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Abstract
Aims: The aim of the present study was to evaluate the outcome of carotid artery stenting (CAS) in a single, 
high-volume centre of a single operator and to analyse the circumstances under which complications occur. 
Recent trials comparing CAS with carotid endarterectomy demonstrated controversial results. The low expe-
rience of interventionists in performing CAS was a major limitation of these studies. The number of proce-
dures needed to achieve optimal skills is unknown.

Methods and results: From May 1997 until April 2010, 1,004 patients with symptomatic or asymptomatic 
carotid artery stenosis underwent CAS by a single operator. A cerebral protection device was in mandatory 
use since 2000. In-hospital complication rates were defined as the cumulative rate of death, myocardial 
infarction or stroke. Procedural success was achieved in 97.77% of patients. The perioperative complication 
rate was 1.69% including 0.2% deaths, 1.1% patients with minor stroke, 0.4% patients with major stroke. In 
88% (15 out of 17) of the patients with complications, unfavourable anatomical or procedural factors could 
be identified. After the first 100 CAS performed,the complication rate was at 3% and significantly decreased 
to 1% after more than 500 procedures. Patients ≥ 80 years had a significantly higher complication rate.

Conclusions: In a high-volume experienced centre, the in-hospital complication rate is low. Complications 
occurred almost exclusively in patients with unfavourable anatomical or procedural characteristics and seem 
to be avoidable in most patients. A learning curve was observed up to 500 procedures. Elderly patients have 
a higher complication rate.
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Introduction
Stroke is the third leading cause of death in industrialised countries 
and the major cause of functional impairment1. Most strokes are 
ischaemic, caused by atherosclerotic emboli from the carotid artery.

The incidence of asymptomatic relevant stenosis of the carotid 
artery increases in older age and is found in 5-10% of persons 
>65 years2. The annual risk of stroke is between 1-4% in patients 
with asymptomatic stenosis and correlates with the degree of steno-
sis3,4. In symptomatic patients, the risk of stroke is higher with 30% 
within three month after a transient ischaemic attack (TIA)5.

Carotid endarterectomy (CEA) has been established as the pre-
ferred treatment to prevent stroke for symptomatic and asympto-
matic patients with significant stenosis of ≥50% compared to 
medical therapy6-8. The treatment is only effective if the periopera-
tive risk of death and stroke does not exceed 3% in asymptomatic 
and 6% in symptomatic patients9,10.

In the last 10 years carotid artery stenting (CAS) has emerged as a 
less invasive alternative to surgery. Four large randomised controlled 
trials have compared the effectiveness and safety of CAS with CEA. 
Three of these trials have enrolled only symptomatic patients11-13, 
whereas the most recently published study included symptomatic as 
well as asymptomatic patients14. In the EVA-3S and in the ICSS tri-
als, CAS was significantly inferior to CEA12,13, in the SPACE study11, 
the non-inferiority endpoint was not met. In all three studies there 
were obvious reasons for the worse outcome in the CAS group. For 
instance, cerebral protection was only used optionally. Most impor-
tantly, however, the majority of the interventionists were inexperi-
enced. Only five to 10 procedures were required in order to participate 
in the studies. In contrast to these trials, in the CREST study14, cere-
bral protection was mandatory and the interventionists had to undergo 
a training phase before they could enrol patients in the randomised 
trial. As a consequence, CREST is the first large randomised trial 
which showed no difference in the 4-year outcome between both 
treatment modalities (periprocedural stroke, myocardial infarction, 
death or any ipsilateral stroke within four years after randomisation 
7.2% for CAS and 6.8% for CEA).

In contrast to CEA, CAS is a relatively new interventional proce-
dure which is still under development and is unavoidably per-
formed by a significant number of inexperienced interventionists. 
The learning curve for CAS has been evaluated in single centres 
and for single operators. To reach a threshold of 3-5% for peripro-
cedural major adverse cardiac and cerebrovascular events 
(MACCE), 70-100 procedures were necessary15,16. Whether the 
MACCE rate could be further decreased by increasing the number 
of procedures per operator has never been analysed.

