isoprenaline before balloon inflation. 

We have found this to be effective, and it significantly reduced the incidence of bradycardia 

and hypotension associated with stent deployment (unpublished data). Because all patients 

undergoing CAS in the current study had an isoprenaline infusion before balloon inflation, 

the plasma catecholamine levels may have been skewed. However, in spite of administered 

catecholamines, overall levels still remained significantly lower than in CEA patients having no 

inotropic support.

Howell et al.24 have recently recommended treating high-risk patients more aggressively 

with vasopressor agents to reduce the number of neurological events. A criticism of the use 

of pressors is their potential to aggravate pre-existing coronary artery disease by reducing 

myocardial perfusion during diastole. Injudicious use of atropine is likely to give rise to similar 

problems. Qureshi et al.14 saw a higher incidence of postprocedural bradycardia in patients 

given atropine prophylactically.14 Furthermore, the prolonged pressure transmission against 

the carotid sinus induced by stent placement differs from the transient force applied by balloon 

dilation; stents thus cause a more pronounced baroreceptor reflex, which may not respond 

to atropine.16 Insertion of a temporary venous pacemaker has been proposed as a means of 

preventing intraprocedural hemodynamic instability. While this avoids the risks of myocardial 

ischemia induced by vasopressor agents, it is an invasive maneuver. Harrop et al.12 reported 

venous pacemaker activation rates of 73% during CAS.

Postoperative hypertension following CEA may be caused by dysfunction of adventitial 

baroreceptors in the endarterectomized carotid artery segment.14, 16 An association between 

baroreceptor failure caused by neck irradiation or bilateral carotid body tumors has been 

shown with elevated levels of adrenaline and noradrenaline.30 Abnormal input from damaged 

baroreceptors is likely to lead to increased SNS activity. Lesser degrees of baroreceptor failure 

have been detected by hemodynamic monitoring during or soon after CEA or following carotid 

body surgery.31,32 Several reports have demonstrated elevated concentrations of renin and 
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noradrenaline in jugular venous blood during and after CEA, which may reflect a generalized 

increase in sympathetic nervous system activation.9, 33 It is possible that cranial hypoperfusion 

during carotid artery cross-clamping results in transient disruption of the blood-brain barrier, 

prompting increased catecholamine release into the jugular vein.9 It is possible to speculate 

that the much shorter period of cerebral ischemia associated with CAS may explain the lower 

catecholamine levels we observed in this group compared to CEA, but we saw no alteration in 

renin levels, similar to findings in other studies. Ahn et al.,9 for example, demonstrated increased 

levels of cranial renin but no change in peripheral levels in patients who had undergone CEA. 

Estimation of cranial renin levels in our patients undergoing CAS was beyond the scope of this 

study.

Modification of baroreceptor sensitivity after angioplasty does not persist indefinitely. 

Hypotension and magnitude of fluctuations are most prominent in patients without previous 

CEA. Hypotension immediately after CEA has been postulated to arise from changes in carotid 

sinus behavior caused by removal of the rigid atheromatous plaque.34, 35 The incidence of post-

operative hypotension in patients undergoing CEA was only 15% in this series. Previous studies 

have shown that infusion of adequate volumes of colloid markedly reduce the incidence of 

postoperative hypotension.36 In the current study, significantly less fluid volume was required 

to maintain a stable blood pressure in the CAS group.

A criticism of this study is the absence of general anesthesia in the CAS group. Factors such 

as a surgical wound, retraction, more prolonged brain ischemia, and postoperative pain may 

explain the more exaggerated catecholamine response in the CEA group. Patients undergoing 

CEA under local anesthesia show a more marked cardiovascular stress reaction than patients 

having general anesthesia.37 Takolander et al.7 recorded higher levels of catecholamine release 

in CEA patients given local anesthesia versus patients treated under general anesthesia. This 

observation may be explained by the fact that inhalational anesthetics produce marked 

sympathetic inhibition by decreasing noradrenaline clearance from the circulation and inhibit 

noradrenaline release at the prejunctional level.38, 39

In conclusion, this study demonstrated marked differences in neuroendocrine responses 

to CEA and CAS. Although numbers are small in the current study, there also appear to be 

differences in hemodynamic responses to the procedures, likely due to differing SNS reactions 

to carotid artery clamping compared to carotid sinus stretching during CAS.
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abstract

Purpose: To evaluate the use of prophylactic administration of isoprenaline to prevent hemo-

dynamic instability during carotid angioplasty and stenting.

Methods: Nineteen consecutive patients with a symptomatic carotid artery stenosis were 

treated with angioplasty and stenting. Eleven patients received prophylactic isoprenaline 

(isoprenaline group) during the procedure and 8 patients did not receive medication (control 

group). The day before the procedure the mean systolic blood pressure (MAP) was calculated 

and regarded as our baseline value. The blood pressure (BP) and heart rate (HR) of all patients 

was monitored before and 10 minutes after balloon dilatation. The average decrease in BP and 

HR after dilatation in the isoprenaline group was compared with the decrease in BP and HR in 

the control group. Data were expressed as percentage of baseline value.

Results: In the isoprenaline group the pre-dilatation MAP was increased by 25% following 

administration of isoprenaline compared to the control group. The magnitude of the blood 

pressure decrease was similar in both groups of patients following balloon dilatation of the 

internal carotid artery stenosis. However, in the Isoprenaline group the systolic BP did not drop 

below the 90 mmHg at any stage during the procedure (p=0.018). By contrast, there was a 

50% incidence of hypotension in the control group. Bradycardia tended to occur more often in 

the control group (88% vs. 45%). None of the patients given prophylactic isoprenaline suffered 

asystole compared to those in the control group (0% vs. 38%, p=0.058).

Conclusion: Hypotension during carotid angioplasty and stenting occurred less often in 

patients treated with isoprenaline compared with control patients. This was caused by an eleva-

tion of average BP before the start of the procedure.
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introduction

Carotid angioplasty with stenting (CAS) is becoming an established treatment modality for 

patients with a symptomatic carotid artery stenosis. Neurological complications remain the 

most challenging drawback of the method. Advanced age, long or multiple stenoses has been 

suggested as risk factors for these events.1 Another recognized source of neurological sequelae 

during carotid stenting is hypoperfusion.2-4, 16 Baroreceptor stimulation can cause bradycardia 

and hypotension. Stents or balloons distend the carotid sinus, thereby activating stretch-

sensitive mechanoreceptors that send impulses to the brain stem, triggering a reduction of 

sympathetic tone in peripheral blood vessels resulting in systemic hypotension. Impulses 

from the carotid sinus also cause enhanced parasympathetic stimulation of the heart, which 

lowers the heart rate (HR). Patients who develop persistent hemodynamic instability are at an 

increased risk of periprocedural major adverse clinical events and stroke.16

Several techniques have been used to prevent bradycardia and hypotension. The muscarine 

antagonist atropine has been commonly used. Others have suggested the use of a temporary 

pacemaker, despite this being an invasive procedure.5

Isoprenaline is a β-adrenergic agonist. It stimulates both the HR and contractility by stimu-

lating β1-receptors in the heart.6 The aim of this study was to investigate the hemodynamic 

effects of the prophylactic use of the vasoactive drug, Isoprenaline, during CAS.

MetHods

Patients

Nineteen consecutive patients (table 1) underwent carotid artery angioplasty and stenting. 

A policy of prophylactic isoprenaline administration was instituted after the first 8 patients 

described in this series had been treated (isoprenaline group). Patients with a symptomatic ste-

nosis in the carotid artery of 70% or more were included. The nature and degree of the stenosis 

were established using conventional angiography. All patients were administered aspirin (100 

mg/day) and clopidogrel (75 mg/day) before the procedure.

Procedure

The groin area was infiltrated with lidocain 2% for local anesthesia. An 8F short introducer 

catheter was placed in the femoral artery. A bolus of 5000 IE heparin was given. An 8F neuro-

guiding catheter was placed in the common carotid artery and control angiograms performed. 

An Angioguard filter protection device (Cordis Corporation, Miami, FL, USA) was introduced into 

the internal carotid artery approximately 4 cm above the lesion. After deployment of the cere-

bral protection device a 3mm coronary balloon was used for predilatation. After deployment of 

the stent, the lesion was post-dilated depending on the residual stenosis. The protection device 
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was removed and a control angiogram performed. After completion of the procedure vascular 

sheaths were removed and the patients were transferred to the ICU.

Hemodynamic measurements

Procedures were carried out under local anesthesia in the interventional radiology suite with 

an anesthetist in attendance, using continuous intra-arterial blood pressure, cardiac and neuro-

logical monitoring (EEG and transcranial Doppler). Bradycardia was defined as a HR < 60 beats/

min, hypotension as a systolic BP of less than 110 mmHg, severe hypotension as a decrease of 

the BP below 90 mmHg and asystole was defined as an absence of cardiac contraction lasting 

a minimum duration of 3 seconds.

The day before the procedure the BP was measured at three different time-points and the 

mean arterial pressure calculated and taken to be the baseline MAP for that individual patient. 

MAP measurements in all the patients were monitored before and until 10 minutes after bal-

loon dilatation. Data were expressed as percentage of baseline value.

The mean percentage decrease in HR and BP after dilatation in the Isoprenaline group was 

compared with the mean percentage decrease in HR and BP in the control group. For the pur-

poses of this study, periods of asystole were not included in the MAP calculation.

statistics

Differences between dichotomous variables were assessed with a Fisher-exact test. Significance 

was set at p<0.05.

results

The clinical characteristics of the patients included are described in table 1.

The incidence of hypotension in the isoprenaline group differed significantly from the 

incidence in the control group (figure 1). The systolic BP never dropped under the 90 mmHg in 

table 1. Baseline characteristics of patients

Control group Isoprenaline group

Number of patients, n 8 11

Age, y 73 ± 7 63 ± 16

Male sex, n 4 (50%) 9 (82%)

Diabetes Mellitus 2 (25%) 0 (0%)

Smoking 4 (50%) 4 (36%)

Hypertension controlled with medication 4 (50%) 5 (45%)

Hypercholesterolemia 1 (25%) 6 (55%)
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the isoprenaline group in contrast to the control group in which it occurred in 50% of patients 

(p=0.018). In the isoprenaline group the average BP before dilation was elevated by 25%. In 

both groups the magnitude of the decrease in BP after dilatation was similar. However because 

of the prophylactic elevation of BP in the Isoprenaline group these patients did not suffer 

significant hypotension (figure 2).

In both the groups there was a variation in HR during CAS. Bradycardia occurred more often 

in the control group compared to the isoprenaline group (88% vs. 45%) although this was not 

statistically significant (p=0.08) (figure 1). None of the patients given prophylactic Isoprenaline 

suffered asystole compared to those in the control group (0% vs38%, p=0.058). One patient in 

the control group developed hemodynamic instability during the procedure and suffered a 

postoperative stroke.

figure 1. Isoprenaline prevents mild and severe hypotension
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figure 2. Effect of isoprenaline on systolic bloodpressure

P= 0.058 P= 0.006 P= 0.018 P= 0.080



Ch
ap

te
r 7

80

discussion

In this study we evaluated the prophylactic use of isoprenaline during carotid artery stenting. 

We found that this treatment led to an increase in the BP at the start of the procedure and 

thereby prevented severe hypotension during the procedure despite the normal decline in BP 

after manipulation in the carotid sinus area. Bradycardia did occur less often after prophylactic 

Isoprenaline and none of the patients developed asystole. On the basis of these findings it 

can be postulated that administration of isoprenaline before carotid angioplasty will prevent 

cerebral blood flow from dropping below a critical level. Hemodynamic instability has been 

described during and after CAS, occurring in up to 30% of patients7 and may complicate the 

procedure. Studies of hemodynamic alterations associated with carotid endarterectomy sug-

gest that bradycardia is a frequent but benign perioperative finding.8, 9 Compared with brady-

cardia, patients undergoing carotid interventions may have limited tolerance for hypotension. 

Hypotension in association with carotid endarterectomy has been shown to increase the rate 

of stroke10,11 and myocardial infarction associated with the procedure.12,13 From a retrospective 

analysis including the data on 500 consecutive CAS procedures performed over a 5-year period 

could be concluded that patients who develop hemodynamic instability are at an increased 

risk of periprocedural major adverse clinical events and stroke.16 Hemodynamic instability was 

defined as periprocedural hypotension (systolic blood pressure <90 mmHg) or bradycardia 

(heart rate <60/min). Hemodynamic instability occurred during 210 procedures (42%), whereas 

prolonged hemodynamic instability occurred in 84 procedures (17%). Patients who developed 

prolonged hemodynamic instability were at a significantly increased risk of periprocedural 

major adverse clinical events (OR 3.05: range 1.35 to 5.23) or stroke (OR 3.34: range 1.13 to 9.90)

Atropine is used prophylactically to counteract hemodynamic instability during CAS. Atro-

pine is a muscarine antagonist and it abolishes the effect of acetylcholine. Because it does not 

have an effect on the sympathetic system it only causes a modest tachycardia (80-90-beats/

min).6 Leisch et al.14 showed that prophylactic Atropine administration prevented asystole dur-

ing second balloon dilatation in 37 out of 39 patients (95%). Two patients failed to respond and 

developed an asystole for 4.5 and 11 seconds respectively. In their study atropine was ineffec-

tive in the treatment of hypotension. Mendelsohn et al.15 observed that prophylactic Atropine 

effectively increased HR during the predilatation period. However changes in HR were not 

significantly different between patients who received atropine and patients without atropine. 

Prophylactic atropine also did not reduce the incidence of braycardia during any period.

Isoprenaline is a synthetic catecholamine. It is a β1 and β2 agonist and has no α effects. It 

increases cardiac output by three mechanisms. The HR is increased, the contractility is increased 

and there is a reduction of the afterload (systemic vascular resistance). BP is frequently 

decreased but may increase as well. There are several indications during cardiac surgery to 

use isoprenaline, especially for a situation in which inotropy is needed and tachycardia is not 

detrimental.
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Hemodynamic instability, particular hypotension, during CAS is a likely contributing factor 

in the development of peri- and post-procedural cardiac and neurological complications. 

Therefore there is a need to eliminate hemodynamic instability during CAS. Our study has 

several weaknesses, the most important of which are the sample size and the retrospective, 

non-randomized design. Nonetheless, our study suggests that the prophylactic use of a vaso-

active drug may help to prevent hemodynamic instability during carotid stenting, a recognized 

cause of severe cardiac and neurological complications. Future, larger studies are needed to 

definitively demonstrate the value of this treatment.
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abstract

Purpose: Carotid artery stenting (CAS) is less invasive than endarterectomy. This study exam-

ined differences in perioperative myocardial ischemia, troponin T release and clinical cardiac 

events in patients undergoing CAS compared to endarterectomy.

Methods: In an observational study, CAS was performed in 24 and carotid endarterectomy 

in 44 patients. Prior to surgery, clinical risk factors were noted and dobutamine stress echo-

cardiography was performed for cardiac risk assessment. Perioperative continuous 72-hour 

12-lead electrocardiographic monitoring was used for myocardial ischemia detection. Troponin 

T (>0.03 ng/ml) was measured on postoperative day 1, 3, 7 or before discharge. Cardiac events 

(cardiac death or Q-wave myocardial infarction) were noted during hospital stay and during 

follow-up (mean: 1.2 years).

Results: No significant differences were observed between patients with CAS and endarterec-

tomy in terms of baseline clinical characteristics, dobutamine stress echocardiography results 

and cardiovascular medication. Perioperative myocardial ischemia was detected in 9 patients 

(13%), perioperative troponin T release in 7 patients (10%), early cardiac events in 1 patient (1%) 

and late cardiac events in 3 patients (4%). Significantly less perioperative myocardial ischemia 

was observed in patients with CAS compared to endarterectomy (0% versus 21%, p=0.02). 

Troponin T release was also significantly lower in CAS, compared to endarterectomy (0% versus 

16%, p=0.04). Early (0% versus 2%, p=0.5) and late (0% versus 7%, p=0.2) cardiac events were 

lower after CAS, compared to endarterectomy, although these differences were not significant.

Conclusions: CAS is associated with a lower incidence of perioperative myocardial ischemia 

and troponin T release, compared to endarterectomy
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introduction

Stroke is the third leading cause of death in the United States, behind heart disease and cancer1. 

In the year 2003, about 273 000 Americans died due to stroke as underlying or contributing 

cause 1. Randomized clinical trials have established the efficacy of carotid endarterectomy in 

preventing stroke in patients with atherosclerotic carotid stenosis 2-8. However, carotid end-

arterectomy has been contraindicated in patients at increased predicted perioperative risk of 

stroke or death9. In these patients, stenting of the carotid artery is a reasonable alternative.

