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ARTICLE INFO ABSTRACT

Carotid stent angioplasty (CAS) has been shown to protect patient from future stroke long-
term efficacy similar to carotid endarterectomy (CEA). The risk of minor stroke in the
perioperative period is higher than with CEA and not related to cerebral protection during
the CAS procedure since a significant portion of the neurologic events occur between 1 and
30 days following stent deployment. This observation suggests mechanisms integral to the
stent itself may be pertinent such as plaque embolization thru the stent struts may occur.
It appears that this embolic risk can be reduced by use of specific carotid stent designs that
include a mesh covering to minimize the open struts areas and thus embolization through
the carotid stent. Improvements in stent design that eliminate post-procedural debris
embolization will expand the application of CAS for severe internal carotid artery
atherosclerotic stenosis.

© 2017 Published by Elsevier Inc.

1. Introduction 2. Background

After a decade and a half of clinical studies on carotid Treatment for internal artery carotid stenosis can effectively

stenting, several factors have become clear. Both carotid
artery stenting (CAS) and carotid endarterectomy (CEA) pro-
tect the patient from stroke over the long term [1,2]. However,
in the perioperative period, the risk of stroke, especially
minor stroke, is higher with stenting and often presents in
a delayed fashion. That is, a significant portion of neurologic
events occur between 1 and 30 days after stent placement,
long after the cerebral protection device has been removed
[3-5]. This appears to be a failure of the carotid stent itself.
The morphology of the plaque changes after stent insertion
and there is a risk of cerebral embolization through the struts
of the stent. Mesh-covered carotid stents have been devel-
oped to address this issue [6-8].
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reduce the incidence of stroke, especially in correctly identified
at-risk patient groups. Efficacy of CEA depends predominantly
on a patent’s symptoms, age, and sex. In its most effective
setting, in symptomatic men, CEA has an absolute risk reduction
for an ipsilateral event of 30.2% over 5 years [2,9]. CEA has
remained the procedure of choice for the majority of patients for
the last few decades. CAS is a more recently developed and less
invasive therapy than CEA. However, there is a higher risk of
stroke associated with CAS when compared with CEA, frequently
relegating CAS to only patients too ill to undergo CEA or with
contraindications to CEA [3,9-11]. Making CAS safer, especially
with respect to minor strokes in the perioperative period, is
required to make CAS a more broadly applicable therapy.
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Stroke rates between 30 days and up to several years are
comparable between CEA and CAS. Procedurally CAS has a
tangible benefit with an experienced operator and can avoid
some of the potential complications of CEA, such as cranial
nerve palsies and wound complications. It has been effectively
shown in the Carotid Acculink/Accunet Post-Approval Trial to
Uncover Unanticipated or Rare Events (CAPTURE) 2 trial that
patient volume is inversely related to death and stroke events
with CAS [12]. CAS also has a lower rate of myocardial infarction
(MI) than CEA does, making CAS an option to consider in some
patients [3,13-15]. Here we focus on a potential cause for
concern related to current carotid stent design and the stroke
risk posed by cerebral embolization through the stent. Could a
mesh-covered carotid stent reduce this risk?

3. Trials that established current
endarterectomy guidelines

To understand the current standard, one must look at CEA
guidelines and how they were created. The risk reduction, and
hence benefit, to intervention on carotid stenosis is different by
sex, age, and percent stenosis, but most importantly by
symptomatic status. Individuals with symptoms of carotid
disease within the previous 6 months are defined as sympto-
matic patients. Patients with a more remote history of symp-
toms or none at all, are defined as asymptomatic [9,10,16]. A
group of well-known trials established our current guidelines
for intervention. The European Carotid Surgery Trial (ECST)
enrolled more than 3,000 symptomatic patients and was
published in 1998. They concluded that surgical intervention
should be done in patients with carotid stenosis >80% for an
absolute risk reduction of 11.6% of major disabling ischemic
event over 3 years. There was some benefit with stenosis from
70% to 79%, but not enough to include this in their recom-
mendations [17]. The North American Symptomatic Carotid
Endarterectomy Trial (NASCET) enrolled more than 2,200
symptomatic patients and was also published in 1998. Their
findings were similar to ESCT, but they recommended inter-
vention for symptomatic patients with stenosis >70%. Patients
with stenosis 50% to 69% saw a smaller benefit and those with
<50% saw no benefit with surgical intervention [16]. The
Asymptomatic Carotid Atherosclerosis Study (ACAS) enrolled
more than 4,500 asymptomatic patients, comparing maximum
medical management alone to medical management plus
endarterectomy in patients with carotid stenosis. Patients with
at least 60% stenosis had half the risk of stroke or death over a
5-year period when treated with carotid repair plus medical
management as compared with patients managed nonoper-
atively [18]. These trials helped to create our current guidelines
for intervention on carotid stenosis. It is imperative to note two
significant things here. These trials are all nearly 20 years old
and the trials that best established the use of endarterectomy
were performed before the development of carotid stenting.

