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Surgical carotid endarterectomy (CEA) was long considered the standard ap-

proach for the treatment of atherosclerotic carotid artery disease. This was
based on results of several randomized trials demonstrating its effectiveness
over the best medical therapy. In the past two decades, patients identified high-
risk for surgery were offered carotid artery stenting (CAS) as a less invasive
option. Despite its initial limitations, CAS has evolved into an elaborate method
currently considered to be equivalent and in selected patients even preferable
to CEA. However, outcomes of both procedures are highly operator dependent
and a simple stratifying method to prioritize CAS, CEA or medical therapy only
has not yet been proposed. In addition, recently published randomized trials
highlighted the importance of proper patient selection and rigorous training
contributing to low absolute rates of (procedural) adverse events. This review
discusses the history and evidence for carotid revascularization and briefly pres-
ents technical aspects and innovations in CAS.
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Introduction

Stroke has become the second most common cause of death in indus-
trialized nations and is a major cause of long-term disability worldwide
[1]. Currently, it is estimated that stenosis of the internal carotid artery
may be responsible for up to 15-20% of all strokes or transient ischaemic
attacks [2]. In order to prevent stroke, carotid endarterectomy (CEA) has
been used extensively as a primary option to eliminate both hemodynamic
stenosis as well as the source of cerebral atheroemboli. Over time, carotid
artery stenting (CAS) has emerged as an alternative and less invasive treat-
ment. Importantly, it has been shown that the outcomes of both CAS and
CEA are comparable after 30 days of follow-up [3, 4] and therefore the effi-
cacy and safety of both procedures are particularly dependent on peripro-
cedural results.

Rationale for carotid revascularization

In the early 1950s, DeBakey and Eastcott et al. pioneered the first carotid
endarterectomies [5, 6]. Thereafter, CEA has evolved over the years and
has become a standard for the treatment of atherosclerotic carotid artery
disease.
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Following wide acceptance in the late 1950s, the
number of performed procedures steadily increased
until the mid 1980s, when criticism over inappro-
priate indications and the unacceptable rate of
periprocedural adverse events was reported, requir-
ing better evidence to justify interventions [7].

North American Symptomatic Carotid Endar-
terectomy Trial (NASCET) and European Carotid Sur-
gery Trial (ECST) were the first well-constructed,
multicenter, randomized controlled trials which
found a clear benefit of CEA compared to medical
treatment in patients with high-degree sympto-
matic internal carotid stenosis [8, 9]. In summary,
the benefit was unequivocal in patients with carotid
stenosis of 70% or greater and was proportionate
to severity of stenosis. In patients with 50-69%
stenosis, the benefit was less, albeit still significant.
No benefit from surgery was demonstrated in
patients with less than 50% stenosis.

Unlike symptomatic patients, carotid revascu-
larization is a matter of debate in patients with
asymptomatic stenosis. Asymptomatic Carotid Ath-
erosclerosis Study (ACAS) and Asymptomatic
Carotid Surgery Trial (ACST) trials reported reduc-
tion in estimated 5-year risk of ipsilateral stroke or
any perioperative stroke or death in patients with
carotid stenosis of 60% or greater who underwent
CEA[10, 11]. One should, however, keep in mind that
these studies were performed at times when opti-
mal medical treatment of vascular risk factors was
not available. Currently, it is recommended that
carotid revascularization in asymptomatic patients
with > 70% stenosis should be guided by an assess-
ment of individual risk factors and should include
a thorough discussion of the risks and benefits of
the procedure with an understanding of patient
preferences [12].

Evidence for carotid artery stenting

Percutaneous transluminal balloon angioplasty
for carotid artery stenosis was first reported
by Mathias in 1981 [13]. Despite showing favourable
results, simple balloon angioplasties were associ-
ated with a number of complications such as ves-
sel wall recoil, angiographically evident intimal dis-
section, and plaque dislodgement with particulate
embolization. Immediately after reporting promis-
ing results of stent-supported coronary angioplas-
ties, stents were applied in carotid interventions
and the first series of patients undergoing CAS were
reported [14]. Since 1994, CAS has been investigat-
ed as an alternative treatment to CEA in multiple
randomized studies.

The SAPPHIRE randomized trial specifically
enrolled high-risk patients to compare CEA to CAS
with an emboli protection device (EPD) [15]. The tri-
al was stopped prematurely because of slow enrol-
ment while many potential participants were ex-
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cluded because they were considered to be at
exceedingly high risk for complications if random-
ized to surgery. In patients with symptomatic steno-
sis, the occurrence of primary endpoint (composite
of stroke, myocardial infarction (MI) or death) was
similar (16.8% in CAS vs. 16.5% in CEA). In asymp-
tomatic patients, fewer primary endpoints occurred
after CAS (9.9% vs. 21.5%). The protocol required
the collection of cardiac serum biomarker data for
diagnosis of periprocedural MI, the majority of
which were asymptomatic events.