The advantages of carotid artery stenting (CAS) compared to endarterectomy include the 

use of locoregional anesthesia, reduced tissue injury, reduced wound complications and shorter 

hospital stay10. In addition, the incidence of procedure-related stroke during CAS has reduced 

considerably with advances in embolic protection devices,11-15. Limited information is available 

about cardiovascular outcome in patients undergoing either CAS or endarterectomy. More 

invasive surgery and surgical stress may be associated with increased perioperative myocardial 

ischemia due to a mismatch in myocardial oxygen supply and demand. Prolonged myocardial 

ischemia may lead to myocardial injury that poses the patient at subsequent increased risk of 

cardiovascular events16. Therefore, CAS may be superior to carotid artery endarterectomy in the 

prevention of cardiovascular events.

This study reports the differences in perioperative myocardial ischemia, perioperative tro-

ponin T release and early and late cardiovascular events in patients with CAS as compared to 

carotid artery endarterectomy.

MetHods

A total of 68 intermediate to high risk cardiovascular patients underwent elective CAS or end-

arterectomy at the Erasmus Medical Center in Rotterdam, the Netherlands, during the period 

2005 to 2006. The study was performed with informed consent of all patients and approved by 

the hospital’s ethics committee. Patients with a cardiac pacemaker, left ventricular hypertrophy, 

left or right bundle branch block and atrial fibrillation were excluded. Patients who participated 

in clinical intervention trials in or outside the Erasmus Medical Center were also excluded. 

At study enrolment, a detailed cardiac history was obtained and patients were screened for 

hypertension (blood pressure ≥140/90 mmHg), diabetes (fasting glucose ≥7.0 mmol/L, or insu-

lin therapy), renal failure (serum creatinine ≥ 2.0 mg/dL (177 μmol/L)), smoking and a history 

of cerebrovascular events. β-Blockers were considered to achieve resting heart rates of 60-65 

beats per minute. Before surgery, patients underwent dobutamine stress echocardiography for 

the assessment of coronary artery disease.
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surgery

Surgery was performed by experienced surgeons and interventional physicians. Patients with 

transient ischemic attack or non-disabling stroke within 3 months before enrolment and/or 

with carotid artery stenosis ≥70% as confirmed by catheter angiography or magnetic reso-

nance angiography were considered for CAS or carotid endarterectomy. CAS was carried out 

through the femoral route with generally available stents and protection devices. Locoregional 

and a combination of locoregional and general anesthesia were used for CAS and carotid end-

arterectomy, respectively. Inotropic agents were used in patients presenting with perioperative 

bradycardia. All patients received standard perioperative pain management. β-Blockers were 

continued postoperatively.

assessment of perioperative myocardial ischemia and troponin t release

Patients were continuously monitored with a 10-electrode, 12-lead digital ECG recorder 

(DR180+ Digital Recorder, NorthEast Monitoring Inc. Massachusetts), starting 1 day before up to 

2 days after surgery. Recording lengths were 10 seconds every minute. The frequency response 

was 0.05 – 150Hz. Electrocardiographic data were processed by a technician and analyzed by 

2 experienced cardiologists blinded to the patient’s clinical data. After excluding all abnormal 

QRS complexes, the recordings were analyzed for ST-segment deviations. A continuous ST 

segment trend was generated and all potential ischemic episodes were identified. Episodes 

of ischemia were defined as reversible ST-segment changes, lasting >1 minute and shifting 

from baseline to >0.1 mV (1 mm). The baseline ST segment level was defined as the average ST 

segment during a stable period (duration of 20 minutes) preceding each ischemic episode. ST 

segment change was measured 60 ms after the J point. If the J point fell within the T-wave, the 

ST segment change was measured 40 ms after that point.

Troponin T levels were measured on postoperative day 1, 3, 7 or before discharge and when-

ever clinically indicated by ECG changes, consistent with myocardial ischemia or infarction. 

Troponin T level was measured by an electrochemiluminescence immunoassay on the Elecsys 

2010 (Roche Diagnostics, Mannheim, Germany). The recommended lower limit of 0.03 ng/ml 

was used to define positive troponin T levels since lower levels do not meet the imprecision 

criteria of <10%.

Heart rate and heart rate variability

Mean heart rate was calculated before, during and after surgery. Heart rate variability was com-

puted using time-domain analysis of short-term 5-minute recordings. Consecutive 5-minute 

recordings of 2-hour periods were obtained in a standard fashion at the evening before surgery, 

during the first 2-hours of surgery and at the second evening after surgery. The standard devia-

tion of the NN intervals (SDNN (ms)) was calculated.
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clinical outcome

During a mean follow-up of 1.2 years, outpatient visits were scheduled every 3 months after 

discharge. Study end points were all-cause mortality and major cardiac events (cardiac death 

and non-fatal Q-wave myocardial infarction) during hospital stay and follow-up. Non-fatal 

Q-wave myocardial infarction was diagnosed when at least the following were present: 

elevated cardiac enzyme levels, development of new Q waves (>1 mm or >30 ms), and typical 

symptoms of angina pectoris. Cardiac death was defined as death caused by acute myocardial 

infarction, cardiac arrhythmias, congestive heart failure, or sudden death. No patients were lost 

to follow-up.

statistical analysis

The study group was divided according to CAS and open repair. Baseline characteristics and 

outcome between the two types of procedure were compared using the Student t test or chi-

square test. For all tests, a p value <0.05 (two-sided) was considered significant. All analysis was 

performed using SPSS 12.0 statistical software (SPSS Inc., Chicago, Illinois).

results

Out of 68 patients, 44 patients (65%) received carotid artery endarterectomy and 24 patients 

(35%) underwent CAS. No significant differences were observed between CAS and carotid end-

arterectomy in terms of baseline clinical characteristics, dobutamine stress echocardiography 

results and cardiovascular medication therapy (Table 1). Mean preoperative heart rate and 

heart rate variability was similar between CAS and carotid endarterectomy (Table 2). Duration 

of surgery and total fluid infusion, however, were significantly lower in patients with CAS (Table 

1).

Myocardial ischemia and troponin t release

Myocardial ischemia during continuous 12-lead electrocardiography was detected in 9 

patients (13%). A total of 11 episodes of myocardial ischemia were detected. The median dura-

tion of ischemic events was 61 minutes (interquartile range: 52-145 minutes) and the median 

ST-segment deviation was 1.9 mm (interquartile range: 1.0-3.5 mm). Troponin T release was 

detected in 7 patients (10%). The median troponin T value was 0.09 ng/ml (interquartile range 

0.04-1.2 ng/ml). Perioperative myocardial ischemia was significantly lower in patients with CAS, 

compared to carotid artery endarterectomy (Table 3). Troponin T release was also significantly 

lower in patients with CAS, compared to carotid artery endarterectomy (Table 3).
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clinical cardiac outcome

Perioperative mortality did not occur in the study population. A perioperative non-fatal 

myocardial infarction was observed in one patient who received endarterectomy. A major 

perioperative stroke with right hemiplegia occurred in one patient who received CAS. During 

follow-up, mortality, cardiac death, non-fatal myocardial infarction and stroke occurred in 3 

(4.4%), 1 (1.5%), 2 (2.9%) and 3 (4.4%) patients, respectively. Major cardiac events during follow-

up were observed in 3 patients with carotid endarterectomy, while no major cardiac events 

during follow-up were observed in patients with CAS (Table 3). Two out of 3 patients with late 

cardiac events (67%) had perioperative myocardial ischemia as detected by continuous 12-lead 

electrocardiography.

table 1. Baseline characteristics of the study population (n=68).

Characteristic Carotid artery stenosis (n=68)

Stenting (n=24) Open (n=44) P value

Age (years) 66 ± 11 64 ± 11 0.5

Male gender 14 (58.3%) 34 (77.3%) 0.1

Angina pectoris 2 (8.3%) 6 (13.6%) 0.5

History of myocardial infarction 6 (25.0%) 10 (22.7%) 0.9

Previous coronary revascularization 1 (4.2%) 2 (4.5%) 0.9

History of congestive heart failure 0 (0%) 0 (0%) -

History of cerebrovascular accident 12 (50.0%) 23 (52.3%) 0.9

History of transient ischemic attack 12 (50.0%) 21 (47.7%) 0.9

Renal failure 0 (0%) 1 (2.3%) 0.5

Diabetes 3 (12.5%) 6 (13.6%) 0.9

Hypertension 9 (37.5%) 18 (40.9%) 0.8

Hypercholesterolemia 10 (41.7%) 21 (47.7%) 0.6

Current or past smoking 15 (62.5%) 29 (65.9%) 0.8

Aspirin 22 (91.6%) 41 (93.2%) 0.8

Angiotensin-converting enzyme inhibitors 6 (25.0%) 7 (15.9%) 0.4

Beta-blockers 12 (50.0%) 31 (70.5%) 0.1

Calcium channel blockers 5 (20.8%) 10 (22.7%) 0.9

Statins 13 (54.2%) 29 (65.9%) 0.3

Stress-induced myocardial ischemia 2 (8.3%) 2 (4.5%) 0.5

Duration of surgery (hours) 1.9 ± 0.6 3.0 ± 0.9 <0.001

Fluid infusion during surgery (liters) 0.06 ± 0.1 0.2 ± 0.4 <0.001

Heart rate (beats/minute) 70 ± 14 69 ± 13 0.9

Values are expressed as mean (± SD) or number (%).
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discussion

In this study, a lower incidence of perioperative myocardial ischemia and troponin T release 

was observed in patients with CAS compared to endarterectomy, despite comparable baseline 

characteristics. Perioperative and late cardiac events were not observed in patients with CAS, 

but did occur in patients with carotid endarterectomy.

table 2. Perioperative heart rate and heart rate variability.

Carotid artery stenosis (n=68)

Stenting (n=24) Open (n=44) P value

Heart rate 70 ± 13 72 ± 13 0.7

Before surgery (bpm) 69 ± 14 70 ± 12 0.9

During surgery (bpm) 71 ± 15 75 ± 14 0.4

After surgery (bpm) 70 ± 15 72 ± 13 0.8

Heart rate variability (SDNN*)

Before surgery (ms) 49 ± 32 51 ± 29 0.9

During surgery (ms) 56 ± 40 50 ± 27 0.7

After surgery (ms) 59 ± 29 49 ± 56 0.5

*SDNN = standard deviation of the normal-to-normal RR intervals. Values are expressed as mean (± SD)

table 3. Myocardial ischemia, troponin T release and clinical outcome after carotid artery stenting or 
carotid artery endarterectomy.

Carotid artery stenosis (n=68)

Stenting
(n=24)

Open
(n=44)

P value

 ST-segment changes* 0 (0%) 9 (20.5%) 0.02

Before surgery 0 (0%) 1 (2.3%) 0.5

During surgery 0 (0%) 5 (11.4%) 0.09

After surgery 0 (0%) 5 (11.4%) 0.09

Troponin T release 0 (0%) 7 (15.9%) 0.04

Myocardial injury† 0 (0%) 9 (20.5%) 0.02

Perioperative mortality 0 (0%) 0 (0%) -

Late mortality 1 (4.2%) 2 (4.5%) 0.9

Perioperative cardiac events 0 (0%) 1 (2.3%) 0.5

Late cardiac events 0 (0%) 3 (6.8%) 0.2

Perioperative stroke 1 (4.2%) 0 (0%) 0.2

Late stroke 2 (8.3%) 1 (2.3%) 0.2

*During continuous 72-hour 12-lead electrocardiography. †Composite of myocardial ischemia and 
troponin T release.
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The dominance held by carotid artery endarterectomy is currently challenged by CAS. 

Numerous studies have expressed concerns about the safety of CAS. Although perioperative 

stroke in CAS is a leading complication, substantial progress in safety has been made due to 

embolic protection devices. At our institution, patients scheduled for CAS more often presented 

with a history of myocardial infarction and stress induced ischemia, while patients scheduled 

for endarterectomy more commonly presented with angina pectoris. These differences, how-

ever, were not significant. Most of the intermediate to high-risk cardiovascular patients at our 

institution received endarterectomy, which is still considered as gold-standard.

An important finding of this study was that the incidence of subclinical myocardial ischemia 

and injury was lower in patients undergoing CAS, compared to endarterectomy. Favourable 

results have been reported of CAS among patients with severe cardiac disease. In a study of 

170 patients, in whom 92% had angiographically proven coronary artery disease, no deaths or 

myocardial infarctions were observed at 30 days 17. In a retrospective study of 167 patients with 

cardiac disease, CAS followed by open heart surgery was associated with a lower incidence 

of myocardial infarction, compared to combined endarterectomy and open heart surgery (3% 

versus 13%, p=0.06) 18 . Finally, a lower incidence of troponin I release has also been shown in 

patients undergoing CAS, as compared to endarterectomy 19.

These results are in contrast to a study that included 21 high cardiac risk patients, in 

whom the incidence of perioperative myocardial infarction and congestive heart failure was 

non-significantly higher in CAS, compared to endarterectomy 20. The authors discussed that 

additional strain on the heart due to bradycardia and lower coronary perfusion pressure may 

have resulted in adverse cardiac events in the CAS treatment group. We observed similar 

perioperative heart rates between the two treatment groups. Inotropic agents were used in 

patients presenting with perioperative bradycardia. However, surgery duration and total fluid 

infusion were significantly increased in patients undergoing endarterectomy. Invasive surgical 

procedures have been associated with significant changes in mean arterial pressure, cardiac 

output, systemic vascular resistance and significant increases in blood lactate, catecholamine 

and arterial pH 21,22. Increased sympathetic activity associated with invasive procedures may 

lead to a mismatch in oxygen supply and demand. Prolonged myocardial ischemia can lead to 

myocardial injury and subsequent cardiac events 16. Indeed, 2 out of 3 patients with late cardiac 

events had perioperative myocardial ischemia during continuous 12-lead electrocardiographic 

monitoring.

Several limitations should be noted. First, owing to the small number of patients in each 

treatment group, the results should be interpreted cautiously. Second, treatment was not ran-

domly assigned to patients. However, the two treatment groups were comparable in baseline 

characteristics and may not explain the large differences in perioperative myocardial ischemia 

and troponin T release. Third, because no cardiovascular events occurred in patients with CAS, 

adjusted relative risk ratios could not be calculated. Fourth, follow-up was relatively short. 

Future studies should assess cardiovascular outcome beyond 1.2 years of follow-up.
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In conclusion, the results of this contemporary study showed that patients with CAS have 

a lower incidence of perioperative myocardial ischemia and troponin T release, compared to 

carotid endarterectomy.
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abstract

Purpose: In the last decade carotid stenting has been recommended as an alternative to sur-

gical endarterectomy for patients with a symptomatic and significant stenosis of the carotid 

artery. This study evaluates the safety of carotid stenting.

Methods: From 1999 until 2004, 98 patients with a symptomatic and significant (≥70%) carotid 

artery stenosis were selected for stenting with cerebral protection in the Erasmus MC in Rot-

terdam, The Netherlands. Outcome measures were complications within 30 days following 

intervention.

Results: Four (4.1%) patients were excluded in the period between diagnosis and stenting. 

Thirty days after treatment the severe morbidity and mortality was 3.1% (N=3). The incidence 

of transient neurological complications with complete recovery was 4.1% (N=4). A dissection of 

the renal artery occurred in 1.0% (N=1) of the patients. Vascular damage of the internal carotid 

artery was not observed in any patient.

Results: This study seems to show an obvious learning curve. The three major adverse events 

and three of the four minor adverse events occurred in the first 47 treated patients. None of the 

last 47 treated patients developed major adverse events.
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introduction

Cerebrovascular accidents are a major cause of death in Western society. Approximately a 

quarter of brain infarcts are caused by a significant stenosis of the carotid artery. The standard 

treatment for symptomatic and high grade carotid plaque is surgical removal by carotid end-

arterectomy. The North American Symptomatic Carotid Endarterectomy Trial (NASCET) and 

the European Carotid Surgery Trial (ECST) have shown that endarterectomy lowers the 5-year 

mortality and serious morbidity rate when compared with drug treatment.1-3

Over the past decade, it has also been possible to treat patients with a symptomatic carotid 

artery stenosis endovascular using carotid stenting (figure 1). This procedure has a number of 

advantages compared to carotid endarterectomy:

- stenting is less invasive and can be carried out under local anaesthetic

- it avoids neck dissection with the risk of damage to the cranial nerves

- upper cervical disorders can also be treated

The first studies on endovascular treatment of carotid artery stenosis were carried out using 

percutaneous transluminal angioplasty (PTA) only.4-7 The concept of placing a carotid stent was 

developed and subsequently used in practice following the results achieved for stenting in 

coronary arteries.8 Angioplasty alone can lead to dissection of the treated blood vessel or even 

total occlusion. Stents are inserted in order to reduce the risk of dissection and to secure the 

plaque to the vessel wall.9

figure 1. Carotid stenting
Left: angiogram of a 75-year old man with a symptomatic and significant internal carotid artery stenosis
Middle: the temporary filter is still visible cranially immediately after stenting
Right: the stenosis is resolved once the stent has been inserted
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Debris dislodged in the carotid bifurcation during manipulation flows downstream and 

becomes lodged in cerebral arteries. This increases the risk of neurological complications.10 Vari-

ous techniques have been developed to catch pieces of plaque dislodged into the bloodstream 

during the procedure: a filter, an occlusion balloon and the “Parodi antiembolism system”.11-14 

The use of these techniques is referred to as cerebral protection.

