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ABSTRACT

BACKGROUND AND PURPOSE: Flow diversion with intermediate-porosity stents (braided stents) has been recently reported for distally
located small aneurysms. The aim of this study was to evaluate the flow-diversion effect of LEO stents on covered vessels and for
aneurysms treated with sole stent-placement therapy.

MATERIALS AND METHODS: We retrospectively evaluated the following outcomes: 1) remodeling of covered side branches and perfo-
rators (extra-aneurysmal flow remodeling), and 2) the occlusion rate of aneurysms treated with sole stent-placement therapy (intra-
aneurysmal flow remodeling).

RESULTS: Seventy-six patients with 98 covered vessels were studied. Overall, 89 covered arteries (91%) were normal, 7 showed narrowing
(7%), and 2 (2%) were occluded (1 posterior communicating artery and 1 MCA) without related complications (mean DSA follow-up, 14
months). Univariate and multivariate analyses highlighted smoking (P = .03) and the length of follow-up (P = .002) as factors associated
with arterial remodeling. Of the 17 Sylvian (lenticulostriate arteries) and 7 basilar perforators, 1(4%) group of Sylvian perforators covered
with double stents had asymptomatic remodeling. Ten aneurysms (mean size, 3.5 mm) were treated with LEO stents as stent monotherapy
(5 recanalized after coiling and 5 directly treated with the LEO). Complete occlusion (Raymond-Roy 1) was achieved in 70% of aneurysms
(mean follow-up, 14 months). The Raymond-Roy | occlusion rate among recanalized aneurysms and those directly treated with LEO stents
was 80% and 60%, respectively (P = .9).

CONCLUSIONS: The rate of flow remodeling on the covered arteries and perforators was 9% and 4%, respectively, and was clinically
irrelevant in all cases. Complete occlusion of aneurysms treated with sole stent-placement therapy was 70%. These data stress the

flow-diversion properties of LEO stents.

ABBREVIATIONS: PcomA = posterior communicating artery; RR = Raymond-Roy; SAC= stent-assisted coiling

EO stents (Balt Extrusion, Montmorency, France) are self-

expanding closed-cell stents produced by braiding individual
strands of nitinol onto a mandrel." Based on the braided mor-
phology, LEO stents have a relatively small pore size (cell size of
approximately 0.9 mm) that gives a higher metal coverage ratio
compared with other self-expandable stents, allowing a certain
grade of flow-diverting hemodynamic effect.” Accordingly, LEO
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stents have been recently reported as stent monotherapy for the
treatment of small and complex intracranial aneurysms based on
their flow-modification capacity and their biologic effects.”* The
deployment of low-porosity flow-diverter stents across side
branches or perforators has a potential risk of occlusion and re-
lated symptomatic ischemic lesions.>® Because of their interme-
diate porosity, braided stents could provide flow-change patterns
similar to those provided by conventional flow-diverter devices,
both on the aneurysm and covered side branches and perfora-
tors.” However, the extra-aneurysmal flow modifications, the fate
of vessels covered by LEO stents, and the related clinical sequalae
have been poorly investigated in the literature.

We present a retrospective series of 76 intracranial aneurysms and
98 side branches covered by LEO stents with the aim of investigating
the following: 1) the flow-diversion effect on the aneurysms treated
with LEO stents as a stent monotherapy, 2) the flow remodeling of
the covered side branches and perforators, and 3) the clinical events
related to the flow changes on the investigated vessels.
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MATERIALS AND METHODS

Patient Selection

Our hospital institutional review board (Centre Hospitalier
Universitaire de Montpellier) approved this retrospective
study. Our institutional prospectively maintained data base
(January 2011 to January 2018) was retrospectively reviewed
by 2 and, in case of inconsistency, by 3 investigators indepen-
dently. The inclusion criteria were the following: 1) intracra-
nial aneurysms treated with a LEO placed across side branches
or perforators, and 2) intracranial aneurysms treated with
stent monotherapy in which LEO devices were used as inter-
mediate-porosity flow diverters. Only patients examined with
DSA at follow-up were included in this series. Flow diversion
with the LEO as stent monotherapy was performed to treat the
following: 1) small aneurysms with a complex morphology not
amenable to simple coil embolization, balloon remodeling, or
stent-assisted coiling (SAC); 2) distally located recanalized an-
eurysms requiring retreatment and difficult to treat with con-
ventional coiling (for the unstable position of the microcath-
eter) or with flow diversion (for the presence of important
branches or perforators); and 3) dissecting aneurysms not
amenable to different treatments. The treatment strategy was
chosen by multidisciplinary consensus (vascular neurosur-
geons and interventional neuroradiologists).