4. Results with carotid stenting

The most prominent contemporary carotid therapy trial is
the Carotid Revascularization Endarterectomy Versus

Stenting (CREST) trial. CREST was a randomized trial pub-
lished in 2010 comparing CEA and CAS, composed of more
than 2,000 patients in the United States and Canada. Symp-
tomatic patients with stenosis >50% on ipsilateral angiog-
raphy or >70% by duplex ultrasound were included.
Asymptomatic patients were included if they had >60%
stenosis by angiography or >70% by ultrasound. Among
asymptomatic patients, there was no significant difference
in risk for minor stroke, major stroke, or death with either
CEA or CAS. There were more minor strokes after CAS than
CEA (12 v 6 events). For symptomatic patients, however, there
was an increased risk of minor stroke and death with CAS.
Symptomatic patients had twice as many MIs with CEA
versus CAS, however the difference was not statistically
significant (P = .083). Restenosis rates did not differ by
treatment arm or by symptom status. Additionally, CEA was
associated with more cranial nerve palsies and wound
complications, although the majority of nerve palsies
resolved within 6 months [3,15,19].

The International Carotid Stenting Study (ICSS) evaluated
stenting and endarterectomy for symptomatic carotid steno-
sis with a subset utilizing magnetic resonance imaging (MRI)
analysis for 231 patients. An MRI was performed 1 to 7 days
before treatment and again 1 to 3 days after treatment. Half of
CAS patients had at least one new lesion post intervention
compared with only 17% of CEA patients. In patients who had
a symptomatic ischemic hemispheric stroke, the median
lesion total volume was larger by diffusion-weighted imaging
(DWI) at 9.4 mL compared with asymptomatic lesions at 0.12
mL, making symptomatic lesions 78 times larger than asymp-
tomatic ones. In both symptomatic and asymptomatic
groups, stented patients comprised a majority. Protection
devices used in the stented group were not found to be
effective [5].

The CAPTURE trial was a prospective study that evaluated
high-risk surgical patients. Symptomatic patients with >50%
stenosis and asymptomatic patients with stenosis >80%
were enrolled. The primary endpoint was stroke, MI, or death

Table 1 - Timing of carotid artery stenting—related

strokes or new diffusion-weighted imaging lesions in
clinical trials.

Timing of stroke or development of a new MRI lesion after n
CAS
Crest [15]
Day 0 29
Day 1to 7 10
Day 8 to 30 9
Bosiers [4]
Day 0 29
Day 1 to 30 61
ICSS-MRI lesions [5]
Day 0 NA
Day 1 62
Day 2 to 30 28

Abbreviations: CAS, carotid artery stenting; ICSS, International
Carotid Stenting Study; MRI, magnetic resonance imaging; NA,
not applicable.
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within 30 days post-procedure. Predictors of adverse events
were found to be symptomatic status, older age, predilation
before endovascular protection device placement, shorter
time from symptoms to CAS, and the use of multiple stents.
Predictably, younger and asymptomatic patients had better
outcomes with CAS [20].