Endovascular treatment of patients with symptomatic carotid artery stenosis is becoming 

increasingly common in the Netherlands. It is therefore important to gain insight into this 

treatment. There are currently two large multi centre studies underway which compare carotid 

endarterectomy with carotid stenting:

- The Carotid Revascularization Endarterectomy versus Stent Trial (CREST) in North America

- The International Carotid Stenting Study (ICSS) in Europe

The ICCS is examining the risks, benefits and cost effectiveness of both treatments in patients 

with high grade stenosis. The follow-up period is five years. It will be several years before the 

results of the ICCS and the CREST are known.15

This study describes the first experiences of carotid stenting with cerebral protection 

encountered by one of the ICSS centres with all the required expertise. The patients were 

treated according to a protocolled, multidisciplinary approach.

MetHods

The following end points were defined for 30 days after the procedure in this retrospective 

study: major complications, minor complications, peripheral complications, cranial nerve dam-

age and myocardial infarction. Major complications are: death, cerebral infarction or cerebral 

haemorrhage. Minor complications were defined as transient neurological complications 

which resolved fully within 7 days. Peripheral complications were defined as damage to a blood 

vessel other than the carotid artery or a complication involving a haemorrhage. In addition to 

the results for stenting, the results for endarterectomy were also evaluated according to the 

method described above.

Patients with significant (≥ 70%) and symptomatic carotid stenosis were eligible for 

carotid stenting or endarterectomy. Patients with severe tortuosity of the carotid artery, or 

a suspected new thrombosis of the carotid artery were not eligible for treatment by carotid 

stenting for technical reasons. All patients were informed of the potential risks involved in 

carotid stenting before the procedure was carried out. Seventeen patients were selected for 

carotid stenting because they had an absolute or relative contraindication for endarterec-

tomy (status following radiation treatment or neck surgery). Seventy-eight patients were 

eligible for stenting at their own request following an outpatient consultation. Patients were 

not treated by stenting unless they had given their consent. The last 3 patients to be stented 

were included as part of the ICCS.
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Antithrombotics were prescribed around the time of the procedure. All patients were started 

on 100 mg carbasalate calcium daily (to be continued lifelong, theoretically) and 5000 units of 

heparin were also administered to the patients during the procedure. As of the 11th patient, 

clopidogrel was added to the protocol to prevent stent thrombosis: a single dose of 300 mg 

clopidogrel was prescribed the day before the procedure. A daily dose of 75 mg clopidogrel was 

prescribed on the day of the procedure and every day for one month following the procedure. 

The procedure was monitored using Transcranial Doppler (TCD) and electroencephalography 

(EEG). The femoral artery was punctured using ultrasound guidance and a guidewire was 

inserted as far as the common carotid artery. Cerebral protection was then applied in the form 

of a filter, a distal occlusion balloon or the “Parodi antiembolism system” (also called “reversed 

flow”). The lesion was then pre-dilated using a coronary angioplasty balloon with a diameter 

of 3 mm, after which the stent was inserted and then post-dilated. The diameter of the post-

dilation balloon was determined according to the diameter of a non-stenosed section of the 

internal carotid artery. The cerebral protection was removed after stenting was completed.

results

In the period from 1999 to 2004, 98 patients were selected for carotid stenting. The average age 

was 68 years, and 21 (21.4%) patients were female. A total of 218 patients underwent carotid 

endarterectomy in the same period.

In the period between diagnosis and carotid stenting, it was decided that four patients 

would not undergo the planned procedure. The reasons for this were the development of a 

total carotid artery occlusion (N=2), preprocedural cardiac ischemia (N=1) or unsuitable vascu-

lar anatomy preventing insertion of the guidewire as far the common carotid artery (N=1). For 

one patient (1.0%), it was not possible to apply any form of cerebral protection.

Table 1 shows the results for the 98 patients who were selected for stenting and for the 

218 patients who underwent carotid endarterectomy in the same period. Three (3.1%) of the 

patients developed a serious complication within 30 days following the procedure. These 

three patients underwent carotid stenting at their own request and had no contraindication 

for endarterectomy. One patient died of a cerebral haemorrhage, probably as a result of 

hyperperfusion. Another patient became haemodynamically unstable during and following 

the procedure and developed an ipsilateral watershed infarction. A third patient developed an 

acute stent thrombosis in the period immediately following the procedure, which was followed 

by an ipsilateral cerebral infarction.

Four (4.1%) patients developed new, transient neurological complications which resolved 

fully within a few days. These four patients also underwent carotid stenting at their own request 

and had no contraindication for endarterectomy. Three of these four patients were haemody-

namically unstable during the procedure.
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Manipulation of the guidewire caused a renal artery dissection in one (1.0%) patient after 

which a stent had to be inserted. This patient was stented as part of the ICCS. No local vessel 

damage was seen in the internal carotid artery.

There appeared to be an obvious learning curve. The three major and three of the four minor 

complications occurred in the first 47 patients to be stented. None of the forty-seven patients 

who were stented developed major complications. Only one patient developed a minor com-

plication and one patient a peripheral complication.

discussion

In this retrospective study, the results from the first 98 patients eligible for carotid stenting 

in the Erasmus University Hospital in Rotterdam were described. The total number of major 

complications was 3 (3.1%). There appears to be an obvious learning curve as none of the last 

47 stented patients presented with major complications.

Treatment of the narrowing of the internal carotid artery resulted in a cerebral haemorrhage 

in one patient, probably caused by hyperperfusion following correction of the narrowing in 

the carotid artery. It is quite possible that this complication would also have occurred if an 

endarterectomy had been carried out. One patient had a stent thrombosis directly after the 

procedure. As a result of this complication, the protocol was changed and extra thrombocyte 

aggregation inhibitors were prescribed in the form of clopidogrel around the time of the pro-

cedure. Postprocedural stent thrombosis has not occurred since that time.

table 1. Complications occurring within 30 days following carotid stenting and endarterectomy in the 
period between 1999 and 2004. 

Stented 
patients
1 to 47

Stented patients
48 to 94

Stenting Endarterectomy

Number of patients selected _ _ 98 218

Excluded at 2nd stage* _ _ 4 0

Major complication** 3 0 3 6

Minor complication*** 3 1 4 5

Peripheral complication**** 0 1 1 5

Cranial nerve neuropraxy 0 0 0 10

Myocardial infarction 0 0 0 1

The patients have been numbered in chronological order of treatment.
* Excluded in the period between diagnosis and stenting being carried out or not completed
** Death and/or stroke
*** Transient neurological complications
**** Damage to a blood vessel other than the carotid artery or complication due to haemorrhage
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One patient with a major complication and three patients with transient neurological com-

plications became haemodynamically unstable during the procedure. Balloon dilation at the 

level of the carotid sinus baroreceptors provoked a vasovagal response.16 There is no consensus 

as yet regarding the relevance of haemodynamic instability during carotid angioplasty.17-19

The main cause of complications during carotid stenting is cerebral embolisation due to 

the dislodgement of debris from the stenosis. Cerebral protection is used almost everywhere 

in order to prevent this from happening. Although no convincing evidence is available, there 

are indications that cerebral protection really does increase the safety of carotid stenting.20 

New cerebral ischaemic lesions were seen in our patient group following stenting with cerebral 

protection.21Another unsolved issue is which type of cerebral protection is preferable.22

Other studies have been carried out in recent years to evaluate carotid stenting in symptom-

atic patients. In one study, the amount of major complications seen among 241 symptomatic 

patients 30 days after the procedure was 8%.23 No cerebral protection was applied during the 

procedure. Remarkably, the same learning curve was evident in this study as with our own 

study. Other studies have recently been published in which cerebral protection was applied. 

Thee studies show results which are comparable to those in our study. The total percentage 

major morbidity and mortality seen in a study carried out in 2004 on 97 patients was 2.1%.24 

This was 3.3% in a recently published study carried out on 62 symptomatic patients.25

Despite these results, the question remains as to whether carotid stenting really is safer than 

endarterectomy in patients with symptomatic carotid artery stenosis. This question has also 

been discussed in the Dutch Journal of Medicine, the NTvG.26The conclusion was that compared 

to endarterectomy, stenting involves a comparable risk of major complications within 30 days 

following the procedure.27-30 However, the randomised studies publicised provide insufficient 

proof that either one of the treatment methods is best in both the long and the short term. 

Neither the stenting method nor the inclusion criteria used in these studies were in accordance 

with those used in our study. We also evaluated the results of carotid endarterectomy in our 

study. A more in-depth comparison of the results of stenting and endarterectomy was not car-

ried out as almost none of the patients were stented as part of the randomised study.

Asymptomatic patients also underwent stenting in other studies. A small number of symp-

tomatic patients with high grade carotid stenosis underwent stenting in our study. One weak 

aspect of our study is that it is retrospective. The randomisation of patients a part of the ICCS at 

the Erasmus University Hospital is to be continued further to the results of our study.

For the time being, endarterectomy is to remain the standard method of treatment for 

patients with symptomatic and high grade carotid artery stenosis, although the results for 

stenting are very promising. Further research will provide more clarity with regard to the indica-

tions for carotid stenting and the optimum procedural techniques.
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abstract

Purpose: In his study we evaluated the incidence of mid-term stroke after carotid stenting in 

symptomatic patients in a Dutch university hospital. We also studied the long-term patency of 

the stent.

Methods: This is a retrospective analysis of the mid-term results of carotid stenting in consecu-

tively treated patients in a period of 6 years in a Dutch university hospital, which was participat-

ing in the ICSS from 2004. Data were collected from the medical chart of the patient.

Results: 129 patients underwent carotid stenting and 133 carotid arteries were treated. From 

the stented patients, three (2.3%) were lost to follow-up. The mean follow-up was 2.8 years. Dur-

ing follow-up, the annual risk of late stroke was 0.9%. Four patients developed late stroke: two 

fatal strokes (one haemorrhagic, one unknown origin), one ischemic ipsilateral minor stroke 

on base of in-stent restenosis and one ischemic contralateral minor stroke. ). Seven patients 

developed obstruction > 70%: two symptomatic restenosis (TIA and minor stroke), four asymp-

tomatic restenosis and one symptomatic late stent thrombosis (TIA).

Conclusions: In this selected group of symptomatic patients the annual incidence of late stroke 

was in agreement with other carotid stent studies, but stent related neurological events did 

occur. Ongoing randomised trials will clarify if the incidence of late stroke after carotid stent-

ing is competitive to the incidence of late stroke after carotid endarterectomy in symptomatic 

patients.
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introduction

Stroke is an important cause of death and permanent disability in western society.1 In the USA, 

more than 150.000 persons die from stroke each year.2 Approximately 20% of stroke is caused 

by carotid artery stenosis.3 In the prevention of recurrent stroke, desobstruction of significant 

and symptomatic carotid stenosis has proven to be more effective than aspirin alone.4,5 In the 

last decade carotid stenting is applied as a minimally invasive alternative to endarterectomy, 

especially in patients high-risk for carotid endarterectomy. Several studies are published with 

peri-operative results.6-8 But whether it provides long term protection against stroke it is still 

unclear. Earlier studies with mid-term results describe a heterogeneous population from both 

symptomatic and asymptomatic patients.9-12 Two randomized trials recently published there 

mid-term results and found little difference between carotid stenting and endarterectomy.18,19 

In this retrospective study we evaluated the incidence of mid-term stroke after carotid stenting 

in symptomatic patients in a Dutch university hospital. We also studied the long-term patency 

of the stent.

MetHods

This is a retrospective analysis of the mid term results of carotid stenting in consecutively 

treated patients in a period of 6 years in a Dutch university hospital, which was participating 

in the ICSS from 2004.20 Data were collected from the medical chart of the patient. If follow-up 

was incomplete the general practitioner was contacted. The standard treatment in this period 

was endarterectomy, patients being selected for stenting, with a vascular surgeon, interven-

tional radiologist, and a neurologist involved. Ten patients were stented after randomisation 

in the ICSS.

Patients

Patients were eligible for carotid stenting if they had had a hemispheric or retinal transient 

ischemic attack or a non-disabling stroke or retinal infarct, and had a stenosis of 70% to 99% in 

the symptomatic carotid artery, as determined by the method of North American Symptomatic 

Carotid Endarterectomy Trial (NASCET).21 The presence of ipsilateral carotid stenosis of 70% or 

more had to be confirmed by means of catheter angiography of the carotid artery.

Patients were considered to ineligible for carotid stenting if one of the following was pres-

ent: severe disability because of suffered stroke; non-atherosclerotic carotid disease; severe 

tandem lesions (stenosis of the proximal common carotid artery or intracranial artery that was 

more severe than the cervical lesion); history of bleeding disorder; uncontrolled hypertension 

or diabetes or a contraindication to heparin, aspirin, or clopidogrel.



Ch
ap

te
r 1

0

108

All patients were screened for age, hypertension (i.e., medical therapy to control hyperten-

sion), neurological events, ischemic heart disease, renal failure (i.e., a serum creatinine of >2.0 

mg/dL), diabetes mellitus, and smoking.

carotid stenting

Vascular access was obtained through the femoral artery. Carotid stenting was carried out with 

the use of stents and protection devices approved by the accreditation committee.

antiplatelet therapy

At least one week before carotid stenting 100 mg aspirin (Ascal) a day was started and was 

continued lifelong. From the eleventh stented patient (November 2000), clopidogrel was 

added to the protocol. The day before stenting, the patient received one loading dose of 300 

mg clopidogrel. Postprocedurally, the patient received 75 mg clopidogrel daily until 30 days 

after the procedure. During the procedure patients received 5000 U heparin.

follow-up

The follow-up after carotid stenting was done according to protocol at 1 month, 6 months, 1 

year and every year thereafter. Duplex ultrasound surveillance of the stented carotid artery 

was done, and the patient was systematically asked about his neurological symptoms. If the 

medical chart contained incomplete follow-up, the general practitioner was contacted and was 

asked if the patient was still alive, had developed acute neurological events, or other diseases 

(especially cardiovascular).

outcome

The ECST stroke classification has been described previously.5 Primary endpoint was major or 

fatal stroke and secondary endpoint was minor stroke. Primary endpoint for obstruction of the 

stent was a lesion of more than 70% measured by echo-duplex.

statistics

SPSS software (version 10.1.0) was used for calculation of the mean, standard deviation and to 

plot Kaplan-Meier curves for primary and secondary endpoints.
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results

Patient characteristics

129 patients underwent carotid stenting and 133 carotid arteries were treated. Patient charac-

teristics are described in table 1. The mean age was 68 years and 74% of the patients were male. 

Three (2.3%) patients were lost to follow-up.

stroke within 30 days after carotid stenting

The procedural results have already been published.22 Self-expandable stents were placed 

during all 133 procedures. Cerebral protection was used during 131 procedures: filters (n=106), 

reverse flow (n=21), distal balloon (n=4). In two patients it was impossible to pass the stenosis 

with filter, and these patients were stented without cerebral protection. Eight (6.2%) patients 

developed neurological complications within 30 days after carotid stenting: Four (3.1%) major 

or fatal strokes and four (3.1%) minor strokes with complete recovery within seven days.