Antiplatelet Therapy

For unruptured aneurysms, antiplatelet therapy included daily
dual-antiplatelet medication with aspirin (Kardegic), 75 mg, and
clopidogrel (Plavix), 75 mg, starting 5 days before treatment. The
therapy was maintained for 3—6 months. Thereafter, based on the
clinical and radiologic evaluation, the patients were switched to
aspirin. VerifyNow P2Y12 assay (Accumetrics, San Diego, Cali-
fornia) was used to test the platelet inhibition: both P2Y12 reac-
tion unit and aspirin reaction units were tested. When LEO stents
were used in patients with acutely ruptured aneurysms, an intra-
venous bolus of abciximab (0.125 mg/kg) was administered a few
minutes before stent deployment, and standard dual-antiplatelet
therapy was started the day after. Concurrent with the procedure,
in both unruptured and ruptured aneurysms, intravenous hepa-
rinization was performed (activated clotting time maintained
above 250 seconds).

Description of Technique

All patients were treated under general anesthesia via a trans-
femoral approach. Through a long femoral sheath (triaxial ap-
proach), a 6F guiding catheter was advanced into the carotid or
vertebrobasilar system. Vessels and aneurysms were analyzed
via biplane and 3D rotational angiography. The LEO stent was
unsheathed under roadmap guidance through the dedicated
Vasco microcatheter (Balt). VasoCT (Philips Healthcare, Best,
the Netherlands) with diluted iodinated contrast medium was

used to assess stent apposition to the arterial wall.”*

Clinical and Imaging Assessment

Usually, the angiographic follow-up was performed with MRA
at 6 months and DSA at 12 and 24 months. Flow remodeling
was examined with DSA. Flow remodeling was examined on
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the following arteries covered by LEO stents (On-line Table 1):
ophthalmic artery, anterior choroidal artery, posterior com-
municating artery (PcomA), Al segment (stent from the ICA
to M1), A2 segment (stent from the A1 to the contralateral A2,
or stent from the A1 to the ipsilateral A2 in cases of an absent or
hypoplastic contralateral A1), callosomarginal and orbitofron-
tal arteries, middle cerebral artery (M2), superior cerebellar
artery, anterior inferior cerebellar artery, and posterior cere-
bral artery. Covered anterior communicating arteries and re-
lated perforators were not considered in this study. Perforator
arteries covered by the LEO were divided into 2 groups: Sylvian
perforator (lenticulostriate arteries) and basilar artery perfo-
rators. Perforating arteries were grouped as 1 entity per case
(group of perforators) and were counted accordingly. The na-
tive arterial configuration was based on preoperative angiog-
raphy. The flow remodeling was recorded as follows: 1) normal
artery (no change in flow or caliber), 2) reduced in caliber/
narrowing, and 3) occluded. Parent vessel stenosis was not
considered as extra-aneurysmal flow remodeling. The isch-
emic complications related to covered vessels were detected on
MR imaging at follow-up. Clinical follow-up information was
obtained at the time of the follow-up clinic visits at 6, 12, and
24 months.

The aneurysm occlusion rate was defined on the basis of the
Raymond-Roy (RR) classification: complete occlusion (class I),
residual neck (class II), and incomplete occlusion or residual an-
eurysm (class IIT).”