A recent meta-analysis composed of 20 studies was per-
formed by Gargiulo et al [21] comparing new MRI-detected
cerebral lesions after CAS versus CEA. Stroke and transient
ischemic attack were included as secondary endpoints. CAS
was associated with more than three times as many DWI
lesions (40.3%) when compared with CEA (12.2%) with an
odds ratio of 5.17 (95% confidence interval, 3.31-8.06;
P < .001). The secondary endpoints of stroke and transient
ischemic attack were also higher with CAS with an odds ratio
of 2.02 (95% confidence interval, 1.14-3.55; P = .02) [21].
Regardless of the long-term deficits with the cerebral ische-
mic events, their higher occurrence with CAS is concerning.

Additionally, the timing of the events after CAS suggests a
substantial number of events occur in a delayed fashion, well
after the stent has been placed and the protection device
removed. During the CREST trial, 40% of cerebral events
occurred beyond 24 hours after stent placement. In a
Belgian-Italian Registry of >3,000 stent patients, Bosiers
et al [4] found that two-thirds of the periprocedural neuro-
logic events occurred between 24 hours and 30 days post-
procedure (Table 1) [3-5,15,19]. In the ICSS MRI imaging
cohort, new lesions developed well after the procedure. This
delay in the presentation of stroke until 24 hours or more
after the procedure suggests the possibility that one mecha-
nism for the higher stroke rate with CAS, especially minor
stroke, is embolization through the struts of the stent.

5. Carotid stent design: open versus closed
cell

As the challenges posed by carotid stenting have become
more apparent, stent technology has continued to evolve
(Table 2). Carotid stents must contend with an incredible
array of anatomies and be able to perform reliably, consis-
tently, and durably. Carotid stents provide scaffolding, lesion
containment, conformability, fatigue resistance, minimal
fish-scaling for ease of re-crossing, visibility, ease of use,
and all with a low profile. Siewiorek et al [8] studied radial
forces that occur under specific pressure conditions and
concluded that stents must serve the following need: exible
scaffolding that is able to prevent prolapse, and adequate
radial strength balanced with conformability. It is apparent
that particulate debris is released during carotid stent place-
ment. Plaque debris has a higher likelihood of platelet
activation in the setting of a symptomatic patient. Sympto-
matic patients generally have a different plaque composition
than do asymptomatic patients and are more likely to
embolize with any manipulation. In all patients, however,
these particles have varied size and characteristics [22,23].
To get a sense of whether mesh-covered carotid stents
would make a difference, we can point to the differences
between open (OC) and closed cell (CC) carotid stents. One of
the main structural components of stents is the cell design.

The clinical syndrome associated with carotid atherosclerosis
has more to do with potential for cerebral embolization than
with the degree of luminal narrowing. While CEA and CAS
can both resolve the issues of lumen size and subsequent

ow disturbance, only CEA removes the atheroma. Carotid
stents must contain the plaque and it appears that CC stents,
with smaller cell sizes, are better at this task than OC stents.
This suggests at least the possibility that mesh-covered
stents will contain the lesion and prevent post-procedure
embolization even better than CC stents are able to do, given
the fact that a mesh-covered stent can be delivered with an
even smaller cell size (Table 2). The mesh-covered stents in
development offer a free cell area ranging from 0.18 to 0.50 mm?.
This is in comparison to existing CC and OC stents (free cell
area 1.1 to 44 mm? and 6.0 to 11.5 mm?, respectively). de
Donato et al [24] used intravascular optical coherence tomog-
raphy to evaluate stents for plaque prolapse, and fibrous cap
rupture in forty patients undergoing CAS using standard
stent designs. Patients either received a CC stent, OC stent,
or a hybrid. CC stents have linking connections between the
apices. The lack of bridging between the apices in the OC type
allows for greater plasticity and adaptation by the stent. CC
stents are less exible but have a greater area of plaque
coverage [25]. de Donato et al found that CC stents have a
significantly higher rate of malapposition to the artery wall
(34.5% v OC at 15% and hybrid at 16.3%) (P < .01), that is, lack
of conformation to the irregularity, tortuosity, and tapering in
the usual diseased carotid bifurcation. Plaque prolapse is
highest with OC stents at a rate of 68.6% with CC and hybrid
at 23.3% and 30.8%, respectively (P < .01). This illustrative
study was too small to correlate these findings with clinical
events, however, it strongly suggests that a mesh-covered
stent could be developed that gives better plaque coverage
than OC stents and better apposition than CC stents. Muller-
Hulsbeck et al [26] echoed these findings with their results,
demonstrating that CC stents tend to lack adaptability, while
OC stents let too many particles pass. The use of optical
coherence tomography to evaluate stent efficacy has been
proposed to help determine the best stent for each patient
and their specific lesions, a sort of custom approach to
stenting [27,28]. It has been shown that OC stents produce
significantly more lesions on DWI-MRI images within the first
30 days post-CAS than other types of stents. The majority of
these lesions are clinically silent, but it has been proposed
that the burden of disease may have significant long-term
consequences [6,29]. Interestingly, in-stent restenosis may
also be lower with a CC design, but the data are certainly not
conclusive at this time [7,30].