Mid-term stroke

From the stented patients, three (2.3%) were lost to follow-up. The mean follow-up was 2.8 

years. Figure 1 and 2 show the mid-term results. During follow-up, the annual risk of stroke was 

0.9%. Four patients developed late stroke: two fatal strokes (one haemorrhagic, one unknown 

origin), one ischemic ipsilateral minor stroke on base of in-stent restenosis and one ischemic 

contralateral minor stroke. Three patients reported TIA during follow-up: one patient on base 

table 1. Patient characteristics

Number of patients 129

Treated carotid arteries 133

Age +/- sd (years) 68 +/- 9.6

Male sex 96 (74%)

History of ipsilateral TIA or stroke 129 (100%)

Previous CEA 7 (5%)

Previous ipsilateral radiation 5 (4%)

Contralateral stenosis > 50% 50 (39%)

Hypertension 67 (52%)

Hypercholesterolemia 39 (30%)

Smoking 53 (41%)

Diabetes mellitus 20 (16%)

Renal disease 9 (7%)

Ischemic heart disease 35 (27%)
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of in-stent restenosis, one patient on base of late stent thrombosis, and one patient without 

in-stent restenosis (table 2). In total eleven patients died from non-stroke causes.
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in-stent restenosis and surgical conversions

During five years follow-up, 90% of the patients remained free from stent obstruction of more 

than 70% (figure 3). Seven patients developed obstruction > 70%: two symptomatic reste-

nosis (TIA and minor stroke), four asymptomatic restenosis and one symptomatic late stent 

thrombosis (TIA). The four asymptomatic restenosis and the late stent thrombosis were treated 

conservatively and patients remained stroke-free during further follow-up (median 15 months, 

range 6 – 46 months).

Two patients were treated for a symptomatic in-stent restenosis >70%. The first patient 

underwent again carotid stenting, but because of recurrent symptoms afterward surgical 

removal of the stent. The other patient the stent was surgical removed. Re-interventions were 

performed without complications.

table 2. Neurological events after carotid stenting during 5 years follow-up

Event Patients (n=133)

Fatal strokes 2 (1 hemorrhagic, 1 unknown origin)

Minor ipsilateral ischemic stroke 1

Minor contralateral ischemic stroke 1

TIA 3
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discussion

The aim of the treatment of carotid stenosis is prevention of stroke and it remains to be estab-

lished whether or not stenting is as effective as endarterectomy in the long- term prevention of 

stroke beyond the perioperative period. After carotid endarterectomy the cause of late stroke is 

mainly non-carotid.23 The long-term patency rates of carotid stents have not been established 

in larger trials. A systematic review of multiple single center series12 reporting restenosis rates 

from 3%-22%. Bergeron et al.11 published their 11-year experience with CAS, with an average 

follow up of 2.7 years (1 month to 9.3 years). The restenosis rates at 6 months, 1, 2 and 4.5 years 

were, respectively, 1.4%, 2.3%. 3.7% and 5.9%. The annual risk of a new neurological event, 

new ipsilateral neurological event, any stroke, and ipsilateral stroke were 1%, 0.8%, 0.4%, and 

0.2%, respectively. In this study asymptomatic lesions and the use of balloon-expandable 

stents were found to be predictors of in-stent restenosis. Skelly et al. evaluated 101 patients 

undergoing CAS.13 > 80% in-stent restenosis occurred in 4.6%. All in-stent restenoses were 

asymptomatic in this series. Steinbauer et al reported on long-term follow-up of a randomized 

trial comparing CAS vs. CEA.14 Although the number on enrolled patients is quite small in this 

series, the 1-year results revealed a trend towards a higher neurological complication rate and 

asymptomatic ipsilateral cerebral lesions on magnetic resonance after CAS. The final follow-up 

of this study was performed after 66±14.2 months in CAS patients and 64±12.1 months after 

CEA significantly higher rate of ipsilateral stroke after CAS (4/42) was observed compared with 

CEA (0/42).They observed a significantly higher restenosis of >70% and occlusion rate after CAS 

(6/32:19%) compared with CEA (0/29: 0%). Furthermore, a medium-grade (<70%) restenosis of 

the ipsilateral internal carotid artery was detected in 8/32 CAS patients (25%) and in 1/29 CEA 

patients (3.4%). De Donato et al. studied the influence of different stent properties (stent mate-

rial and free cell area on the incidence of in-stent restenosis in their cohort of 3179 patients.15 

Although the authors published a substantial difference in early adverse event rates between 

different cell designs17, uni- and multivariate analyses on long-term results showed that stent 

characteristics were not significantly associated with in-stent restenosis. The authors suggest 

that scaffolding properties of the stent play an important role in the early post-operative 

period, but it end when the endothelialisation of the stent is complete, and has therefore no 

influence on the long-term outcome.

In the series from de Donato, in-stent restenosis (≥50%) was detected in 88 patients, of 

which only 8 were symptomatic. Life-table analysis showed freedom from in-stent restenosis at 

1, 3 and 5 years of 98.4%, 96.1%, and 94%.

AbuRahma et al. published their series on 100 consecutive patients who underwent CAS.16 

All 13 patients with ≥50% in-stent restenosis were asymptomatic. EVA-3S and SPACE found little 

difference in the rates of ipsilateral non-perioperative stroke occurring more than 30 days after 

carotid stenting compared to endarterectomy, but the length of follow-up was limited to a 

maximum of 4 and 2 years, respectively.18, 19
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This retrospective study describes the mid-term results of carotid stenting in symptomatic 

patients. We found an annual incidence of any late stroke of 0.9% during five years follow-up.

One patient with ipsilateral minor stroke and two patients that mentioned TIA had sig-

nificant restenosis. Two other strokes were not stent-related (one fatal hemorrhagic stroke, 

one contralateral ischemic minor stroke) and the origin of the fourth stroke (fatal stroke) was 

unknown. Seven patients (cumulative incidence is 10% after five years) developed obstruction 

of >70% of the stent during five years follow-up. One patient with a history of cervical radiation 

developed late stent thrombosis and a TIA three years after carotid stenting. The patient was 

treated conservatively and did not develop stroke during further follow-up. Patients with previ-

ous cervical radiation have worse anatomical outcome than other patients, but the incidence 

of late stroke seems not to be higher.24 Close monitoring of these patients after carotid stenting 

is warranted.

The limitation of this study is that it is retrospective, but in this selected group of symp-

tomatic patients the annual incidence of late stroke was in agreement with other carotid 

stent studies. Stent related neurological events did occur. Ongoing randomised trials20, 25 will 

clarify if the incidence of late stroke after carotid stenting is competitive to the incidence of late 

stroke after carotid endarterectomy in symptomatic patients. Until publication of these results 

carotid endarterectomy remains the standard treatment for patients with symptomatic carotid 

stenosis.
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abstract

Purpose: Stents are an alternative treatment to carotid endarterectomy for symptomatic carotid 

stenosis, but previous trials have not established equivalent safety and efficacy. We compared 

the safety of carotid artery stenting with that of carotid endarterectomy.

Methods: The International Carotid Stenting Study (ICSS) is a multicentre, international, 

randomised controlled trial with blinded adjudication of outcomes. Patients with recently 

symptomatic carotid artery stenosis were randomly assigned in a 1:1 ratio to receive carotid 

artery stenting or carotid endarterectomy. Randomisation was by telephone call or fax to a 

central computerised service and was stratified by centre with minimisation for sex, age, 

contralateral occlusion, and side of the randomised artery. Patients and investigators were not 

masked to treatment assignment. Patients were followed up by independent clinicians not 

directly involved in delivering the randomised treatment. The primary outcome measure of the 

trial is the 3-year rate of fatal or disabling stroke in any territory, which has not been analysed 

yet. The main outcome measure for the interim safety analysis was the 120-day rate of stroke, 

death, or procedural myocardial infarction. Analysis was by intention to treat (ITT). This study is 

registered, number ISRCTN25337470.

Results: The trial enrolled 1713 patients (stenting group, n=855; endarterectomy group, n=858). 

Two patients in the stenting group and one in the endarterectomy group withdrew immedi-

ately after randomisation, and were not included in the ITT analysis. Between randomisation 

and 120 days, there were 34 (Kaplan-Meier estimate 4·0%) events of disabling stroke or death in 

the stenting group compared with 27 (3·2%) events in the endarterectomy group (hazard ratio 

[HR] 1·28, 95% CI 0·77–2·11). The incidence of stroke, death, or procedural myocardial infarction 

was 8·5% in the stenting group compared with 5·2% in the endarterectomy group (72 vs 44 

events; HR 1·69, 1·16–2·45, p=0·006). Risks of any stroke (65 vs 35 events; HR 1·92, 1·27–2·89) and 

all-cause death (19 vs seven events; HR 2·76, 1·16–6·56) were higher in the stenting group than 

in the endarterectomy group. Three procedural myocardial infarctions were recorded in the 

stenting group, all of which were fatal, compared with four, all non-fatal, in the endarterectomy 

group. There was one event of cranial nerve palsy in the stenting group compared with 45 in 

the endarterectomy group. There were also fewer haematomas of any severity in the stenting 

group than in the endarterectomy group (31 vs 50 events; p=0·0197).

Conclusions: Completion of long-term follow-up is needed to establish the efficacy of carotid 

artery stenting compared with endarterectomy. In the meantime, carotid endarterectomy 

should remain the treatment of choice for patients suitable for surgery.

Funding: Medical Research Council, the Stroke Association, Sanofi-Synthélabo, European 

Union.
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introduction

Carotid endarterectomy became the treatment of choice for patients with recently symptom-

atic, severe carotid artery stenosis after the publication of results from large randomised trials 

that compared endarterectomy with best medical treatment alone.[1],  [2]  and  [3] The potential 

benefit of endovascular treatment (angioplasty with or without stenting) as an alternative to 

carotid endarterectomy was first highlighted by the Carotid and Vertebral Artery Transluminal 

Angioplasty Study (CAVATAS).4 This trial showed that endovascular treatment largely avoided 

the main complications of the endarterectomy incision (namely cranial nerve injury and severe 

haematoma). However, the rate of stroke or death within 30 days after treatment was high 

in both groups. Since completion of CAVATAS, stenting has largely replaced angioplasty, and 

stents and protection devices specifically designed for the carotid artery have been introduced. 

Two large randomised trials comparing use of carotid stenting with endarterectomy for symp-

tomatic stenosis have subsequently published short-term outcomes and longer term results.
[5],  [6],  [7] and [8] The Stent-Protected Angioplasty versus Carotid Endarterectomy (SPACE) trial in 

symptomatic patients did not show non-inferiority of stenting compared with endarterectomy 

within 30 days after treatment and was stopped early for reasons of futility and cost.6 The 

Endarterectomy versus Stenting in Patients with Symptomatic Severe Carotid Stenosis (EVA-3S) 

trial was stopped early because of a significantly lower rate of periprocedural stroke or death 

in the endarterectomy group than in the stenting group.5 We report the short-term results of 

the International Carotid Stenting Study (ICSS), a randomised trial comparing stenting versus 

endarterectomy for recently symptomatic carotid artery stenosis.

MetHods

study centres and participants

ICSS is an international, multicentre, open, randomised controlled trial designed to compare 

the safety and long-term efficacy of carotid stenting and endarterectomy. The protocol was 

published in 20049 and is publically available on the trial website. ICSS was approved by the 

Northwest Multicentre Research Ethics Committee in the UK and participating centres had to 

obtain site-specific approval from their local ethics committees. All patients provided written 

informed consent.

Participating centres had a team of investigators consisting of at least one neurologist or 

physician with an interest in stroke, a surgeon with experience in endarterectomy, and a physi-

cian or surgeon with expertise in carotid angiography, angioplasty, and stenting. All centres 

were required to hold regular multidisciplinary meetings between the investigators to discuss 

the management of patients with carotid stenosis. Investigators submitted their curriculum 

vitae and audit data that documented satisfactory training and results of carotid treatment 
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to the credential committee. Centres were then enrolled as either experienced or supervised 

centres on the recommendation of the committee. To qualify as experienced, a centre had to 

have a surgeon who had done at least 50 carotid operations (ten or more cases per year) and 

a physician or surgeon who had done a minimum of 50 stenting procedures, with at least ten 

cases in the carotid artery. Centres not fulfilling these criteria joined as supervised centres and 

their trial procedures had to be proctored by an outside surgeon or interventionist, appointed 

by the trial steering committee, until the proctor was satisfied that the centre was proficient in 

undertaking the procedure. Supervised centres were promoted to experienced centres after 

randomisation and treatment of 20 cases within the trial if their results were deemed accept-

able by the proctor and the credential committee.

Patients were eligible for enrolment if they were older than 40 years of age and had symp-

tomatic atheromatous carotid artery stenosis measured as more than 50% by the North Ameri-

can Symptomatic Carotid Endarterectomy Trial criteria2 (or non-invasive equivalent) deemed to 

require treatment. Symptoms attributable to the randomised artery needed to have occurred 

within 12 months before randomisation.

Non-invasive imaging of the carotid artery, including duplex ultrasound, was acceptable for 

study entry. Catheter angiography before randomisation was not required. Exclusion criteria 

included major stroke without useful recovery of function, previous carotid endarterectomy 

or stenting in the randomised artery, contraindications for either treatment, and planned 

coronary artery bypass grafting or other major surgery.

At randomisation, patients had to be deemed suitable for both surgery and stenting by the 

investigators, who also had to be uncertain which of the two treatments was the best option 

for the patient. Patients unsuitable for stenting because of tortuous anatomy proximal or distal 

to the stenosis, visible thrombus, proximal common carotid artery stenosis, or internal carotid 

artery pseudo-occlusion were excluded, as were patients unsuitable for endarterectomy 

because of the distal site of the stenosis, a rigid neck, or risk factors for surgical complications. 

No record was kept of patients screened who were ineligible or treated outside the trial. It was 

recommended that patients randomised to stenting after non-invasive investigation, in which 

subsequent angiography before stenting showed one or more exclusion criteria, should have 

the procedure abandoned and be treated by surgery, if appropriate, or medical care alone. A 

similar approach was taken in patients randomised to surgery.

randomisation and masking

Eligible patients were randomly assigned in a 1:1 ratio to receive carotid artery stenting or 

carotid endarterectomy by use of a computerised service provided by 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 or fax after they pro-

vided baseline data for the patient. Randomisation was stratified by centre with minimisation 

for sex, age, contralateral occlusion, and side of the randomised artery. Investigators were kept 
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masked about the randomisation program to prevent them anticipating the next assignment. 

Patients and individuals who delivered the interventions were not masked to treatment assign-

ment. Patients were followed up by independent clinicians who were not masked to treatment 

assignment but who were not directly involved in delivering the randomised treatment. Adju-

dication of outcomes was blinded. Apart from the trial statistician and the data monitoring 

committee, all investigators, including the chief investigator, remained masked to the results of 

the trial until after recruitment was completed.

Procedures

Carotid stenting or endarterectomy was deemed initiated if the patient had been given general 

or local anaesthetic in preparation for the intervention, even if the procedure was subsequently 

abandoned before stent deployment or endarterectomy. Stents and other devices used for 

carotid stenting were chosen at the discretion of the interventionist 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 and atropine or similar agent during the procedure was mandatory. Surgeons 

were free to use standard or eversion endarterectomy. The use of local or general anaesthesia, 

shunts, and patches was left to the discretion of the surgeon.

outcome events and trial safety

The protocol specified that patients should be seen before randomisation and then followed up 

30 days after treatment, 6 months after randomisation, and then once a year after randomisa-

tion by a clinician who was not involved in the revascularisation procedure. At every visit, levels 

of impairment were assessed with the modified Rankin scale. Outcome events were reported 

in detail to the central office by the local neurologist or stroke physician. Major outcome events 

were submitted to an independent external adjudicator, who was masked to treatment allo-

cation and who determined the cause, severity, and duration of the event. If this assessment 

differed from the initial assessment, a second external adjudicator reviewed the event and any 

differences were resolved by consensus.

The primary analysis specified in the protocol was the difference between groups in long-

term rate of fatal or disabling stroke in any territory. Long-term was defined as 3 years and 

therefore data are not yet available for this analysis. Here, we report the first secondary analysis 

specified in the protocol: the differences in mortality and morbidity between groups within 

30 days of carotid treatment. The main endpoint for this analysis was defined before analysis 

as any stroke, death, or procedural myocardial infarction. Secondary endpoints of particular 

interest were any stroke, any stroke or death, any stroke or procedural death, disabling stroke 

or death, and all-cause death. Events relating to the various components of the main endpoint, 
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cranial nerve palsies, and haematomas requiring surgery, transfusion, or extended hospital 

stay, were analysed.