Statistical Analysis

Categoric data were described by frequency, whereas quantitative
data were described by mean and SD. The dependent variable was
the angiographic outcome of the covered artery, and it was di-
vided into “normal” and “occlusion/narrowing.” The x* test was
used to evaluate the qualitative risk factors for occlusion/narrow-
ing (location, hypertension, smoking, number of stents, covered
artery arising from the inner or outer curve or from a linear stent,
and sex). The t test (2-tailed) was applied to assess quantitative
risk factors (length of follow-up and age). Although the number
of events was <20, two variables (smoking and length of follow-
up) were significantly associated with arterial occlusion/narrow-
ing in univariate analysis and were analyzed together in a binary
logistic regression (multivariate analysis) to assess the indepen-
dent contribution of each risk factor. The results of the regression
model were calculated by the Wald test and expressed using P
values and related odds ratios. All statistical analyses, descriptive
and inferential, were performed with SPSS, Version 24 (IBM,
Armonk, New York).

RESULTS

Population Characteristics

In the 7-year period, 76 consecutive patients (51 women, 25
men; mean age, 54.5 = 10.5 years) with 98 side branches and 24
groups of perforators (17 Sylvian perforators and 7 basilar per-
forators) covered with LEO stents were included in this study
(details in On-line Tables 2 and 3).



FIG1. A,Procedural angiogram of a 63-year-old man showing a 9-mm left MCA aneurysm recana-
lized after treatment with a Woven EndoBridge (WEB; Sequent Medical, Aliso Viejo, California)
device (black star). This image also shows the lenticulostriate arteries arising from the M1 (black
arrow). B, The working projection demonstrates the implantation of 2 LEO stents (Y-configura-
tion) into the M2 branches and a second WEB into the aneurysm. There is a small incomplete wall
stent apposition in the superior M2 branch, probably related to a small arterial dissection (short
black arrow). C, A13-month DSA image shows total occlusion of the aneurysm and remodeling of
the lenticulostriate arteries covered with 2 overlapped LEOs (red arrow). D, MR imaging reveals
small and asymptomatic ischemic lesions in the left basal ganglia (white arrow).

Treatment-Related Complications
Successful stent deployment was observed in all except 2 cases. A
minor misopening of the proximal part of the stent was seen on
plain x-rays and confirmed by the VasoCT. Due to the minor
malapposition of the stents, no additional maneuvers were per-
formed and there were no related complications. Overall, in-stent
acute thrombosis was seen in 9 cases and was completely resolved
after abciximab injection in all except 1 case. Small and asymp-
tomatic ischemic lesions in the basal ganglia were reported in 2
patients (1 case is described in Fig 1). Finally, there were 2 cases of
asymptomatic ICA dissections.

Two cases of asymptomatic mild stent stenosis (<50%) were
observed and were related to in-stent intimal hyperplasia (1 case
of mild stent stenosis is depicted in the On-line Figure).

Angiographic Outcome of Covered Arteries and
Perforators

All of the included patients underwent DSA at follow-up (mean
DSA follow-up, 14 months; median, 13.5 months; range, 11-24
months, IQR, 13—-14 months). Overall, 76 (77.5%) anterior circu-
lation and 22 (22.5%) posterior circulation side branches were
covered with LEO stents (On-line Table 1). Among 15 patients,

the superimposition of other arteries or
bone structures hampered the angio-
graphic visualization of some branching
vessels that were not included in the
analysis. During follow-up, 89 covered
arteries (91%) were normal, whereas 7
showed a reduction in diameter (7%)
(Figs 2 and 3) and 2 arteries (2%) were
occluded (Fig 3). There were no symp-
tomatic or asymptomatic associated
complications.

All except 1 group of perforators (17
Sylvian perforators and 7 basilar perfo-
rators) were patent at the last follow-up.
One patient (4%) with an MCA aneu-
rysm treated with Y-stent placement had
asymptomatic occlusion of some of the
M1 perforators during 13 months of fol-
low-up (Fig 1). The M1 perforators were
covered with 2 overlapped LEOs.