The Stent Protected Angioplasty versus Carotid Endarter-
ectomy (SPACE) trial was a noninferiority trial comparing CAS
versus CEA in more than 1,200 patients that was published in
2008. There was no difference in periprocedural ipsilateral
stroke or death [13]. When interventional technique data was
evaluated, it demonstrated that ipsilateral stroke or death
was more common with an OC stent design. When combin-
ing the two types of OC used in the study, Acculink and
Precise, the perioperative rate of events was 11% compared
with the CC stent, Wallstent, which was 5.5%. The odds ratio
for a neurologic event with OC versus CC was 2.13 (P = .029)
[31]. Bosiers et al [4] evaluated more than 3,000 patients in a
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Table 2 - Design features of clinically used carotid artery stents organized by free cell area.

Open versus Closed Cell versus Mesh-Covered Stents

Stent Name Stont Inane Stent  Free Cell Specifics of Stent Diameter Stent Length
9 Design Area Design (unconstrained) (unconstrained)
: 11.5mm  Self-expanding 5-10mm
Acculink Open Cell o nitinol stent (15 - 30Fr) 20 -40mm
. 10.7mm  Self-expanding 6-10mm
Protégé Open Cell 2 s inoletant (18 - 30Fr) 20 - 60mm
Precise Pro Self-expanding 5-10mm
Rx Quencell  Bmma nitinol stent (15 - 30Fr) 20 ~40mm
Closed Self-expanding 6 - 10mm
EET Cell HMM2 inolstent (18 - 30Fr) Al
—— Closed Self-expanding 7 -10mm
Kohet S pal 22 stk (21 - 30Fr) 20 - 40
Wallstent /*\ M Closed 4 4mm2 Biaided £ =10mm 22 -59mm
% Cell ’ construction (21 - 30Fr)
Cristallo . ' Multisegment 6-11mm
Ideale K Heasl  Samme nitinol (18 - 33Fr) el
PTFE mesh -
Gore Mesh 0.5mm2 (heparin coated) o tq oI
Covered o specifics
on nitinol stent)
Mesh Nitinol double layer 5-10mm
BRGNS Covered gl micromesh (15 - 30Fr) 25-43mm
InspireMD Mesh 0.18mm PET MicroNet on 6-10mm 20 - 60mm
Cguard Covered 2 nitinol stent (18 - 30Fr)

registry on the effect of free cell area on carotid stenting from 1.1 mm? to 11.5 mm? (Table 3). The correlation was
outcome and found a significant increase in post-procedural strong enough in symptomatic patients that the author’s
events corresponding with increased free cell area (ranging concluded that the different rate of complications between

Table 3 - Clinical trials addressing outcomes versus carotid artery stent free cell area or stent type.

Author Type of Study Number of Year Finding(s)
Patients

Bosiers et al. [4] Retrospective 3179 2007 Significant increase in post-procedural events corresponding with

Review increased free call area (ranging from less than 2.5 mm? to greater
than 7.5 mm?) in symptomatic patients only.