The purpose of the present study, therefore, was:
–  to analyse the procedural outcome in a large cohort of patients in 

a single, high-volume centre using state of the art techniques by a 
single operator, and to describe the reasons for treatment failures

–  to evaluate the number of procedures needed by a single operator 
to achieve the optimal skills (individual learning curve)

–  to identify subgroups of patients at high risk for procedural 
complications.

Methods
PATIENTS
Between May 1997 and April 2010, 1,004 consecutive patients with 
carotid artery stenosis underwent carotid artery stenting (CAS).
The indications were:
–  Stenosis ≥60% of the luminal diameter by angiography for symp-

tomatic patients.
–  Stenosis ≥80% of the luminal diameter by angiography for 

asymptomatic patients.
Contraindications were:
–  Complete occlusion of the carotid artery.
–  Floating thrombus in the lesion.
–  Vascular disease precluding use of a catheter-based technique.
–  ≥ 80% intracerebral stenosis of the target vessel.
–  Ischaemic stroke within 48 hours.

The indication was confirmed by an independent neurologist, 
who examined the patients before and within 24 hours after the pro-
cedure. Written informed consent was obtained from each patient. 
The demographic data of the patients are summarised in Table 1.

Table 1. Patient demographics.

Patient without 
MACCE * (n=987)

Patient with MACCE  
(n=17)

p value

Age (y) (mean ± SD) 67.4±9.4 70.3±9.4  n.s.

Age ≥80   7.3% (n=73) 17.6% (n=3) n.s.

Age ≥75 22.3% (n=224) 29.4%  (n=5) n.s.

Male 68.2 % (n=681) 52.9%  (n=17) n.s.

Asymptomatic stenosis 66.1% (n=645) 76.5% (n=13) n.s.

Symptomatic stenosis 33.9%  (n=331) 23.5% (n=4) n.s.

Amaurosis fugax                                              (n=79)

Stroke                                                  (n=83)

TIA                                                              (n=130)

Diabetes mellitus 24.1%  (n=237) 27.7%  (n=5) n.s.

Arterial hypertension                        84.5%  (n=834) 76.4%  (n=13) n.s.

Hyperlipidaemia 79.5%  (n=785) 88.2% (n=15) n.s.

Current smoker 24.1% (n=237) 0% p< 0.05

* MACCE: major cardiac and cerebrovascular events

PROCEDURE
The intervention was performed under local anaesthesia via the 
femoral artery. A long sheath was positioned in the common carotid 
artery below the bifurcation and 5000 IU of heparin and 0.5 mg of 
atropine were given. A cerebral protection system was in mandatory 
usage since its availability in 2000, and was either an occlusive 
protection device which blocks the blood flow in the target vessel 
during the procedure, or a filter.

In case of a ≥95% stenosis (according to the NASCET criteria), 
the lesion was predilated followed by the implantation of a self-
expending stent and a postdilatation according to the diameter of 
the vessel. Upon conclusion of the procedure intracerebral angio-
grams were obtained in two perpendicular projections. Patients 
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were monitored for at least 24 hours and underwent neurological 
examination before discharge. Dual antiplatelet therapy was given 
for four weeks.

DEFINITIONS
Patients were considered as “symptomatic” if they had an ipsilat-
eral neurological ischaemic event within the last six months.

“Procedural success of carotid artery stenting” was defined as 
residual stenosis ≤ 30% and the absence of complications.

“The in-hospital complication rate” was defined as the in-hospi-
tal cumulative rate of death, myocardial infarction or stroke.

“Stroke” was defined as a new neurological deficit lasting longer 
than 24 hours. “Minor stroke” was defined as a neurological deficit 
which dissolves completely within 30 days, or did not lead to 
impairment in daily activities as judged by the independent neu-
rologist. “Major stroke” was defined as a persistent neurological 
deficit leading to impairment in daily activities as judged by the 
independent neurologist.

“Myocardial infarction” was defined as ≥3 fold CK-increase 
combined with ECG-abnormalities or typical symptoms.

“String sign lesions” were defined as pre-occlusive with a mini-
mal length of 20 mm.

“Lesion eccentricity” was defined as the eccentricity index >0.7. 
The maximal (A) and minimal wall thickness (B) were measured on 
cross-sectional images. The eccentricity index was calculated using 
the following formula: (A – B)/A.