Stroke was defined as a rapidly developing clinical syndrome of focal disturbance of cerebral 

function lasting more than 24 h or leading to death with no apparent cause other than that of 

vascular origin. Stroke was classified as fatal if death attributed to stroke occurred within 30 

days of onset of stroke. Stroke or cranial nerve palsy were classified as disabling if there was an 

increase in the Rankin score to 3 or more, attributable to the event at 30 days after onset. The 

remaining non-fatal strokes were classified as non-disabling. Myocardial infarction was defined 

by the presence of two of the following three criteria: specific cardiac enzymes more than twice 

the upper limit of normal; history of chest discomfort for at least 30 min; or the development 

of specific abnormalities (eg, Q waves) on a standard 12-lead electrocardiograph. Death or 

myocardial infarction was defined as procedural if it occurred within 30 days of stenting or 

endarterectomy. Transient ischaemic attack was defined as an acute disturbance of focal neu-

rological function with symptoms lasting less than 24 h attributed to cerebrovascular disease, 

but was not included as an outcome event in the analyses reported here.

The rate of reported events at individual centres was monitored at the central office. The 

independent data monitoring committee met on a regular basis to review the accumulating 

data and to monitor trial safety.

statistical analysis

A large difference in outcomes between the stenting and endarterectomy groups was not 

expected and the sample size was calculated to provide a reasonable estimate of the treat-

ment effect. A sample size of 1500 patients from experienced centres was chosen on the basis 

that this would allow a 95% CI to be measured with a width of ±3·3 percentage points for the 

difference in risk of disabling stroke or death between treatment groups, based on an average 

of 12·5% of patients having the outcome. We also calculated that this sample size would allow 

a 95% CI to be measured with a width ±3·0 percentage points for the secondary short-term 

outcome of 30-day stroke, death, or procedural myocardial infarction, on the basis of an aver-

age of 10% of patients having the outcome.

Because some patients did not receive their allocated treatment and the timing of treatment 

after randomisation varied, we undertook two main analyses: an intention-to-treat (ITT) analy-

sis of all events occurring up to 120 days after randomisation and a per-protocol analysis of 

the procedural risk within 30 days of allocated treatment. All main analyses combined patients 

from experienced and supervised centres.

The ITT analysis included all randomised patients and compared those allocated to stenting 

with those allocated to endarterectomy, irrespective of whether they received their allocated 

treatment or not. All events between randomisation and 120 days were included in the ITT 

analysis, irrespective of whether they occurred within 30 days of treatment or not. This analysis 

therefore compared the initial policy of referral for stenting with referral for endarterectomy 
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in terms of outcome over 120 days. The period of 120 days was chosen because most patients 

should have had their treatment within 3 months of randomisation and their 30-day post-

treatment follow-up appointment within 4 months after randomisation.

Patients with less than 120 days of follow-up and without an event were censored on the 

date of last follow-up. Censoring was assumed to be non-informative—ie, a censored patient 

was assumed to have the same risk of an outcome event as those who had complete 120-day 

follow-up. Kaplan-Meier methods were used to estimate 120-day probabilities of an event and 

subsequently the absolute risk difference between the two treatment groups and correspond-

ing 95% CIs. Cox proportional hazard methods were used to calculate the relative difference 

between treatment groups (hazard ratio, HR) and 95% CIs with endarterectomy as the refer-

ence group. Log-rank tests were used to compare the two survival curves.

The 30-day per-protocol analysis of the procedural risk included only patients in whom the 

allocated treatment was initiated as their first ipsilateral revascularisation procedure. Patients 

who received the alternative revascularisation procedure as their first treatment (cross-overs), 

or who received no revascularisation treatment were excluded from this analysis. All outcome 

events occurring within 30 days after initiation of the first allocated treatment were included. 

We included every patient in whom the allocated treatment was initiated in the per-protocol 

analysis, even if the date of treatment was more than 120 days after randomisation, or if the 

treatment was aborted after initiation. This per-protocol analysis therefore compared the 

30-day procedural risks of the two treatments in those patients in whom the allocated pro-

cedure was completed or initiated. Binomial regression methods were used to estimate the 

30-day absolute risk differences and relative risk ratios together with 95% CIs. χ2 tests were used 

to test for differences between the two treatment groups.

Several predefined exploratory subgroup analyses were undertaken to investigate whether 

the relative treatment effect for the 120-day ITT short-term composite outcome of stroke, 

death, or procedural myocardial infarction differed across various patient groups. Interaction 

tests were done with Cox proportional hazard models. All analyses were done with Stata release 

11, apart from the meta-analysis, which was done with ReviewManager version 5.0. This study is 

registered, number ISRCTN25337470.

role of the funding source

The sponsors of the study had no role in study design, data collection, data analysis, data inter-

pretation, or the writing of the report. The corresponding author had full access to all the data 

in the study and had final responsibility for the decision to submit for publication.
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results

Figure 1 shows the trial profile. Between May, 2001, and October, 2008, 1713 patients from 

50 academic centres in Europe, Australia, New Zealand, and Canada were enrolled and ran-

domised. Three patients (stenting group, two; endarterectomy group, one) withdrew consent 

immediately after randomisation and were excluded from the ITT analysis. 751 (88%) of 853 

patients assigned to carotid stenting and 760 (89%) of 857 patients assigned to endarterectomy 

were randomised at centres classified as experienced. Table 1 shows baseline characteristics of 

study participants.
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Patients with Symptomatic Severe Carotid Stenosis 
(EVA-3S) trial was stopped early because of a sig-
nifi cantly lower rate of periprocedural stroke or death 
in the endarterectomy group than in the stenting 
group.5 We report the short-term results of the Inter-
national Carotid Stenting Study (ICSS), a randomised 
trial comparing stenting versus endarter ectomy for 
recently symptomatic carotid artery stenosis.

Methods
Study centres and participants
ICSS is an international, multicentre, open, randomised 
controlled trial designed to compare the safety and long-
term effi  cacy of carotid stenting and endarterectomy. The 
protocol was published in 20049 and is publically available 
on the trial website. ICSS was approved by the Northwest 
Multicentre Research Ethics Committee in the UK and 
participating centres had to obtain site-specifi c approval 
from their local ethics committees. All patients provided 
written informed consent.

Participating centres had a team of investigators 
consisting of at least one neurologist or physician with 
an interest in stroke, a surgeon with experience in 
endarterectomy, and a physician or surgeon with 
expertise in carotid angiography, angioplasty, and 

stenting. All centres were required to hold regular 
multidisciplinary meetings between the investigators to 
discuss the management of patients with carotid 
stenosis. Investigators submitted their curriculum vitae 
and audit data that documented satisfactory training and 
results of carotid treatment to the credential committee. 
Centres were then enrolled as either experienced or 
supervised centres on the recom mendation of the 
committee. To qualify as experienced, a centre had to 
have a surgeon who had done at least 50 carotid 
operations (ten or more cases per year) and a physician 
or surgeon who had done a minimum of 50 stenting 
procedures, with at least ten cases in the carotid artery. 
Centres not fulfi lling these criteria joined as supervised 
centres and their trial procedures had to be proctored by 
an outside surgeon or interventionist, appointed by the 
trial steering committee, until the proctor was satisfi ed 
that the centre was profi cient in undertaking the 
procedure. Supervised centres were promoted to 
experienced centres after randomisation and treatment 
of 20 cases within the trial if their results were deemed 
acceptable by the proctor and the credential committee.

Patients were eligible for enrolment if they were 
older than 40 years of age and had symptomatic 
atheromatous carotid artery stenosis measured as more 
than 50% by the North American Symptomatic Carotid 
Endarterectomy Trial criteria2 (or non-invasive 
equivalent) deemed to require treatment. Symptoms 
attributable to the randomised artery needed to have 
occurred within 12 months before randomisation.

Non-invasive imaging of the carotid artery, including 
duplex ultrasound, was acceptable for study entry. 
Catheter angiography before randomisation was not 
required. Exclusion criteria included major stroke 
without useful recovery of function, previous carotid 
endarterectomy or stenting in the randomised artery, 
contraindications for either treatment, and planned 
coronary artery bypass grafting or other major surgery.

At randomisation, patients had to be deemed suitable 
for both surgery and stenting by the investigators, who 
also had to be uncertain which of the two treatments 
was the best option for the patient. Patients unsuitable 
for stenting because of tortuous anatomy proximal or 
distal to the stenosis, visible thrombus, proximal 
common carotid artery stenosis, or internal carotid 
artery pseudo-occlusion were excluded, as were patients 
unsuitable for endarterectomy because of the distal site 
of the stenosis, a rigid neck, or risk factors for surgical 
complications. No record was kept of patients screened 
who were ineligible or treated outside the trial. It was 
recommended that patients randomised to stenting 
after non-invasive investigation, in which subsequent 
angiography before stenting showed one or more 
exclusion criteria, should have the procedure abandoned 
and be treated by surgery, if appropriate, or medical 
care alone. A similar approach was taken in patients 
randomised to surgery.

For the full protocol for this 
study see http://www.cavatas.

com

Figure 1: Trial profi le
Data for the number of patients screened for eligibility were not recorded.

21 underwent no procedure
2 died before intended procedure
3 disabling stroke before intended 

procedure
9 artery occluded
1 artery less than 50% stenosed
3 medical contraindications
1 refused treatment
2 other reasons

16 underwent no procedure
1 disabling stroke before intended 

procedure
5 artery occluded
3 artery less than 50% stenosed
1 anatomy unsuitable
3 other medical contraindications
3 other reasons

9 crossed over to endarterectomy
2 anatomy unsuitable
3 medical contraindications
1 refused treatment
3 other reasons

15 crossed over to stenting
1 anatomy unsuitable
6 medical contraindications
4 refused treatment
4 other reasons

2 withdrew all consent immediately
after randomisation

1 withdrew all consent immediately
after randomisation

857 analysed by intention to treat up  
to 120 days after randomisation

853 analysed by intention to treat up 
to 120 days after randomisation

858 randomly assigned to
endarterectomy

855 randomly assigned to carotid 
artery stenting

828 procedure initiated and analysed 
per protocol up to 30 days after 
procedure

821 procedure initiated and analysed 
per protocol up to 30 days after  
procedure

1713 patients randomised

figure 1. Trial profile
Data for the number of patients screened for eligibility were not recorded.
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Most patients had their allocated treatment initiated (stenting group, n=828; endarterectomy 

group, n=821). Nine patients allocated to stenting crossed over to surgery without an attempt 

at the procedure and a further 16 had no attempted ipsilateral endarterectomy or stenting 

procedure (figure 1). 15 patients allocated to endarterectomy crossed over to stenting without 

an attempt at endarterectomy and 21 had no attempted ipsilateral procedure.

Monitoring of adverse events led to concern about the stenting results of two investigators 

at supervised centres. These investigators were stopped from treating further patients within 

the trial and their centres were suspended from randomisation. All the patients allocated to 

stenting (n=11, five with disabling stroke or death) or endarterectomy during the same time 

period (n=9, one with fatal stroke) at these centres were included in the analyses. One of the two 

centres subsequently restarted randomisation with a different investigator performing stenting.

table 1. Baseline characteristics of patients

Stenting
(n=853)

Endarterectomy
(n=857)

Age (years) 70 (9) 70 (9)

Sex

Women 252 (30%) 251 (29%)

Men 601 (70%) 606 (71%)

Vascular risk factors

Treated hypertension 587 (69%) 595 (69%)

Systolic blood pressure (mm Hg) 148·4 (24·2) 146.0 (23·6)

Diastolic blood pressure (mm Hg) 79·2 (11·7) 78.3 (12·7)

Cardiac Failure 23 (3%) 47 (5%)

Angina in last 6 months 83 (10%) 77 (9%)

Previous myocardial infarction 151 (18%) 156 (18%)

Previous CABG 109 (13%) 116 (14%)

Atrial Fibrillation 57 (7%) 59 (7%)

Other cardiac embolic source 19 (2%) 16 (2%)

Diabetes mellitus, non-insulin dependent 134 (16%) 147 (17%)

Diabetes mellitus, insulin dependent 50 (6%) 40 (5%)

Peripheral artery disease 139 (16%) 136 (16%)

Current Smoker 205 (24%) 198 (23%)

Ex-smoker 408 (48%) 424 (49%)

Treated hyperlipidaemia 522 (61%) 562 (66%)

Cholesterol (mmol/L) 4·8 (1.3) 4·9 (1.3)

Degree of symptomatic carotid stenosis*

50-69% 92 (11%) 76 (9%)

70-99% 761 (89%) 781 (91%)
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Figure 2 shows the delay from randomisation to first initiated ipsilateral treatment in the 

per-protocol analysis. Median delay from randomisation to treatment was shorter in the stent-

ing group than in the endarterectomy group, as was the delay from most recent ipsilateral 

event to treatment (table 2).

Of the 828 patients in whom stenting was initiated as allocated, 64 (8%) had their procedure 

aborted before the insertion of a stent (38 procedures were aborted because of difficulty gain-

ing access to the stenosis, 15 were aborted because of the finding of an occluded artery, one 

patient had a fatal stroke, one patient had fatal myocardial infarction before completion of 

treatment, two had other medical complications, and further investigation in seven patients 

showed the artery to be <50% stenosed). Of the 62 patients whose stenting procedure was 

aborted after initiation and who did not have a fatal event, 37 went on to have an ipsilateral 

endarterectomy, whereas 25 continued with best medical care only. Only two of the 821 

patients whose allocated endarterectomy was initiated had their procedure aborted (one 

table 1 (continued)

Degree of contralateral stenosis*

<50% 565 (66%) 561 (65%)

50-69% 128 (15%) 142 (17%)

70-99% 105 (12%) 110 (13%)

Occluded 49 (6%) 37 (4%)

Unknown 6 (1%) 7 (1%)

Most recent ipsilateral event†

Amaurosis fugax 148 (17%) 142 (17%)

Transient ischaemic attack 273 (32%) 303 (35%)

Ischaemic hemispheric stroke 393 (46%) 376 (44%)

Retinal infarct 26 (3%) 23 (3%)

Multiple ipsilateral symptoms prior to randomisation 330 (39%) 317 (37%)

Ipsilateral stroke prior to most recent ipsilateral event 131 (15%) 106 (12%)

Modified Rankin Score at Randomisation

0-2 756 (89%) 744 (87%)

3-5‡ 81 (10%) 99 (12%)

Unknown 16 (2%) 14 (2%)

Data are number (%) or mean (SD). CABG=coronary artery bypass graft.
* Degree of stenosis measured by North American Symptomatic Carotid Endarterectomy Trial2 method at 
randomisation centre.
† If two events were reported on the same day, the more serious of the two was counted (stroke>retinal 
infarction>transient ischaemic attack>amaurosis fugax).
‡ In three patients the event was more than 12 months before randomisation and in two the date was 
unknown.
§ Some Rankin scores of 3 or more were caused by non-stroke disability.
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patient had an allergic reaction during general anaesthesia; the other became distressed and 

the endarterectomy had to be abandoned). Both patients subsequently had ipsilateral stenting.

The following stents were each used in 10% or more of the 764 patients in whom stents 

were inserted: Carotid Wallstent (Boston Scientific), Precision (Cordis), and Protégé (EV3). The 

following were each used in less than 10% of patients: Acculink (Guidant), Xact (Abbott), Smart 

(Cordis), Cristallo Ideale (Invatec), Exponent (Medtronic), Next Stent (Boston Scientific). Protec-

tion devices were known to have been used in 593 (72%) of 828 patients. The following protec-

tion devices were each used in 10% or more of the patients in whom stenting was attempted: 
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adjudicator reviewed the event and any diff erences were 
resolved by consensus.

The primary analysis specifi ed in the protocol was the 
diff erence between groups in long-term rate of fatal or 
disabling stroke in any territory. Long-term was defi ned 
as 3 years and therefore data are not yet available for this 
analysis. Here, we report the fi rst secondary analysis 
specifi ed in the protocol: the diff erences in mortality and 
morbidity between groups within 30 days of carotid 
treatment. The main endpoint for this analysis was 
defi ned before analysis as any stroke, death, or procedural 
myocardial infarction. Secondary endpoints of particular 
interest were any stroke, any stroke or death, any stroke 
or procedural death, disabling stroke or death, and all-
cause death. Events relating to the various components 
of the main endpoint, cranial nerve palsies, and 
haematomas requiring surgery, transfusion, or extended 
hospital stay, were analysed.

Stroke was defi ned as a rapidly developing clinical 
syndrome of focal disturbance of cerebral function 
lasting more than 24 h or leading to death with no 
apparent cause other than that of vascular origin. Stroke 

was classifi ed as fatal if death attributed to stroke 
occurred within 30 days of onset of stroke. Stroke or 
cranial nerve palsy were classifi ed as disabling if there 
was an increase in the Rankin score to 3 or more, 
attributable to the event at 30 days after onset. The 
remaining non-fatal strokes were classifi ed as non-
disabling. Myocardial infarction was defi ned by the 
presence of two of the following three criteria: specifi c 
cardiac enzymes more than twice the upper limit of 
normal; history of chest discomfort for at least 30 min; 
or the development of specifi c abnormalities 
(eg, Q waves) on a standard 12-lead electrocardiograph. 
Death or myocardial infarction was defi ned as 
procedural if it occurred within 30 days of stenting or 
endarterectomy. Transient ischaemic attack was defi ned 
as an acute disturbance of focal neurological function 
with symptoms lasting less than 24 h attributed to 
cerebrovascular disease, but was not included as an 
outcome event in the analyses reported here.