Stent-protected Percutaneous Angioplasty of the
Carotid vs. Endarterectomy (SPACE) was a non-infe-
riority trial in which 1200 symptomatic patients with
> 50% stenosis were randomized to endarterecto-
my or stenting [3]. The primary endpoint (ipsilater-
al stroke or death within 30 days) occurred in 6.84%
of stented patients and 6.34% of patients under-
going CEA.

In contrast to SAPPHIRE, the Endarterectomy
Versus Angioplasty in Patients with Severe Symp-
tomatic Carotid Stenosis (EVA-3S study) was ter-
minated prematurely due to a significant difference
in the 30-day complication rate favouring carotid
surgery [4]. However, both SPACE and EVA-3S were
criticised because of involving CAS operators with
limited experience (e.g. in EVA-3S only 12 CAS pro-
cedures or 35 stenting procedures in other vessels
were required).

The Stenting versus endarterectomy for treat-
ment of carotid-artery stenosis (CREST) study pub-
lished in 2010 [16] is considered to be the most
informative CAS trial published to date, especially
because only experienced and well-trained opera-
tors were involved. The primary endpoint was
a composite of stroke, Ml or death from any cause
during the periprocedural period (30 days) or any
ipsilateral stroke within 4 years after randomiza-
tion. Overall 2502 symptomatic and asymptomatic
patients were randomized and observed over a peri-
od of 2.5 years. There was no significant difference
in the estimated 4-year rates of primary endpoint
between the stenting and endarterectomy group
(7.2% vs. 6.8%, respectively). Despite the similari-
ty in primary outcome, there were differences in
rates of the component periprocedural events.
Stroke was more frequent with CAS (4.1% vs. 2.3%,
p = 0.01), and MI was more likely after CEA (2.3%
vs. 1.1%, p = 0.03). Although the absolute rates of
either component events were low, it was sug-
gested that the quality of life was impacted signif-
icantly by stroke but not by MI.

Taken together, the results of the so far pub-
lished studies show a lower and in some cases sim-
ilar complication rate for CEA compared with CAS.
In high-volume centres with well-trained operators,
it was shown that CAS can be equivalent in terms
of benefit and complications [17]. However, despite
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the results of SAPPHIRE and CREST trials, the evi-
dence suggesting an optimal treatment method in
asymptomatic patients on optimal medical thera-
py is still limited. Currently, several randomized tri-
als in standard surgical risk asymptomatic patients
are in progress (ACT-1, ACST-2, SPACE-2). Hopeful-
ly, the results of these trials will soon shed some
light into various opinions concerning this state of
the field.

Patient selection

Carotid artery stenting represents one of the
final frontiers for percutaneous endoluminal inter-
vention. Apart from operator training, it is equally
essential to carefully select patients in order to
reach favourable outcomes [18].

Usually, CAS has been offered predominantly to
patients considered high risk for open surgical
procedure [19]. But, over time, a number of articles
have dealt with stroke predictors in relation to
anatomy, lesion characteristics and patient status,
modifying the selection criteria for both CAS and
CEA [20-23]. Tables | and Il summarize high-risk
patient and lesion/approach characteristics.

Particularly, patients with extensive accumula-
tion of scar tissue following previous neck surgery
(including CEA) or irradiation present a surgical chal-
lenge and therefore are considered preferable can-
didates for CAS [24, 25]. It is also problematic to
operate on patients with high carotid bifurcation
(especially lesions located above the second cervi-
cal vertebra) or lesions below the clavicle [26, 27].
On the other hand, difficult arch anatomy and
advanced atherosclerotic changes of the lesion or
alongside the access route might excessively
increase the risk of CAS [28, 29].

One must also be very reserved in indicating
patients with multiple clinical high risk factors,

Table I. Patient-related high-risk criteria

which might influence the patient's long-term prog-
nosis per se despite favourable procedural out-
comes [18, 30]. In such case, the benefit of CAS over
medical treatment must be critically evaluated,
especially in asymptomatic patients.

Most importantly, for many years, advanced age
was considered to be a high risk criterion indicat-
ing less invasive endovascular treatment. Howev-
er, the SPACE and CREST trials proved this concept
to be misleading and favoured patients older than
70—75 years to be better treated with CEA [16, 31].

Technical aspects

The efficacy of CAS in preventing stroke depends
on the ability of the operator to achieve complica-
tion-free results. Meticulous knowledge of the tech-
nigue and its innovations as well as proper selec-
tion of instruments is therefore necessary.