“Calcification of the target lesion” was defined as positive if 
angiographically visible.

“Restenosis” was defined as ≥80% stenosis and ≥50% in the 
treated segment (the stent plus 5 mm on either side of the stent) for 
asymptomatic and symptomatic patients, respectively.

“Major adverse cardiac and cerebrovascular events (MACCE)” was 
defined as myocardial infarction, major or minor stroke, or death.

STATISTICS
Continues variables are expressed as mean ± SD, categorical vari-
ables as count and percentages. Group comparisons were made 
using chi-square test, the ANOVA-test, and the Bonferroni´s Multi-
ple Comparison test, respectively. A p<0.05 was considered as sta-
tistically significant. Multivariate logistic regression analysis was 
performed to identify independent predictors for MACCE. All sta-
tistical analyses were performed using the PRISM 3.0 and SPSS 
version 15.0. statistical software.

Results
PATIENT DEMOGRAPHIC AND CLINICAL DATA
The demographic characteristics of the patients with and without in-
hospital complications are summarised in Table 1. The mean age was 
67.4 years, 68.2% were male, 7.3% were ≥80 years. One-third of the 
patients had symptomatic carotid artery stenosis, 24.1% were diabet-
ics. The lesion characteristics are shown in Table 2, the procedural 
data are presented in Table 3. The procedural success rate was 97.8%. 
Those patients in whom the procedure failed were sent to surgery.

Table 2. Lesion characteristics.

Target lesion % diameter stenosis  85.6±7.7%

 in symptomatic patients  85.6±8.9%

 in asymptomatic patients  85.6±8.5%

Unilateral lesion  73.1%

De novo lesion 95.6%

Restenosis  4.3%

Target lesion length (mm)  14.9±6.9

Lesion eccentricity  83.9% 

Calcification  55.6% 

Ulceration  41.5%

Thrombus present  4.0%

Table 3. Procedural characteristics.

Procedural success rate 97.8%

Cerebral protection system  87.3 % (since 2001)

Duration of procedure (min) 39±22

Length of stay of the cerebral 
protection system (sec) 377±441

Length of stent (mm)  34.5±7.5

Predilatation 40.2%

PERIPROCEDURAL COMPLICATIONS
The overall in-hospital complication rate was 1.69% (n=17), 
including 11 (1.1%) patients with minor, four (0.4%) patients with 
major stroke, and two (0.2%) deaths (Figure 1). The complication 
rate was not significantly different for symptomatic (1.1%) as com-
pared to asymptomatic patients (2.0%; p=0.18, 95% CI 0.99-1.02) 
(Table 4). In six patients, complications occurred intraprocedural; 
in 12 patients, complications presented postprocedural before dis-
charge (Table 4). Out of the 17 patients who experienced a compli-
cation in 16 the reason could be analysed (Table 5).

One patient died due to a major stroke followed by a myocardial 
infarction. This patient was planned for coronary bypass surgery. 
The second patient who died experienced a hyper-perfusion syn-
drome, with huge intracerebral bleeding within 24 hours after stent-
ing of a 99% carotid artery stenosis.

17 (1.69%)

2 (0.2%)

11 (1.1%)

4 (0.4%)

1 (0.1%)

overall
complication rate

death minor stroke major stroke myocardial
infarction (fatal)
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Figure 1. Number and percent of patients with in-hospital complications.



n

823

Carotid artery stenting: learning curve
EuroIntervention 2

0
11

;7
:820-827

Circumstances associated with strokes in the remaining 
14 patients were (Table 5):
–  Subacute stent-thrombosis due to proven complete clopidogrel 

resistance in one patient.
–  Slow flow through the filter due to debris, which was not aspi-

rated before retrieval in two patients (Figure 2).
–  String sign stenosis and/or severe tortuosity of >180° in five 

patients (Figure 3, typical example of a string sign stenosis).
–  Massive ulcerated plaque in a 95% stenosis in one patient (Figure 4).
–  High grade long tandem stenosis in one patient.
–  Type III aortic arch in two patients with no access to the target 

vessel (right internal carotid artery) in one patient.
–  In two patients, there were no obviously unfavourable anatomical 

or procedural reasons that could be identified as responsible for 
the complications.