SPACE Trial [13] Prospective 1214 2008 Ipsilateral stroke or death 11% with OC stent versus 5.5% with CC;
Trial OR 2.13 (p=0.029)

de Donato et al. [25] Prospective 40 2013 Malapposition more likely for CC than for OC and HYB (slice based
Trial analysis); Plaque prolapse 3 times as likely in OC vs CC

Abbreviations: CC, closed cell; OC, open cell.
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stent types was strongly associated with stent cell type. They
found no such correlation in asymptomatic patients [4]. As
mentioned, symptomatic patients have a different plaque
composition than asymptotic patients [22,23]. Rantner et al
[32] pooled data from the Symptomatic Severe Carotid Steno-
sis Trial (EVA-3S), the SPACE Trial, and the ICSS Trial to
further investigate the timing of events. The adjusted relative
risk of stroke or death for CAS when compared with CEA was
3.44 within post-procedure days O to 7. This declined during
days 8 to 14 and again beyond that with adjusted relative
risks of 2.68 and 2.58, respectively [32]. In the Belgian-Italian
Registry of more than 3,000 patients, there were 61 neurologic
events that occurred more than 1 day post-procedure. The
total number of events was 90, so the vast majority, 68%,
were delayed and occurred between 24 hours and 30 days
post-procedure [4]. This occurrence of delayed events is
consistent with the CREST data, which shows that of the 48
stroke events for CAS patients, 19 (40%) occurred after the
first 24 hours [19]. Therefore, it is very likely that the cell
arrangement of the stent is a significant contributing factor to
the higher rate of stroke seen with CAS. All these data points
suggest that better lesion coverage by the stent itself may be
an effective method of reducing the risk of stroke in the
perioperative period.

6. New stent technology

Because CC stents seem to be associated with fewer neuro-
logic events than OC stents, it stands to reason then that a
partially covered stent might lower the risk even further. The
Roadsaver stent has a self-expanding double layer of braided
nitinol mesh aimed at plaque containment. The outer mesh
is a braided nitinol macromesh, while the inner one is a
nitinol micromesh scaffold. There is a notably small free cell
area of 0.381 mm?. There are published results for the first 150
patients enrolled in an Italian registry. Of the 150 patients,
29% have symptomatic disease. There have been no technical
issues with deployment of the new stent and no evidence of
plaque prolapse on optical coherence tomography thus far.
Most significantly there have been no MiIs, strokes, or deaths
within the patient group being followed. This novel design
may have the ability to prevent some embolic debris [33]. The
promise of the Roadsaver stent has prompted the Clear Road
Trial, which aims to use this stent in 100 patients in Belgium
and Italy [34].

The Gore carotid stent combines an OC nitinol stent design
with 500-pm pore size expanded polytetra uoroethylene lattice
for plagque containment that also has permanently bound
heparin to reduce the risk of thrombosis. The (Gore SCAFFOLD
Clinical Trial) using this stent is ongoing at multiple sites in the
United States with more than 200 patients enrolled thus far out
of 312. Patients at high risk for endarterectomy are being
enrolled. The primary endpoints are death, stroke, or MI
through 30 days, as well as ipsilateral stroke between 31 days
and 1 year [35].

The CGuard Prime Embolic Protection System is a thin strut
nitinol stent that is combined with a polyethylene tereph-
thalate mesh aimed at preventing embolic events. The
Carotid Embolic Protection Using MicroNet (CARENET) trial

utilized the stent in 30 patients. Their primary endpoint was
ipsilateral DWI lesions with secondary endpoint of a 30-day
stroke and death rates. They had a 0% complication rate with
the device and found a 0% major adverse event rate, as well.
New ipsilateral ischemic lesions were seen in 38% of patients
with an average lesion volume of just 0.039 mL after 48 hours.
After 30 days, all but one of the periprocedural lesions
resolved on imaging and there was only one new lesion
when compared to the 48-hour scans [36]. The IRON-Guard is
a multicenter Italian study is utilizing the CGuard Prime
Embolic Protection System and aims to enroll 200 subjects
to further investigate the utility of the device [37].

7. Conclusions

Carotid stenosis causes a significant burden of disease [38].
Carotid stenting offers an alternative option, but the peri-
procedural risk of stroke is higher with CAS than CEA. It
appears that this risk can be reduced, at least in part, with
specific carotid stent designs that include a mesh covering to
procedure the smallest possible open area to prevent ongoing
embolization through the carotid stent [3]. It is likely that as
stent design improves and embolic debris is better controlled,
the use of stenting will expand significantly.
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