Factors Associated with Arterial
Remodeling

The factors tested as predictors of arte-
rial occlusion/narrowing are reported in
On-line Table 4. There was a trend to-
ward lower mean age among patients
presenting with flow remodeling (47.8
vs 54.7 years, P = .06). However, the
univariate analysis showed that the
only factors associated with an in-
creased risk of arterial narrowing/oc-
clusion were the length of radiologic
follow-up (P < .001, OR = 1.85) and
smoking (P <.001, OR = 18.4), which
were confirmed with multivariate
analysis (smoking: OR > 20, P = .03) (length of follow-up:
OR = 1.99, P = .002).

Angiographic Outcome of Aneurysms Treated with LEO
Stents as Stent Monotherapy

Overall, the LEO stent was used as flow-diversion treatment
among 10 aneurysms (On-line Table 5). Five of them were recana-
lized after coiling (3 previously ruptured and 2 unruptured); the oth-
ers were directly treated with LEO stents (4 unruptured aneurysms
and 1 dissecting ruptured aneurysm) (Fig 3 and On-line Figure).
Reasons behind the treatment with the sole stent-placement tech-
nique are detailed in On-line Table 5. The mean size of this group of
aneurysms was 3.5 mm (median, 3.5 mm; range, 2-5 mm). Com-
plete occlusion (RRI) was achieved in 70% of aneurysms. There were
no differences in the size of aneurysms completely and incompletely
occluded (RRIII) (P = .33). RR I occlusion was 60% and 80% among
lesions directly treated with LEO stents versus aneurysms previously
coiled, respectively (P = .9). The mean length of follow-up was 14
months; the mean length of follow-up of the groups of completely
occluded and incompletely occluded aneurysms was 22 months and
15 months, respectively (P = .6).
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FIG 2. A, Procedural angiogram of a 49-year-old male patient with a 7-mm unruptured aneurysm
on the right MCA bifurcation (black arrow). B, A nonsubtracted angiographic image obtained
during treatment demonstrates the successful SAC embolization of the aneurysm with a LEO
stent (2.5 X18 mm) deployed from the M1 to the inferior M2 segment (red arrows). The M2
superior branch is covered by the stent (short white arrow). C, A 20-month follow-up DSA reveals
complete aneurysm occlusion and asymptomatic narrowing of the covered superior M2 branch.
D, Blood flow compensation is provided by the collateral circulation (white star).

DISCUSSION

Compared with laser-cut stents, LEO devices are braided from
asingle nitinol wire with closed cells that can change size on the
basis of the stent deployment.'® The braided stents have rela-
tively higher pore density (0.979 and 0.782 pore/mm?) than
the laser-cut stents (0.276 pore/mm? for both Enterprise [Cod-
man & Shurtleff, Raynham, Massachusetts] and Neuroform
[Stryker Neurovascular, Kalamazoo, Michigan] stents), giving
greater metal coverage (14% for LEO stents versus 5%—10% for
Enterprise and Neuroform stents).” These characteristics may
have important therapeutic implications. Indeed, although
their metal surface coverage is lower than thatin a flow diverter
(30% for the Pipeline Embolization Device; Covidien, Irvine,
California), LEO stents have been successfully used as stent
monotherapy, especially for distal and complex small aneu-
rysms.”'" In addition, computational fluid dynamics studies
revealed that a double-overlapped braided stent resulted in
greater flow diversion than a single Pipeline device, supporting
the flow-diversion capacity of these stents.'?> However, while
the hemodynamic effect of flow diverters has been largely stud-
ied, the potential flow remodeling of LEO stents on the aneu-
rysm, covered side branches, and perforator arteries has been
poorly investigated.
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Angiographic Outcome of Covered
Side Branches and Perforators