MULTIVARIATE LOGISTIC REGRESSION ANALYSIS
To identify independent predictors for MACCE, a multivariate 
logistic regression analysis was performed including the follow-
ing patient and lesion characteristics: age, gender, symptom sta-
tus, hypertension, diabetes mellitus, dyslipidaemia, lesion 
length, -severity, -ulceration, -eccentricity, -calcification, and 
-thrombi. None of these factors were significantly associated 
with MACCE.

LEARNING CURVE
The in-hospital complication rate in the first 100 patients was 3%. 
This complication rate was reduced significantly to 1% after 
500 patients (p<0.05, 95% CI 0.05-3.94), Figure 5.

Figure 2. Slow flow phenomenon due to debris after implantation of 
a stent in the internal carotid artery. Inserted pictures demonstrate 
the debris captured by the filter.

Table 4. Periprocedural complications.

Overall complication rate 1.69% (n=17)

 Death 0.2% (n=2)

 Stroke 1.5% (n=15)

 Major stroke 0.4% (n=4)

 Minor stroke 1.1% (n=11)

 Myocardial infarction  0.1% (n=1, which was fatal)

Temporal distribution of MACCE

 Intra-procedural 35.3% (n=6)

 Postprocedural# 64.7% (n=12)

 Complication rate

 in symptomatic patients 1.0% (n=4)

 in asymptomatic patients 2.0% (n=13)

 age ≥80 y 4.1% (n=3)*

 age <80 y 1.5% (n=14)

 age ≥70 y 2.0% (n=9)

 age <70 y 1.4% (n=8)

#: from procedural completion to discharge  *p<0.05 compared to 
patient <80 years of age

Table 5. Circumstances associated with adverse outcome.

No. of 
patients

Circumstances 
associated with adverse 

outcome
Adverse outcome

1 Not known Major stroke

1 Severely calcified 95 % ICA 
Stenosis, contralateral 
Occlusion of the ICA

Death due to cardiogenic 
shock

1 Subtotal ICA occlusion Death due to 
hyperperfusion syndrome 
with massive 
intracerebral bleeding 

1 Subacute stent thrombosis 
due to clopidogrel 
resistance

Major stroke

2 Slow flow through filter due 
to debris

2 Minor strokes

5 String sign and/or severe 
tortuosity of > 180° 

3 Minor strokes,  
2 Major strokes

1 Massive ulcerated plaque in 
95 % stenosis

Minor stroke

1 High grade long tandem 
stenosis

Minor stroke

2 Type III aortic arch 2 Minor strokes 

2 No obvious unfavourable 
anatomical or procedural 
reason

2 Minor strokes
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Figure 3. String sign lesion (arrow) of the internal carotid artery.

Figure 4. Massive ulcerated plaque (arrow) in a 95 % stenosis of the 
internal carotid artery.

Figure 5. Learning curve.
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SUBGROUP ANALYSIS
In the subgroup of patients ≥80 years compared to younger patients, 
the complication rate was significantly higher (4.11%vs. 1.5%, 
p=0.04, 95%, CI 0.10-1.26).

DISCUSSION
The main findings of the present study are:
–  a procedural success rate of 98%
–  a low complication rate of 1.7% compared to randomised trials
–  unfavourable anatomical or procedural factors were seen in 88% 

of the patients who had in-hospital complications
–  the learning curve for a single interventionist flattening out after 

500 procedures
–  a significantly higher complication rate in patients ≥80 years.

The procedural success rate in this single centre series of patients 
is in the same order of magnitude as described in randomised tri-
als11-14. The in-hospital complication rate of the present study is 1.7%. 
Compared to the 30-day complication rate found in randomised trials 
(between 5.2% and 9.6%), this is considerably lower. It is evident 
from the literature that the difference between the in-hospital compli-
cation rate, as assessed in the present study, and the 30-day complica-
tion rate, studied in randomised trials, is very small, 80 to 90% of the 
30-day complications occurred before discharge17,18.