Overall, CAS can be divided into 5 phases — wir-
ing, EPD placement, predilation, stent deployment
and postdilation. The procedure is usually perform-
ed through the femoral access with continuous
monitoring of haemodynamics. Following diagnos-
tic angiography and anatomical evaluation, selec-
tion of proper EPD must be done.

In early reports, predilation of the stenosis (usu-
ally with a 4-mm balloon) was vigorously recom-
mended, suggesting less “scissoring” effect of the
stent struts on plaque [32]. However, later obser-
vational studies proved direct (non-predilated) CAS
to be safe [33, 34], and thereafter predilation has
not been routinely performed in order to minimize
endovascular manoeuvres and the risk of potential
embolization.

Interestingly, there is ongoing debate over supe-
riority of stent designs used. Balloon-expandable
stents have been abandoned because of higher risk
of deformation (external crushing) and covered

Table II. Lesion/approach-related high-risk criteria

CEA-related

History of open heart surgery

Need of open heart surgery within 30 days

History of myocardial infarction

Known multi-vessel coronary artery disease

Left ventricular dysfunction with ejection fraction < 40%

Severe bronchopulmonary disease

Severe renal disease

Contralateral laryngeal nerve palsy

CAS-related

Advanced age (> 70 years)

Prior stroke

Decreased cerebrovascular reserve

CEA-related

Significant contralateral carotid disease

Restenosis after carotid endarterectomy

Prior neck surgery or irradiation

High lesion behind mandible or low lesion that would
require thoracic exposure

CAS-related

Aortic arch type Il or Il

Bovine aortic arch

Aortic arch calcification

Severe calcification or ulceration at the level of the lesion

Ostial lesions

Long lesions (> 15 mm)

High risk of bleeding

Need for predilation
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stents showed a high risk of restenosis [35]. There-
fore, only self-expanding stents are available for
routine CAS. These can be further divided into open-
cell design and closed-cell design stents, which dif-
fer in the size of free cell area between the stent
struts (Figure 1). Whereas closed-cell design stents
have a dense, metallic mesh and thus may provide
more effective plaque coverage, open-cell design
stents are more flexible and conformable due to
a lower number of bridges between the different
rings. Notably, Bosiers et al. found in their non-ran-
domized study that patients (particularly sympto-
matic) who received closed-cell carotid stents exhib-
ited lower risk for subacute neurologic events [36].
However, no randomized trial has yet supported
this hypothesis, while Schillinger et al. [37] did not
show superiority of either type of stent in a large
scale study of 1684 patients treated in 10 European
centres (51% closed-cell stent design).

In current praxis, the choice of the optimal
carotid stent depends mainly on arterial anatomy
and lesion morphology. When treating a tortuous
anatomy, stents with a flexible open-cell configu-
ration are preferred in order to prevent kinking of
the artery either proximal or distal to the stent (Fig-

Figure 1. Schematic view of stent-cell designs: (*) —
closed-cell design vs. (#) — open-cell design
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ure 2). Lesions with suspected high emboligenicity
are best covered with closed-cell design stents.

In the majority of patients, stents need to be
postdilated at the end of the procedure. Residual
stenosis of less than 30% with restoration of nor-
mal blood flow denotes a technically successful pro-
cedure [38]. In rare exceptions, it was shown to be
safe to omit postdilation when optimal expansion
of the stenosis was reached with stent deployment
only [39].

After the intervention, patients are transferred
to a monitored unit and discharged the following
day if no complications occur. Aspirin 100 mg daily
is continued indefinitely and clopidogrel 75 mg dai-
ly is continued for 30 days with a loading dose
administered within 24 h before the procedure.
Ultrasound follow-up is scheduled for 30 days,
6 and 12 months, and then yearly to document con-
tinued patency of the stent.

Protection devices

Despite the improvement of CAS delivery sys-
tems, stents and the technique itself, it is not pos-
sible to completely eliminate the risk of distal
embolization of the atherosclerotic fragments
released during endovascular manipulation. In-
evitably, this must have led to the development of
EPDs.

In 1990, Theron et al. made the first attempt to
eliminate the embolic burden on cerebral circulation
by occluding the distal carotid artery with a balloon
(Figure 3 — panel A) [40]. This balloon contained
embolic material, released during the intervention,
within the proximal blood column. This was subse-
quently aspirated (or flushed into the external
carotid artery) before re-establishing the flow.

By far the most widely used EPDs are based on
distal filter placement (Figure 3 — panel B). The in-
herited advantage of the filter systems compared
to the occlusion systems is the possibility to pre-
serve blood flow and directly visualize the lesion
during treatment. Although the use of a filter makes
intuitive sense, the evidence that it actually reduces
the incidence of stroke during CAS was repeatedly
questioned. Interestingly, despite not being pow-
ered for such analysis, the ACCULINK for Revascu-
larization of Carotids in High-Risk Patients (ARCHeR

!