To the best of our knowledge, our series
is the first study that provides angio-
graphic and clinical data about the peri-
aneurysmal flow remodeling of LEO de-
vices. The rates of arterial narrowing and
occlusion were close to 7% and 2%, re-
spectively. Among series of flow divert-
ers covering ICA branches, the rate of
arterial occlusion and related symptoms
ranged widely in relation to the type of
covered artery. The rate of PcomA oc-
clusion is reported between 7% and 50%
without related symptoms and with
lower rates of occlusion in the fetal vari-
ant (due to the major supply to the pos-
terior cerebral artery).'””'” The rate of
ophthalmic artery occlusion ranged
from 0% to 17%, with <1% associated
symptoms.'®'® Finally, occlusion of the
anterior choroidal artery has been de-
scribed between 0% to 5%, without neu-
rologic sequalae in most of the reported
series.”*? Arterial occlusion and re-
modeling are influenced by the high
density of the mesh. The pressure gradi-
ent across the jailed branch is reduced,
and if the “flow competition” from the
collateral supply is well-represented, the
artery can be occluded.?® In our series,
occlusion occurred in 1 PcomA (20%)
(Fig3) and 1 MCA (5%), without related
symptoms. In a recent meta-analysis of
MCA aneurysms treated with flow-diverter stents, nearly 10% of
jailed arteries were occluded during follow-up, with approxi-
mately 5% related neurologic events.”*

Most interesting, in our series, the mean follow-up time
among patients with arterial narrowing and occlusion was higher (19
and 21 months, respectively) compared with the group of normal
arteries (13 months). Indeed, multivariate analysis confirmed the
length of radiologic follow-up as an independent factor associated
with arterial remodeling (P = .002). Accordingly, it is likely that a
longer follow-up time would demonstrate a higher incidence of ves-
sel remodeling. In addition, arterial narrowing and occlusion were
strongly related to smoking. Data regarding the influence of smoking
on arterial occlusion after flow diversion are scant. In a series of 30
PcomAs covered with Pipeline devices, smoking was not a risk factor
for occlusion in the multivariate a.nalysis.13 Rouchaud et al,*® in a
series of nearly 600 patients treated with the Pipeline, demonstrated
that tobacco does not affect aneurysm occlusion or thromboembolic
complications after flow diversion. However, other studies have
shown that smoking is associated with worse clinical outcomes after
stent treatment in other locations. In a study of 9000 patients under-
going percutaneous coronary implantation of drug-eluting stents,
Matteau et al*® found that smoking was an independent risk factor
for ischemic events and bleeding. Similarly, after percutaneous cor-



FIG 3. A, Procedural angiogram depicting a right, previously coiled, and recanalized ICA bifurca-
tion aneurysm (black star), and a 3-mm PcomA aneurysm (black arrow). B, The ICA bifurcation
aneurysm is treated with SAC with a LEO stent (3.5 X 18 mm) implanted from the ICA to the M1
(red arrow). The right Al (white arrow) and the right anterior choroidal artery (short black arrow)
are covered by the stent. The PcomA artery and the small related aneurysm are covered with the
LEO without additional coils. The working (C) and frontal (D) projections during a 24-month
follow-up DSA demonstrate a small residual neck of the ICA bifurcation aneurysm (RR 1), flow
remodeling of the covered Al segment (white arrow), and occlusion of the PcomA artery and
aneurysm (black arrow). The anterior choroidal artery is still patent (short black arrow).

onary intervention, Yeo et al*” found that active smoking was asso-
ciated with a higher risk of in-stent thrombosis. After stent deploy-
ment, the cellular responses related to the mechanical vascular injury
included the following: 1) platelet activation and inflammation, 2)
granulation tissue and smooth-muscle cell proliferation, and 3) tis-
sue remodeling and neoendothelialization.”® Smoking negatively in-
fluences the coagulation system, stimulating platelet aggregation,
promoting a precoagulatory state, and causing endothelial dysfunc-
tion.””>*® These factors potentially stimulate an exuberant healing
response leading to intimal hyperplasia at the level of the ostium of
the branching arteries. Theoretically, this mechanism can explain the
higher rate of occlusion of covered arteries in smoking patients found
in our series.