The rate of reported events at individual centres was 
monitored at the central offi  ce. The independent data 
monitoring committee met on a regular basis to review 
the accumulating data and to monitor trial safety.

Statistical analysis 
A large diff erence in outcomes between the stenting and 
endarterectomy groups was not expected and the sample 
size was calculated to provide a reasonable estimate of 
the treatment eff ect. A sample size of 1500 patients from 
experienced centres was chosen on the basis that this 
would allow a 95% CI to be measured with a width of 
±3·3 percentage points for the diff erence in risk of 
disabling stroke or death between treatment groups, 
based on an average of 12·5% of patients having the 
outcome. We also calculated that this sample size would 
allow a 95% CI to be measured with a width 
±3·0 percentage points for the secondary short-term 
outcome of 30-day stroke, death, or procedural 
myocardial infarction, on the basis of an average of 10% 
of patients having the outcome. 

Because some patients did not receive their allocated 
treatment and the timing of treatment after randomisation 
varied, we undertook two main analyses: an intention-to-
treat (ITT) analysis of all events occurring up to 120 days 
after randomisation and a per-protocol analysis of the 
procedural risk within 30 days of allocated treatment. All 
main analyses combined patients from experienced and 
supervised centres.

The ITT analysis included all randomised patients and 
compared those allocated to stenting with those allocated 
to endarterectomy, irrespective of whether they received 
their allocated treatment or not. All events between 
randomisation and 120 days were included in the ITT 
analysis, irrespective of whether they occurred within 
30 days of treatment or not. This analysis therefore 
compared the initial policy of referral for stenting with 
referral for endarterectomy in terms of outcome over 

Stenting group 
(n=828)

Endarterectomy 
group (n=821)

p value*

Time from randomisation to treatment (days) 9 (5–17) 11 (5–24) <0·0001

≤14 578 (70%) 469 (57%) ··

>14 250 (30%) 352 (43%) ··

Time from most recent event to treatment (days) 35 (15–82) 40 (18–87) 0·013

≤14 205 (25%) 151 (18%) ··

>14 623 (75%) 668 (81%) ··

Data are number (%) or median (IQR) in the per-protocol analysis. Three patients in the endarterectomy group were 
randomised more than 12 months after onset of symptoms. The date of the most recent event was unknown in two 
patients (endarterectomy group). *Mann-Whitney U test.

Table 2: Time from randomisation and from most recent ipsilateral event to allocated treatment
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Figure 2: Time between randomisation and treatment
Cumulative number of patients in whom allocated treatment was initiated per 
protocol plotted as a proportion of the total number randomised in each group 
(vertical axis), against the delay between the dates of randomisation and 
treatment (horizontal axis). Only allocated per-protocol treatment dates were 
counted.

figure 2. Time between randomization and treatment
Cumulative number of patients in whom allocated treatment was initiated per protocol plotted as a 
proportion of the total number randomised in each group (vertical axis), against the delay between the 
dates of randomisation and the treatment ( horizontal axis). Only allocated per-protocol treatment dates 
were counted.

table 2. Time from randomisation and from most recent ipsilateral event to allocated treatment

Baseline characteristics Stenting
(n=828)

Endarterectomy
(n=821)

P-value*

Time from randomisation to treatment (days) 9 (5, 17) 11 (5, 24) <0·001

≤ 14 days 578 (70%) 469 (57%)

> 14 days 250 (30%) 352 (43%)

Time from most recent event to treatment (days) 35 (15, 82) 40 (18, 87) 0·013

≤ 14 days 205 (25%) 151 (18%)

> 14 days 623 (75%) 668 (81%)

Data are number (%) or median (IQR) in the per-protocol analysis. Three patients in the endarterectomy 
group were randomised more than 12 months after onset of symptoms. The date of the most recent event 
was unknown in two patients (endarterectomy group).
* Mann-Whitney U test.
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FilterWire EZ (Boston Scientific), Angioguard (Cordis), Spider FX (EV3), and Emboshield (Abbott). 

A range of other protection devices were each used in less than 5% of patients. In 27 patients, 

it was not clear whether or not a protection device was used.

In the ITT analysis, between randomisation and 120 days, there was no significant difference 

in the rate of disabling stroke or death between groups (stenting group, 4·0% vs endarterec-

tomy group, 3·2%; table 3).

The risk of stroke, death, or procedural myocardial infarction 120 days after randomisation 

was significantly higher in patients in the stenting group than in patients in the endarterectomy 

group (8·5% vs 5·2%), representing an estimated 120-day absolute risk difference of 3·3% (95% 

CI 0·9–5·7) with an HR in favour of surgery of 1·69 (1·16–2·45, log-rank p=0·006; figure 3, table 

3). Most outcome events in the stent and endarterectomy groups occurred within 30 days of 

the first ipsilateral procedure (61 of 72 events vs 31 of 44 events). A few events occurred after 

randomisation but before the date of treatment (two patients vs one patient), or in patients 

who had no attempted ipsilateral procedure (three patients vs six patients), or more than 30 

days after treatment but within 120 days of randomisation (six patients vs six patients).

Compared with endarterectomy, allocation to stenting had a greater 120-day risk of the out-

come measures of any stroke, any stroke or death, any stroke or procedural death, and all-cause 

death (table 3). Most strokes within 120 days of randomisation were ipsilateral to the treated 

carotid artery and most were ischaemic (table 4). There were very few haemorrhagic strokes 

with only two patients in whom the cause of the stroke was uncertain. The observed treatment 

effect was largely driven by the higher number of non-disabling strokes in the stenting group, 

most of which had symptoms lasting for more than 7 days. There was an excess of fatal strokes 

table 3. Outcome measures within 120 days of randomisation (intention-to-treat population)

CAS
n=853

CEA
n=857

HR (95% CI) RD (95% CI) P-value*

Primary outcome

Stroke, death or procedural MI 72 (8·5%) 43 (5·1%) 1·73 (1·18, 2·52) 3·4 (1·0, 5·8) 0·004

Secondary outcomes

Any stroke 65 (7·7%) 34 (4·0%) 1·97 (1·30, 2·99) 3·6 (1·4, 5·9) 0·001

Any stroke or death 72 (8·5%) 39 (4·6%) 1·91 (1·29, 2·82) 3·9 (1·5, 6·2) 0·001

Any stroke or procedural death 68 (8·0%) 35 (4·1%) 2·01 (1·33, 3·02) 3·9 (1·6, 6·1) 0·0006

Disabling stroke or death 34 (4·0%) 26 (3·1%) 1·33 (0·80, 2·21) 0·9 (-0·8, 2·7) 0·28

All cause death 19 (2·3%) 7 (0·8%) 2·76 (1·16, 6·56) 1·4 (0·3, 2·6) 0·017

Data are number of first events (Kaplan-Meier estimate at 120 days). Risk differences are calculated from 
Kaplan-Meier estimates at 120 days.
* Log-rank test.
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in the stenting group compared with the surgery group, but little difference in the number of 

patients with disabling stroke within 120 days of randomisation.

The per-protocol analysis included 1649 patients (stenting group, n=828; endarterectomy 

group, n=821). Results for 30-day procedural risk mirrored the results of the intention-to-treat 

analysis. Risk of stroke, death, or procedural myocardial infarction was higher in the stenting 

group than in the endarterectomy group (30-day risk 7·4% vs 4·0%; risk difference [RD] 3·3%, 

95% CI 1·1–5·6; risk ratio [RR] 1·83, 1·21–2·77, χ2 p=0·003; table 5). Risk of any stroke or death 

up to 30 days after treatment remained significantly higher in patients in whom stenting was 

initiated than in patients with surgery initiated, but there was no significant difference in the 

risk of disabling stroke or death between treatment groups. There were more fatal strokes in the 
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Figure 2 shows the delay from randomisation to fi rst 
initiated ipsilateral treatment in the per-protocol analysis. 
Median delay from randomisation to treatment was 
shorter in the stenting group than in the endarterectomy 
group, as was the delay from most recent ipsilateral event 
to treatment (table 2).

Of the 828 patients in whom stenting was initiated as 
allocated, 64 (8%) had their procedure aborted before the 
insertion of a stent (38 procedures were aborted because 
of diffi  culty gaining access to the stenosis, 15 were 
aborted because of the fi nding of an occluded artery, one 
patient had a fatal stroke, one patient had fatal myocardial 
infarction before completion of treatment, two had other 

medical complications, and further investigation in seven 
patients showed the artery to be <50% stenosed). Of the 
62 patients whose stenting procedure was aborted after 
initiation and who did not have a fatal event, 37 went 
on to have an ipsilateral endarterectomy, whereas 
25 continued with best medical care only. Only two of the 
821 patients whose allocated endarterectomy was initiated 
had their procedure aborted (one patient had an allergic 
reaction during general anaesthesia; the other became 
distressed and the endarterectomy had to be abandoned). 
Both patients subsequently had ipsilateral stenting.

The following stents were each used in 10% or more of 
the 764 patients in whom stents were inserted: Carotid 
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Figure 3: Kaplan-Meier estimates of cumulative incidence of various outcome measures
Data were analysed by intention to treat. The numbers above the end of the lines are the incidence estimates at 120 days after randomisation. HR=hazard ratio.
figure 3. Kaplan-Meier estimates of cumulative incidence of various outcome measures
Data were analysed by intention to treat. The numbers above the end of the lines are the incidence 
estimates at 120 days after randomisation. HR=hazard ratio.
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stenting group than in the endarterectomy group (eight vs three), but difference in the risk of 

death alone was no longer significant (table 5). 43 (74%) of 58 strokes in the stenting group and 

12 (44%) of 27 in the endarterectomy group occurred on the day of the procedure.

table 4. Number of outcome events recorded between randomisation and 120 days in the intention-to-treat 
(ITT) analysis and between initiation of treatment and 30 days after treatment in the per-protocol analysis.

ITT analysis Per-protocol analysis

Stenting
n=853

Endarterectomy
n=857

Stenting
n=828

Endarterectomy
n=821

Any stroke 65* 34 58* 27

Ipsilateral stroke 58 29 52 21

Ischaemic stroke 63 27 56 21

Haemorrhagic stroke 3 5 2 5

Uncertain pathology 0 2 0 1

Non-disabling stroke 39 14 36 11

Lasting fewer than 7 days 9 5 8 5

Lasting more than 7 days 31† 9|| 29† 6||

Disabling stroke 17‡ 19 14 14

Fatal stroke 9 2 8 3

Procedural MI 3 4 3 5

Non-fatal MI 0 4 0 5

Fatal MI 3 0 3 0

Non-stroke, Non-MI death 7 5 1 1

Cranial nerve palsy 1¶ 44 1¶ 44

Disabling cranial nerve palsy 1¶ 1 1¶ 1

Haematoma 31 50 30 50

Severe haematoma** 9 28 8 28

Data are number of first events of each type. See text for definition of per protocol.
* In two patients this was a retinal infarction. One patient had both an ischaemic and a haemorrhagic 
stroke.
† One patient had a subsequent fatal myocardial infarction and one patient also had a non-disabling 
stroke that lasted for more than 7 days.
‡ One patient had a subsequent disabling stroke.
§ Two patients subsequently died of a cause unrelated to stroke or myocardial infarction.
¶ One patient had a non-fatal myocardial infarction within 30 days of the first procedure, which was 
undertaken more than 120 days after randomisation. This myocardial infarction was therefore excluded 
from the ITT analysis (which stopped at 120 days) but was included in the per-protocol 30-day analysis 
that included all first ipsilateral allocated procedures.
|| The cranial nerve palsy in this patient in the stenting group, which was initiated but aborted, occurred 
after endarterectomy done within 30 days of the stenting procedure.
** Severe haematoma was defined as one that required surgical evacuation or blood transfusion, or 
resulted in extended hospital stay.
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Few procedural myocardial infarctions were recorded (three in the stenting group, all of 

which were fatal, compared with five in the endarterectomy group). Cranial nerve palsies were 

almost completely avoided by stenting (table 4; RR 0·02, 95% CI 0·00–0·16, p<0·0001). The one 

cranial nerve palsy recorded in the stenting group occurred as a complication of an endarterec-

tomy done within 30 days of stenting. This patient and one additional patient in the endarter-

ectomy group required percutaneous endoscopic gastrostomy feeding as a result of the cranial 

nerve palsies, which were classified as disabling. There were also fewer haematomas of any 

severity in the stenting group than in the endarterectomy group (table 4; RR 0·59, 0·38–0·93, 

p=0·0197), and fewer severe haematomas requiring surgical intervention, blood transfusion, or 

extended hospital stay (table 4; RR 0·28, 0·13–0·62, p=0·0007).

A post-hoc sensitivity analysis was undertaken to examine if the results of the per-protocol 

analysis were affected by inclusion of patients in whom the allocated procedure was initiated 

but not completed. Exclusion of the 64 patients allocated to stenting and two patients allocated 

to endarterectomy in whom the procedures were aborted after initiation—ie, including only 

patients in whom the allocated procedure was completed as planned—made little difference to 

the results (30-day risk of stroke, death, or procedural myocardial infarction 7·6% in the stenting 

group vs 4·0% in the endarterectomy group; RD 3·6%, 95% CI 1·3–5·9; RR 1·88, 1·24–2·86, p=0·002).

We undertook exploratory analyses of the composite outcome of stroke, death, or procedural 

myocardial infarction for predefined subgroups (figure 4). These analyses suggested that carotid 

stenting might have a similar risk to endarterectomy in women, but that the intervention was 

more hazardous than endarterectomy in men. The difference was mainly caused by a higher 

risk of stroke, death, or procedural myocardial infarction in women assigned to endarterectomy 

than in men (7·6% vs 4·2%). However, the difference between the hazard ratios comparing the 

risk of stenting with endarterectomy in men and women only reached borderline significance 

table 5. Outcome measures between initiation of treatment and 30 days after treatment (per-protocol 
analysis)

CAS n=828 CEA n=821 Risk ratio
(95% CI)

RD (95% CI) P-value*

Primary outcome

Stroke, death or MI 61 (7·4%) 33 (4·0%) 1·83 (1·21, 2·77) 3·3 (1·1, 5·6) 0·003

Secondary outcomes

Any stroke 58 (7·0%) 27 (3·3%) 2·13 (1·36, 3·33) 3·7 (1·6, 5·8) 0·001

Any stroke or death 61 (7·4%) 28 (3·4%) 2·16 (1·40, 3·34) 4·0 (1·8, 6·1) 0·0004

Disabling stroke or death 26 (3·1%) 18 (2·2%) 1·43 (0·79, 2·59) 0·9 (-0·6, 2·5) 0·23

All cause death 11† (1·3%) 4 (0·5%) 2·73 (0·87, 8·53) 0·8 (-0·1, 1·8) 0·072

Data are number of first events (%). See text for definition of per protocol.
* χ2 test.
† One patient had a fatal stroke but died more than 30 days after the procedure. The event is therefore 
counted in the fatal stroke outcome but not in the procedural death outcome.
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(interaction p=0·071). Stenting was more hazardous, and endarterectomy less hazardous, in 

patients without treated hypertension at baseline than in patients with treated hypertension 

(figure 4).

There was also a suggestion that patients allocated to the stenting group had a similar risk 

of stroke, death, or procedural myocardial infarction to those allocated to endarterectomy 

after multiple ipsilateral symptoms, but compared with patients with only one event before 

randomisation, the difference in the hazard ratios only reached borderline significance (interac-

tion p=0·055). There was no evidence that the relative increase in the hazard of an event in the 

stenting group compared with the endarterectomy group differed significantly

across any other subgroups.
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disabling strokes in our study might only become evident 
with further follow-up, which will include measures of 
disability and quality of life.

Patients who received a stent had a shorter wait from 
most recent stroke or transient ischaemic attack to 
treatment than did those who received endarterectomy, 
but even so only 25% of patients in the stenting group 
were treated within 14 days of symptoms, compared with 
18% of those in the endarterectomy group. However, 
there was no diff erence in the risks of stenting compared 
with endarterectomy whether or not patients were treated 
within 14 days of symptoms or later. Several strokes 
occurred before treatment was initiated (fi ve vs seven) 
and several patients developed asymptomatic carotid 
artery occlusion before treatment (fi ve vs nine), 
emphasising the importance of treating carotid stenosis 
as soon as possible after symptoms.