Figure 2. Schematic view of internal carotid artery
kinking distal to the stent
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Figure 3. Schematic review of emboli protection devices. Guidewire threaded through stenosis of internal carotid
artery in all panels. Panel A—distal balloon occlusion device. Panel B —distal filter protection device. Panel C - prox-
imal protection device with distal occlusion balloon (smaller) inflated in external carotid artery and proximal occlu-

sion balloon (larger) inflated in common carotid artery

trial) failed to show a difference in 30-day stroke
rates between the first phase (in which no EPDs
were used) and the rest of the study [41]. Howev-
er, several observational studies reported improved
outcomes during protected CAS [42-44] and cur-
rent guidelines suggest that EPD deployment dur-
ing CAS can be beneficial to reduce the risk of
stroke [45].

Promising means of protection against stroke
are proximal protection systems (Figure 3 — panel
(Q), which avoid the need for lesion crossing. Inflat-
ing a proximal balloon in the common carotid artery
and distal balloon in the external carotid artery
allows for flow reversal or flow arrest within the
internal carotid artery with the possibility to with-
draw debris during intervention. These systems are
rapidly gaining popularity for several studies have
reported on very low rates of complications [46—
48]. It is believed that the results of CAS could even
be improved with broad acceptance of proximal
protection systems.

Imaging techniques (transcranial Doppler
and magnetic resonance imaging)

Because adverse events of carotid revascular-
ization are relatively sparse, clinicians have been
seeking other means of monitoring the embolic
load on the cerebral circulation. Such surrogates
are transcranial Doppler (TCD) and magnetic reso-
nance imaging (MRI).

Transcranial Doppler monitoring uses a dedicat-
ed Doppler probe, which is fixed to the head by
a frame. This allows for continuous online moni-
toring of the middle cerebral artery flow distur-
bances as well as detection of microembolic signals
(MES). These high intensity transient signals (HITS)
are observed during both CAS and CEA and repre-
sent plaque debris/thrombus fragments dislodged
during intervention or air emboli (typically observed
during plain angiography).

Magnetic resonance imaging sensitively detects
ischaemic areas resulting from occlusion of distal

intracranial arteries. Enhancement techniques such
as diffusion-weighted MRI (DWI) can detect diffu-
sion abnormalities present in brain areas with acute
ischaemia, thus making MRI the most sensitive
technique for detection of ischaemic areas currently
available.

Although multiple MES are detected during CAS
by TCD and occasionally paralleled by new ischaemic
brain lesions on DWI, the majority of patients remain
clinically silent [49]. Therefore, the concept arises
that the brain has sufficient resistance to clear the
majority of these emboli. Ackerstaff et al. reported
that this resistance can be broken by high embolic
load within a short time (e.g. successive showers of
emboli during postdilation) or by a macroembolus
(embolic signal immediately followed by marked
attenuation of MCA flow) [50].

Most importantly, TCD and MRI have proved that
EPDs can effectively counteract MES and DWI lesions
[48, 51, 52]. Interestingly, while proximal protection
devices significantly reduce the MES count (espe-
cially during flow arrest or the flow reversal period)
[53], filter-type protection devices result in an in-
creased number of TCD-detected emboli. A theo-
retical explanation is that a macroembolus is pro-
pelled into the filter and subsequently disintegrated
into smaller particles which can pass through the
micropores, thereby leading to an increase in the
number of microemboli. The filters typically retain
fragments larger than the pore size of around
100 pm but allow passage of smaller particles. This
accounts for the lower number of macroemboli
found compared to unprotected CAS [54].

In summary, despite failure to show a clear-cut
correlation between embolism and neurological
sequelae, these imaging techniques provide clini-
cians with important feedback and are essential for
research purposes.

Conclusions

Carotid artery disease is an important contribu-
tor to stroke which carries high risk of morbidity
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and mortality. It has been repeatedly shown that
patients with significant carotid artery disease prof-
it from interventional therapy, especially if symp-
tomatic. Carotid endarterectomy has long been con-
sidered to be the standard for treatment, while
patients unsuitable or unfit for CEA were offered
CAS as an alternative method. Despite slow accept-
ance, CAS has evolved into an elaborate technique
considered to be equivalent to CEA in experienced
hands. In addition, it is believed that the results of
CAS could even improve with the broad acceptance
of proximal protection devices. Therefore, the option
of CAS should always come to the mind of all physi-
cians involved in care of patients suffering from
stroke or having significant carotid artery disease.
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