Contrariwise, location, age, and sex were not statistically associ-
ated with arterial flow changes. Although few patients were treated
with double LEO stents, multiple stents were not related to a higher
risk of arterial occlusion. Similarly, multiple flow diverters were re-
ported to be associated with greater occlusion in some series,'®*’
while in other studies, the number of devices was not a significant
predictor of sluggish flow.>® This result highlights the complexity of
the flow-remodeling process, which involves the mechanical proper-

ties of the stent as well as biologic (neoen-
dothelialization) and hemodynamic fac-
tors (collateral circulation).'*

In case of tortuous parent arteries
(carotid siphon or bifurcations), the lo-
cal stent deformation can influence the
density of the pores, resulting in tighter
mesh in the inner curves, with higher
flow density and lower density of the
pores in the outer curve.”' Rouchaud et
al’” reported 75% optic nerve atrophy
when the ophthalmic artery originated
from the inner curve of the flow diverter,
probably based on the higher local den-
sity of the stent. However, in our series,
there was no statistically significant cor-
relation between the different origins of
the covered artery (from the inner or
outer curve or from a linear stent) and
the angiographic outcome.

Another important factor associated
with flow diverters is the risk of perforat-
ing injury due to coverage of lenticulos-
triate or basilar perforators. Accord-
ingly, flow-diversion treatment of MCA
or posterior circulation aneurysms
is associated with higher complica-
tions, mostly related to perforating in-
jury.>?*?*>* In our series, we observed
only 1 case (4%) of asymptomatic flow
remodeling of lenticulostriate arteries
covered with 2 overlapped LEO stents
(Fig 1). Similarly, Aydin et al’ reported 1
patient with a small and clinically tran-
sient lacunar infarct in the basal ganglia
due to Sylvian perforator occlusion dur-
ing follow-up.

Angiographic Outcome of Aneurysms Treated with the
LEO Stent as Stent Monotherapy

The first experience of flow-diverter treatment with LEO stents
was described by Pumar et al,” reporting 75% complete occlusion
after treatment of 20 intracranial fusiform aneurysms. Recently,
Aydin et al’ reported 73% complete occlusion of complex and
small aneurysms located behind the circle of Willis and treated
with braided stents as stent monotherapy. In our series, 70% of
aneurysms treated with the LEO as a flow diverter showed com-
plete occlusion (RR I) during 14 months of follow-up, showing
the flow-diversion capacity of these stents. We reported a slightly
higher occlusion rate among aneurysms previously coiled (80%)
compared with lesions directly treated with sole stent-placement
therapy (60%). Stent monotherapy has also been reported with

open-cell laser-cut stents. Fiorella et al*®

reported 10 ruptured
uncoilable aneurysms treated with Neuroform stents, showing
50% and 40% complete and near-complete occlusion, respec-
tively. Comparable results reported by Nyberg and Larson’®

showed a 45% complete or near-complete occlusion of small sac-
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cular aneurysms treated with a single low-porosity stent. Indeed,
aneurysm occlusion is influenced by both the flow disruption of
the intra-aneurysmal flow and the endothelialization of the stent
with subsequent intravascular remodeling.>® The main factor in-
fluencing neoendothelialization is the vessel wall apposition of the
stent; LEO devices, with their braided morphology, provide high
conformability and wall apposition, promoting, together with
their flow-diversion effect, thrombosis of the aneurysm. As with
in vitro studies showing good conformability and vessel wall ap-
position,” in our series, successful stent deployment and wall
apposition were achieved in 97% of cases and were confirmed by
the VasoCT. This outcome is in accordance with other recent
series of LEO stent embolization reporting rates of successful stent

3,4,38

delivery ranging from 90% to 100%.

Limitations of the Study

Our study has limitations intrinsic to single-center series. The
data were analyzed retrospectively. The imaging outcome was as-
sessed by operators and not independently. Although all patients
received the same dual-antiplatelet therapy, the influence of the
platelet responsiveness of each patient was not assessed in the
univariate and multivariate analyses. Accordingly, we were not
able to establish whether the platelet responsiveness was a risk
factor of arterial narrowing/occlusion after stent coverage.

CONCLUSIONS

The rate of flow remodeling on the covered arteries and perfora-
tors was 9% and 4%, respectively, and was clinically irrelevant in
all cases. Flow changes on the covered side branches were directly
related to the length of follow-up and influenced by smoking hab-
its. Complete occlusion of aneurysms treated with sole stent-
placement therapy was 70%. These data stress the flow-diversion
properties of LEO stents.
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