The results of our study are consistent with those seen 
in previous randomised trials.11 A new analysis of events 

occurring within 30 days of treatment in CAVATAS also 
showed an excess of minor strokes in patients assigned 
to endovascular treatment compared with those assigned 
to endarterectomy, with no diff erence in rates of disabling 
stroke or death.12 CAVATAS used outdated techniques 
and few patients had stents inserted. The fi rst multicentre 
randomised trial of carotid stenting with modern devices 
designed for the carotid artery, the Stenting and 
Angioplasty with Protection in Patients at High Risk for 
Endarterectomy (SAPPHIRE) trial, mostly recruited 
patients with asymptomatic stenosis at high risk for 
endarterectomy.13 Therefore, the trial’s fi ndings, which 
suggested that stenting was not inferior to 
endarterectomy, cannot be directly compared with our 
results. The EVA-3S and SPACE trials recruited only 
symptomatic patients and had similar protocols to our 
trial.5,6 We have therefore combined the published 30-day 
safety data from EVA-3S, SPACE, and ICSS in a meta-
analysis (fi gure 5). The summary statistic strongly 

Age (years)
<70
≥70
Sex
Male
Female
Diabetes†
No
Yes
Treated hypertension†
No
Yes
Ipsilateral stenosis
50–69%
70–99%
Contralateral stenosis
0–49%
50–69%
70–99%
Occluded
Type of most recent event
Stroke
Transient ischaemic attack
Amaurosis fugax
Multiple ipsilateral symptoms
No
Yes
Centre experience
Experienced
Supervised
Centre recruitment
<50 patients
≥50 patients
Time from event to treatment‡
≤14 days
>14 days

 21/394 (5·4%)
 51/459 (11·2%)

 52/601 (8·7%)
 20/252 (8·0%)

 51/659 (7·8%)
 19/184 (10·4%)

 25/256 (9·8%)
 45/587 (7·7%)

 4/92 (4·4%)
 68/761 (9·0%)

 45/565 (8·0%)
 14/128 (11·0%)
 9/105 (8·7%)
 2/49 (4·3%)

 45/419 (10·8%)
 24/273 (8·8%)
 3/148 (2·0%)

 52/523 (10·0%)
 20/330 (6·1%)

 65/751 (8·7%)
 7/102 (6·9%)

 33/302 (11·0%)
 39/551 (7·1%)

 15/205 (7·3%)
 46/623 (7·4%)

 

 15/404 (3·7%)
 29/453 (6·5%)

 25/606 (4·2%)
 19/251 (7·6%)

 32/663 (4·9%)
 12/187 (6·5%)

 8/255 (3·2%)
 36/595 (6·1%)

 3/76 (4·0%)
 41/781 (5·3%)

 27/561 (4·8%)
 8/142 (5·7%)
 7/110 (6·4%)
 1/37 (2·7%)

 21/399 (5·3%)
 16/303 (5·3%)
 5/142 (3·5%)

 25/540 (4·7%)
 19/317 (6·0%)

 38/760 (5·0%)
 6/97 (6·6%)

 14/307 (4·6%)
 30/550 (5·5%)

 5/151 (3·3%)
 28/668 (4·2%)

0·62

0·071

0·97

0·039

0·584

0·741

0·157

0·055

0·444

0·102

0·68

1·46 (0·75–2·84)
1·79 (1·14–2·83)

2·17 (1·35–3·50)
1·05 (0·56–1·97)

1·64 (1·05–2·55)
1·67 (0·81–3·43)

3·25 (1·46–7·20)
1·29 (0·83–2·00)

1·13 (0·25–5·04)
1·75 (1·19–2·58)

1·70 (1·05–2·73)
2·04 (0·85–4·85)
1·37 (0·51–3·68)
1·51 (0·14–16·61)

2·12 (1·26–3·55)
1·71 (0·91–3·22)
0·57 (0·14–2·40)

2·22 (1·38–3·58)
1·03 (0·55–1·92)

1·78 (1·19–2·65)
1·13 (0·38–3·35)

2·51 (1·35–4·70)
1·32 (0·82–2·12)

2·21 (0·82–5·95)
1·76 (1·12–2·78)

Stenting
Number of events/
number of patients (%)*

Endarterectomy
Number of events/
number of patients (%)*

Hazard ratio (95% CI)
Interaction
p value

Favours endarterectomyFavours stenting
0·3 0·5 0·75 1·0 1·5 2·0 3·0 4·0 5·0 7·0

Figure 4: Subgroup analysis to compare the rates of stroke, death, or procedural myocardial infarction in diff erent subgroups
Subgroups are defi ned according to baseline characteristics and analysed by intention to treat up to 120 days after randomisation, apart from time from event to 
treatment, which is analysed per protocol. p values are associated with treatment-covariate interaction tests. *Data are number of events of fi rst stroke, death, or 
procedural myocardial infarction within 120 days of randomisation/number of patients (Kaplan-Meier estimate at 120 days). †Patients with missing information 
were excluded from the analysis. ‡Time from the most recent ipsilateral event before randomisation to the date of treatment, analysed per protocol for 30-day 
procedural events only (results are relative risk and 95% CI at 30 days after treatment).

figure 4. Subgroup analysis to compare the rates of stroke, death, or procedural myocardial infarction in 
different subgroups
Subgroups are defined according to baseline characteristics and analysed by intention to treat up to 
120 days after randomisation, apart from time from event to treatment, which is analysed per protocol. 
p values are associated with treatment-covariate interaction tests. *Data are number of events of first 
stroke, death, or procedural myocardial infarction within 120 days of randomisation/number of patients 
(Kaplan-Meier estimate at 120 days). †Patients with missing information were excluded from the analysis. 
‡Time from the most recent ipsilateral event before randomisation to the date of treatment, analysed per 
protocol for 30-day procedural events only ( results are relative risk and 95% CI at 30 days after treatment).
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discussion

Short-term results from this randomised controlled trial show that carotid endarterectomy is 

safer than carotid stenting for treatment of patients with symptomatic carotid artery stenosis. 

Patients allocated to stenting had a 3·3% higher risk of stroke, death, or procedural myocardial 

infarction within 120 days of randomisation in the ITT analysis. In the per-protocol analysis, the 

rate of any stroke or death within 30 days of treatment in the stenting group was more than 

twice the rate recorded in the endarterectomy group. The difference between groups in the 

per-protocol analysis was mainly attributable to an excess of non-disabling stroke in the stent-

ing group compared with the endarterectomy group, but there were also more fatal strokes 

and fatal myocardial infarctions in the stenting group. By contrast, the numbers of disabling 

strokes in the two groups were identical and the rate of disabling stroke or death was not 

significantly different between groups.

Most strokes within 30 days of treatment were ipsilateral to the treated artery and most were 

ischaemic. Despite the recommended use of combined antiplatelet therapy with aspirin and 

clopidogrel before stenting and for 1 month afterwards, plus use of heparin during the proce-

dure, there were only two haemorrhagic strokes within 30 days of stenting compared with five 

after endarterectomy, suggesting that dual antiplatelet therapy in this setting is safe. However, 

this antithrombotic regimen did not reduce ischaemic stroke sufficiently in the stenting group.

The balance of risk in favour of surgery caused by an excess of non-disabling stroke in the 

stenting group might be seen as partly offset by the fact that endarterectomy was associated 

with more cranial nerve injuries and more severe haematomas than was stenting. However, the 

long-term outcome of non-disabling stroke might be worse than that of non-disabling cranial 

nerve palsy. A recent systematic review has highlighted the increased risk of dementia associ-

ated with recurrent stroke10 and the long-term consequences of the non-disabling strokes in 

our study might only become evident with further follow-up, which will include measures of 

disability and quality of life.

Patients who received a stent had a shorter wait from most recent stroke or transient isch-

aemic attack to treatment than did those who received endarterectomy, but even so only 25% 

of patients in the stenting group were treated within 14 days of symptoms, compared with 

18% of those in the endarterectomy group. However, there was no difference in the risks of 

stenting compared with endarterectomy whether or not patients were treated within 14 days 

of symptoms or later. Several strokes occurred before treatment was initiated (five vs seven) 

and several patients developed asymptomatic carotid artery occlusion before treatment (five 

vs nine), emphasising the importance of treating carotid stenosis as soon as possible after 

symptoms.

The results of our study are consistent with those seen in previous randomised trials.11 A 

new analysis of events occurring within 30 days of treatment in CAVATAS also showed an excess 

of minor strokes in patients assigned to endovascular treatment compared with those assigned 
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to endarterectomy, with no difference in rates of disabling stroke or death.12 CAVATAS used 

outdated techniques and few patients had stents inserted. The first multicentre randomised 

trial of carotid stenting with modern devices designed for the carotid artery, the Stenting and 

Angioplasty with Protection in Patients at High Risk for Endarterectomy (SAPPHIRE) trial, mostly 

recruited patients with asymptomatic stenosis at high risk for endarterectomy.13 Therefore, 

the trial’s findings, which suggested that stenting was not inferior to endarterectomy, cannot 

be directly compared with our results. The EVA-3S and SPACE trials recruited only symptom-

atic patients and had similar protocols to our trial.[5]  and  [6] We have therefore combined the 

published 30-day safety data from EVA-3S, SPACE, and ICSS in a meta-analysis (figure 5). The 

summary statistic strongly favours carotid endarterectomy (odds ratio for stroke, death, or 

myocardial infarction within 30 days after the procedure 1·73, 95% CI 1·29–2·32). One further 

large randomised trial, the Carotid Revascularization Endarterectomy vs Stenting Trial (CREST), 

has completed recruitment, but has not yet published any safety data.14

Since CAVATAS was completed, there has been a reduction in risk of adverse outcomes asso-

ciated with endovascular treatment, but the risk associated with endarterectomy has reduced 

to a greater extent. The risk of stroke, death, or procedural myocardial infarction in the stenting 

group of our trial is similar to the risk associated with carotid endarterectomy that was reported 

in the European Carotid Surgery Trial (ECST) in 1998.1 By contrast, the risk of stroke, death, or 

procedural myocardial infarction after endarterectomy in our trial and in EVA-3S was approxi-

mately half that reported in ECST. This reduction in risk probably reflects improved anaesthetic 

and surgical techniques, and improved medical treatment before surgery. The low rate of 

myocardial infarction in our trial is consistent with improved medical treatment before surgery.

Our results are applicable to the current practice of carotid stenting at most vascular centres. 

The participating centres were representative of academic centres with substantial experience 

of treating carotid stenosis and needed to show a high standard of practice before they could 

join the trial. Our results could be criticised in that the experience of the interventionists in 

carotid stenting was less than that of the surgeons in carotid endarterectomy. However, the risk 

of outcome events associated with stenting was lower in inexperienced, supervised centres 

than in more experienced centres (figure 4) and there was no significant difference in the excess 

hazard of stenting compared with endarterectomy between supervised and experienced cen-

tres or between centres recruiting more or less than 50 patients; therefore, inexperience cannot 

explain our results. The EVA-3S trial also showed no differences in the outcomes favouring 

endarterectomy related to the experience of the interventionists or the number of procedures 

done within the trial.5

There are several possible explanations for the excess of non-disabling stroke seen in the 

stenting group compared with the endarterectomy group. Investigators who undertook 

follow-up assessments were not masked to treatment allocation, leading to the possibility 

of ascertainment bias of minor events. A post-analysis audit has confirmed that all but 77 

patients were seen for follow-up by a neurologist or stroke physician, or by research nurses 
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or practitioners supervised by a neurologist, not directly involved in the revascularisation 

procedures. A sensitivity analysis excluding the 77 patients seen for follow-up by a surgeon 

only, provided similar results to those of the full analysis (data not shown), making it unlikely 

that biased reporting affected the results. We were concerned that some short-lived events 

might be missed in surgical patients operated on under general anaesthesia and returned to 

surgical wards, whereas these events might not be missed in endovascular patients treated 

under local anaesthesia. However, this hypothesis is an unlikely explanation of our results, since 

most of the excess non-disabling strokes associated with stents lasted for more than 7 days. The 

conclusion that the excess in non-disabling stroke cannot be explained by bias is supported by 

the results of a blinded MRI subanalysis of this trial.15 This subanalysis showed a significantly 

higher proportion of patients with new ischaemic lesions on MRI in the stenting group than in 

the endarterectomy group (50% vs 17%, adjusted odds ratio 5·21, 95% CI 2·78–9·79, p<0·0001).

The most likely explanation for the excess risk of non-disabling stroke associated with stent-

ing is that it is related to instrumentation of the carotid stenosis, given that most strokes occurred 

on the day of treatment. Selection of patients could be important in keeping the risks of instru-

mentation to a minimum. Future analyses of our trial will investigate anatomical and clinical risk 

factors for procedural stroke, as well as the effects of stent design and protection devices.

Our exploratory analyses suggested that carotid stenting might have a similar risk to end-

arterectomy in women, but that the intervention was more hazardous than endarterectomy 

in men. However, the difference between the hazard ratios comparing stenting with endarter-

ectomy in women and men did not reach statistical significance. The difference seemed to be 

largely explained by a higher risk of outcome events associated with endarterectomy in women 

than in men. The increased risk associated with endarterectomy in women is a consistent 

feature of most large studies and was also seen in the EVA-3S trial,8 in the pooled analysis of 

the major carotid endarterectomy trials,16 and in a systematic review of the published series.17 

Stenting seemed to be more hazardous, and endarterectomy less hazardous, in patients 
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favours carotid endarterectomy (odds ratio for stroke, 
death, or myocardial infarction within 30 days after the 
procedure 1·73, 95% CI 1·29–2·32). One further large 
randomised trial, the Carotid Revascularization 
Endarterectomy vs Stenting Trial (CREST), has completed 
recruitment, but has not yet published any safety data.14

Since CAVATAS was completed, there has been a 
reduction in risk of adverse outcomes associated with 
endovascular treatment, but the risk associated with 
endarterectomy has reduced to a greater extent. The risk 
of stroke, death, or procedural myocardial infarction in 
the stenting group of our trial is similar to the risk 
associated with carotid endarterectomy that was reported 
in the European Carotid Surgery Trial (ECST) in 1998.1 By 
contrast, the risk of stroke, death, or procedural 
myocardial infarction after endarterectomy in our trial 
and in EVA-3S was approximately half that reported in 
ECST. This reduction in risk probably refl ects improved 
anaesthetic and surgical techniques, and improved 
medical treatment before surgery. The low rate of 
myocardial infarction in our trial is consistent with 
improved medical treatment before surgery.

Our results are applicable to the current practice of 
carotid stenting at most vascular centres. The 
participating centres were representative of academic 
centres with substantial experience of treating carotid 
stenosis and needed to show a high standard of practice 
before they could join the trial. Our results could be 
criticised in that the experience of the interventionists in 
carotid stenting was less than that of the surgeons in 
carotid endarterectomy. However, the risk of outcome 
events associated with stenting was lower in in-
experienced, supervised centres than in more experienced 
centres (fi gure 4) and there was no signifi cant diff erence 
in the excess hazard of stenting compared with 
endarterectomy between supervised and experienced 
centres or between centres recruiting more or less than 
50 patients; therefore, inexperience cannot explain our 
results. The EVA-3S trial also showed no diff erences in 

the outcomes favouring endarterectomy related to the 
experience of the interventionists or the number of 
procedures done within the trial.5 

There are several possible explanations for the excess 
of non-disabling stroke seen in the stenting group 
compared with the endarterectomy group. Investigators 
who undertook follow-up assessments were not masked 
to treatment allocation, leading to the possibility of 
ascertainment bias of minor events. A post-analysis 
audit has confi rmed that all but 77 patients were seen 
for follow-up by a neurologist or stroke physician, or by 
research nurses or practitioners supervised by a 
neurologist, not directly involved in the revascularisation 
procedures. A sensitivity analysis excluding the 
77 patients seen for follow-up by a surgeon only, provided 
similar results to those of the full analysis (data not 
shown), making it unlikely that biased reporting aff ected 
the results. We were concerned that some short-lived 
events might be missed in surgical patients operated on 
under general anaesthesia and returned to surgical 
wards, whereas these events might not be missed in 
endovascular patients treated under local anaesthesia. 
However, this hypothesis is an unlikely explanation of 
our results, since most of the excess non-disabling 
strokes associated with stents lasted for more than 7 
days. The conclusion that the excess in non-disabling 
stroke cannot be explained by bias is supported by the 
results of a blinded MRI subanalysis of this trial.15 This 
subanalysis showed a signifi cantly higher proportion of 
patients with new ischaemic lesions on MRI in the 
stenting group than in the endarterectomy group (50% 
vs 17%, adjusted odds ratio 5∙21, 95% CI 2∙78–9∙79, 
p<0∙0001). 