One reason for the lower complication rate in the present study 
may be the routine use of cerebral protection devices in our patients, 
when technically feasible. Although the role of cerebral protection 
has not been evaluated in controlled randomised trials, meta-analy-
ses have shown a risk reduction by 40%19. Another reason for the 
low complication rate in the present registry may be the high opera-
tor experience, which could be gained over a time period of more 
than 10 years. Centres with similar experience have comparable 
complications rates20,21.

In randomised trials the complication rates among intervention-
ists of different training levels were not different11-13. In these trials, 
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the definition of skill was arbitrarily set at 25 procedures, which is 
not based on scientific data. Other investigators have shown that 
skill set for CAS continues to increase beyond 25 procedures. 
Verzini et al23, for instance, found a stable risk-rate for major 
stroke of less than 2% only after 195 procedures. Similarly, Lin et 
al24 reported a significant reduction in the stroke and death rate 
after 150 procedures; a similar learning curve was also seen in 
another large registry21. In the CASES-PMS study22 a comprehen-
sive learning program was needed to gain an acceptable safety 
and efficacy outcome, which was further supported by a meta-
analyses of different case series. In active carotid artery stenting 
units it took almost two years before the stroke/death rates fell 
below 5%23. The present learning curve for periprocedural com-
plications (death, major and minor stroke, and myocardial infarc-
tion) flattened only after 500 procedures, resulting in an overall 
complication rate of 1%.

We decided to analyse under which circumstances the procedure 
failures occurred and how they influenced the learning process. 
A detailed analysis of the patients who experienced an in-hospital 
complication revealed unfavourable anatomical or procedural char-
acteristics in almost 90% of these patients. In retrospect, most of the 
complications seemed to be avoidable, there was no obvious ana-
tomical or procedural risk factors present in only two out of the 
14 patients who suffered a stroke.

In two other patients with stroke, a slow flow through the filter 
was observed, and no aspiration was performed. This happened at 
the very beginning of our filter experience (January and February 
2000). After this finding, we started to aspirate the debris in this 
particular situation, as reported in the literature24 and never saw a 
similar stroke-event.

In five patients, a string sign stenosis and severe tortuosity, 
a well-known high risk lesion for CAS, had been treated with a 
filter protection system. After this bad experience, we never 
touched an asymptomatic lesion like that again, and started using 
a proximal protection system for symptomatic patients which has 
been shown to be associated with low complication rates27. The 
same is true for patients with massive ulcerated plaques and long 
tandem stenosis, where a large amount of debris may exceed the 
capacity of a filter.

Another constellation prone to higher risk is a type III aortic 
arch, which was present in two of our patients with complications. 
Although we prefer long flexible sheaths in most cases, in patients 
with type III arches we have used guiding catheters since we real-
ised that the access to the carotid artery is much easier and faster, 
and thus never experienced an adverse event again.

In patients ≥80 years as compared to younger patients we 
observed a significantly higher complication rate, which is also 
described in the literature18,25. Based on other, as well as our own 
experience, elderly patients are more likely to have tortuous ves-
sels, more complex aortic arches, and complex carotid lesions26.
Those patients seem to do better with CEA14, although it remains to 
be proven whether the complication rate after surgery falls below 
4%, as achieved in our registry.

Clinical implications
In-hospital complications after CAS are mainly seen in patients 
with unfavourable anatomical or procedural characteristics. For 
those colleagues who want to start a CAS program, a possible rec-
ommendation might be to not treat these specific complex patients 
at first due to the long duration of the learning curve as observed in 
our study. In addition, it is important to take into account the differ-
ent strategies that we described above which may be helpful to pre-
vent these complications.

Limitations
This is a single centre and single operator retrospective evaluation, 
which is valuable but scarcely applicable in most centres. Moreo-
ver, data on in-hospital complications, and not on 30-day complica-
tions, are given.

Conclusions
The present study results suggest that CAS is an effective and safe 
alternative to CEA when performed in high-volume, experienced 
centres with complications occurring almost exclusively in 
patients with unfavourable anatomical or procedural factors. 
These complications seem to be avoidable in the majority of 
patients, however, elderly patients were seen to have more in-
hospital complications. A flattening of the learning curve was 
observed only after 500 procedures, when a favourable complica-
tion rate of 1% was observed.
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