The most likely explanation for the excess risk of non-
disabling stroke associated with stenting is that it is 
related to instrumentation of the carotid stenosis, given 
that most strokes occurred on the day of treatment. 
Selection of patients could be important in keeping the 
risks of instrumentation to a minimum. Future analyses 

Figure 5: Meta-analysis comparing safety of carotid artery stenting with endarterectomy in the recent carotid stenting trials
Odds ratio for any stroke, death, or procedural myocardial infarction within 30 days of treatment in the three recent trials of carotid artery stenting versus 
endarterectomy including only symptomatic patients. Analysis is based on published results of per-protocol data. The large diamond represents the odds ratio and 
95% CI of the combined data. The summary estimate statistic was calculated by use of a Mantel-Haenszel fi xed-eff ect model; the centre of the diamond is the point 
estimate, and its width the 95% CI. EVA-3S=Endarterectomy versus Stenting in Patients with Symptomatic Severe Carotid Stenosis. SPACE=Stent-Protected 
Angioplasty versus Carotid Endarterectomy. ICSS=International Carotid Stenting Study.
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figure 5. Meta-analysis comparing safety of carotid artery stenting with endarterectomy in the recent trials
Odds ratio for any stroke, death, or procedural myocardial infarction within 30 days of treatment in the 
three recent trials of carotid artery stenting versus endarterectomy including only symptomatic patients. 
Analysis is based on published results of per-protocol data. The large diamond represents the odds ratio 
and 95% CI of the combined data. The summary estimate statistic was calculated by use of a Mantel-
Haenszel fixed-effect model; the centre of the diamond is the point estimate, and its width the 95% CI. EVA-
3S=Endarterectomy versus Stenting in Patients with Symptomatic Severe Carotid Stenosis. SPACE=Stent-
Protected Angioplasty versus Carotid Endarterectomy. ICSS=International Carotid Stenting Study.
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without treated hypertension at baseline than in patients with treated hypertension, but the 

reasons remain unclear. However, a systematic review of predictors of stroke and death caused 

by carotid endarterectomy showed a similar increase in risk of stroke or death associated with 

hypertension (HR 1·82, 95% CI 1·37–2·41, p<0·0001) in accordance with our findings.18

Our results suggest that carotid endarterectomy should remain the treatment of choice 

for symptomatic patients with severe carotid stenosis suitable for surgery. Most patients had 

no complications from either procedure. Thus, some patients might still opt for stenting after 

being presented with the available evidence, especially if they have a strong preference for 

avoiding surgery. Since outcomes in the stenting group were similar to those reported after 

carotid endarterectomy in previous trials that compared surgery with best medical treatment 

alone, stenting is also likely to be better than no revascularisation in patients unwilling or 

unable to have surgery because of medical or anatomical contraindications.

The aim of treatment for carotid stenosis is long-term prevention of stroke. The EVA-3S and 

SPACE studies showed little difference between carotid stenting and endarterectomy groups 

in the rates of ipsilateral non-perioperative stroke occurring more than 30 days after treatment, 

but the length of follow-up in these studies was restricted to a maximum of 4 years and 2 years, 

respectively.[7] and [8] CAVATAS had a longer follow-up period and reported a higher 8-year rate 

of non-perioperative stroke in patients who received endovascular treatment (21·1%) than in 

patients who received surgery (15·4%; HR 1·66, 95% CI 0·99–2·80).12 Most of the divergence 

occurred more than 2 years after randomisation, which might be partly explained by a higher 

incidence of restenosis after endovascular treatment than after endarterectomy.19 However, 

CAVATAS included only a small proportion of patients treated by use of a stent, and the long-

term rate of restenosis after stent insertion remains uncertain. Follow-up is therefore continu-

ing in ICSS and further data will become available from the trial in due course.
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This thesis evaluates the results of carotid artery stenting versus surgery in patients with a 

symptomatic carotid artery stenosis. In chapter 1 a review of literature is given.

In chapter 2 the use of Transcranial Doppler sonography before and during CAS is discussed. 

We concluded that it is a safe, non invasive and inexpensive technique. It gives a good impres-

sion of the collateral circulation before the intervention and can delineate a group of patients 

who are at risk for ischemic complications. During the angioplasty blood flow velocity and the 

occurrence of microemboli (HITS) can be monitored continuously. This provides the ability to 

compare different cerebral protection devices and to have some quality control during the 

procedure.

chapter 3 gives an overview of the three different types of cerebral protection devices 

which are used during carotid artery stenting. A stenosis with thrombus is probably best 

treated with a proximal occlusion device. In patients with critical perfusion of the brain a filter 

device might be better tolerated. A 90-99% stenosis may be difficult to pass with a filter device 

and in these cases a distal occlusion device could be preferable. Another option is to perform 

an unprotected predilation so that afterwards a filter can be placed. However, if we should 

use a cerebral protection device and which device is best in which situation still remains to be 

determined.

In chapter 4 we discuss that DW-MRI revealed ischemic lesions are more often after protected 

CAS than after CEA and that most of these lesions do not cause focal neurological deficits. More 

research has to be done to find out what these lesions mean for the patient. Another interest-

ing subject would be the amount of ischemic lesions after protected versus unprotected CAS. 

chapter 5 shows that filters can be a cause of complications. Depending on the design, distal 

filters may cause a pressure gradient and may seriously reduce antegrade flow. This effect is 

marked in perforated membrane filters and almost absent in the wire mesh filter. Whenever a 

filter is in place during a phase of bradycardia and hypotension, it is reasonable to suppose that 

the cerebral blood flow may fall below a critical level. It seems reasonable to include potential 

flow obstruction of the filter as a criterion when selecting a particular protection device, among 

other recognized characteristics, such as emboli capture rate, ease of placement, and utility of 

the filter in various grades of ICA tortuosity.

In chapter 6 we investigate the relationship between fluctuations in plasma adrenaline and 

noradrenaline in patients undergoing CEA or CAS. Although the numbers are small in this study, 

CAS is associated with a significantly less marked catecholamine response than CEA, likely due 

to differing sympathetic nervous system reactions to carotid artery clamping compared to 

carotid sinus stretching during CAS.

Hemodynamic instability after CEA has been linked to surgical mortality and morbidity, 

especially the occurrence of stroke and cardiac complications. Hemodynamic instability has 

also been described after CAS and may have clinical implications. Particular hypotension during 
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CAS is a likely contributing factor in the development of peri- and post-procedural cardiac and 

neurological complications. Therefore there is a need to eliminate hemodynamic instabil-

ity during CAS. Our study in chapter 7 suggests that the prophylactic use of isoprenaline, a 

ß-adrenergic agonist, may help to prevent hemodynamic instability during carotid stenting. 

Future, larger studies are needed to definitively demonstrate the value of this treatment.

In chapter 8 the results of this contemporary study showed that patients with CAS have 

a lower incidence of perioperative myocardial ischemia and troponin T release, compared to 

carotid endarterectomy. More invasive surgery and surgical stress may be associated with 

increased perioperative myocardial ischemia due to a mismatch in myocardial oxygen supply 

and demand. Prolonged myocardial ischemia may lead to myocardial injury that poses the 

patient at subsequent increased risk of cardiovascular events. Therefore, CAS may be superior 

to carotid endarterectomy in the prevention of cardiovascular events.

In chapter 9 the single center results of carotid stenting from 1999-2004 in the Erasmus MC 

were demonstrated. Thirty days after treatment the severe morbidity and mortality was 3.1%, 

which is similar to the results of endarterectomy in the same period. The study also showed on 

obvious learning curve.

In chapter 10 we evaluated the mid-term outcome of carotid stenting in the Erasmus 

Medical Center. During follow-up, the annual risk of mid-term stroke was 0.9%. Four patients 

developed late stroke: two fatal strokes (one haemorrhagic, one unknown origin), one ischemic 

ipsilateral minor stroke on base of in-stent restenosis and one ischemic contralateral minor 

stroke. Three reported a TIA during follow-up. In this selected group of symptomatic patients 

the annual incidence of late stroke was in agreement with other carotid stent studies. Ongoing 

randomised trials will clarify if the incidence of late stroke after carotid stenting is competitive 

to the incidence of late stroke after carotid endarterectomy in symptomatic patients.

In chapter 11 we discussed the results of the International Carotid Stenting Study. Short-

term results show that carotid endarterectomy is safer than carotid stenting in patients with 

symptomatic carotid artery stenosis. Carotid artery stenting is a technique which is continually 

developing. Until today, major improvements have been made in technique and materials, 

which make carotid artery stenting safer. From the randomised clinical trials it can be concluded 

that stenting carries a higher risk than surgery. However, the majority of patients had no com-

plications from either procedure. Carotid endarterectomy should be the treatment of choice 

for symptomatic carotid stenosis suitable for either procedure, but in patients willing to accept 

the increased risk of stenting or patients not suitable for carotid surgery due to medical or ana-

tomical contraindications stenting may still be a viable option. Stenting and endarterectomy 

both have their place as different treatment options for carotid stenosis and should preferably 

complement each other, with advantages of either technique in certain patient subgroups, 

which need to be further identified. Better understanding of the pathophysiology of the cere-

bral perfusion, the plaque morphology, patient selection and the onset of neurological events 

should guide us to better and safer patient care. The use of CEA and CAS as complementary 
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therapies, while optimising medical treatment, will provide the greatest likelihood of minimis-

ing poor patient outcome.
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Dit proefschrift evalueert de resultaten van carotis stenting (CAS) versus carotis endarterïec-

tomie (CEA) bij patiënten met een symptomatische carotisstenose. In hoofdstuk 1 wordt een 

overzicht gegeven van de literatuur.

In hoofdstuk 2 wordt het gebruik van Transcraniële Doppler Ultrasonografie ( TCD) voor-

afgaande aan en gedurende de carotisstent procedure besproken. De techniek is veilig, niet 

invasief en goedkoop. Het geeft een goed beeld van de collaterale circulatie en kan patiënten 

identificeren die een risico hebben op ischemische complicaties. Gedurende de procedure 

kunnen zowel stroomsnelheden als het aantal microemboliën worden gemeten. Dit geeft de 

mogelijkheid om verschillende cerebrale protectie devices met elkaar te vergelijken en is het 

een indirecte maat voor de kwaliteit van de techniek.

Hoofdstuk 3 geeft een beschrijving van de kenmerken van de drie verschillende typen 

cerebrale protectie devices die gebruikt worden tijdens een carotisstent procedure. Een 

carotisstenose met verse thrombus kan mogelijk het beste behandeld worden met proximale 

occlusie. Bij patiënten met een kritische perfusie van het brein zal waarschijnlijk een filter beter 

worden verdragen. Maar een 90-99% stenose kan weer lastig te passeren zijn met een filter 

device zodat in deze gevallen een distale occlusie misschien weer de voorkeur heeft. Een andere 

mogelijkheid is om eerst een predilatatie te verrichten zonder bescherming waarna alsnog een 

filter kan worden geplaatst. Echter internationaal bestaat er nog steeds geen consensus of het 

gebruik van een protectie device werkelijk geïndiceerd is bij carotis stenting en welk device het 

meest geschikt is voor een specifieke laesie.

In hoofdstuk 4 wordt besproken dat er na CAS meer ischemische laesies zichtbaar zijn op de 

DW-MRI dan na CEA. Het merendeel van deze laesies veroorzaakten geen focale neurologische 

uitval. Verder onderzoek zal moeten worden verricht naar wat deze laesies precies betekenen 

en welke gevolgen deze afwijkingen hebben voor de patiënt. Daarbij kan het interessant zijn 

om het aantal ischemische laesies te vergelijken bij CAS met en zonder een protectie device.

In hoofdstuk 5 bespreken we dat filters ook een oorzaak kunnen zijn van complicaties. 

Afhankelijk van het ontwerp kan er een drukverval ontstaan over de filter omdat de flow door 

de filter wordt gereduceerd. Dit effect is het meest aanwezig bij de membraan filters en vrijwel 

afwezig bij een draad filter. Bij het uitkiezen van een protectie device is het te overwegen om 

flow obstructie als selectie criterium toe te voegen aan de al bestaande criteria, zoals permea-

biliteit, gemak van positioneren en bruikbaarheid in tortueuze vaten.

In hoofdstuk 6 onderzoeken we het verschil in adrenaline, noradrenaline en renine pro-

ductie tijdens CEA en CAS. Ook al zijn de getallen klein, tijdens CAS lijkt de catecholamine 

productie duidelijk verminderd. Dit wordt mogelijk veroorzaakt door een verschil in reactie van 

het sympathische zenuwstelsel tussen het afklemmen van de halsslagader en het overstrekken 

van de sinus caroticum tijdens CAS.
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Hemodynamische instabiliteit na CEA is gecorreleerd met morbiditeit en mortaliteit, in het 

bijzonder met het ontstaan van een herseninfarct of cardiale complicaties. Ook bij CAS wordt 

hemodynamische instabiliteit beschreven en dit heeft klinische implicaties. Onze studie in 

hoofdstuk 7 suggereert dat het profylactisch toedienen van isoprenaline, een ß-adrenerge 

agonist, het ontstaan van hemodynamische instabiliteit mogelijk voorkomt. Grotere studies 

moeten de definitieve waarde van deze therapie echter nog aantonen.

In hoofdstuk 8 laten de resultaten zien dat patiënten na CAS een lagere incidentie hebben 

van perioperatieve cardiale ischemie en troponine T release in vergelijking met CEA patiënten. 

Invasive chirurgie en chirurgische stress zijn mogelijk geassocieerd met toegenomen periope-

ratieve cardiale ischemie, door een mismatch in zuurstof vraag en aanbod. Langdurige cardiale 

ischemie kan leiden tot myocard schade waardoor de patiënt een toegenomen risico heeft op 

cardiovasculaire events. Mogelijk is CAS superieur ten opzichte van CEA in het voorkomen van 

cardiovasculaire events.

In hoofdstuk 9 worden de resultaten van carotisstenting van 1999 tot 2004 in het Erasmus 

MC getoond. De ernstige morbiditeit en mortaliteit was 3.1%, wat vergelijkbaar is met de 

resultaten van de operatie in dezelfde periode. De studie laat echter ook een zeer duidelijke 

learning curve zien.

In hoofdstuk 10 worden de middellange termijn resultaten van het Erasmus MC besproken. 

Het risico op het krijgen van een herseninfarct was 0.9% per jaar. Vier patiënten ontwikkelden 

een infarct: twee fatale beroertes (een bloeding, en een onbekende herkomst), een ipsilateraal 

ischemisch klein herseninfarct op basis van een in-stent restenose en een ischemisch contrala-

teraal klein herseninfarct. Drie patiënten kregen een TIA gedurende follow-up. Deze resultaten 

zijn in overeenstemming met de literatuur. Lopende gerandomiseerde studies zullen moeten 

laten zien of carotis stenting op de lange termijn net zulke goede resultaten heeft als een 

endarteriëctomie in symptomatische patiënten.

In Hoofdstuk 11 worden de resultaten van de International Carotid Stent Study gepresenteerd. 

Geconcludeerd kan worden dat voor patiënten met een symptomatische carotisstenose op de 

korte termijn een operatie veiliger is dan een stentplaatsing. Dit is in overeenstemming met andere 

gerandomiseerde studies. Daarbij moet worden opgemerkt dat bij beide procedures maar weinig 

patiënten complicaties hadden. Op dit moment is een carotis endarterïectomie de behandeling van 

keuze bij een symptomatische carotisstenose die geschikt is voor beide technieken. Maar indien 

een patiënt zelf bereid is een hoger risico te accepteren of indien de patiënt niet geschikt is voor 

chirurgie vanwege ernstige comorbiditeit of anatomische contra-indicaties, dan is carotisstenting 

nog steeds een valide keuze. CEA en CAS zijn therapieën die elkaar aanvullen, waarbij elke techniek 

zijn voordelen heeft bij bepaalde patiëntengroepen. Beter begrip van de pathofysiologie van de 

hersenperfusie, plaque morfologie, patiënten selectie en het ontstaan van neurologische uitval zal 

de verdere behandeling van patiënten met een carotisstenose moeten verbeteren. Het gebruik 

van CAS en CEA als complementaire therapieën, met daarbij een optimalisering van de secundaire 

preventie, zal een slechte uitkomst van de behandeling van deze patiëntengroep verminderen.
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