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OBJECTIVE The authors evaluate the rate and discuss the pathomechanisms of very late (= 4-month) ischemic compli-
cations after flow-diverter stent (FDS) placement for intracranial aneurysms.

METHODS The authors retrospectively reviewed the clinical data of the patients treated at Pitié-Salpétriere Hospital
between January 2010 and September 2014, who underwent FDS placement for intracranial aneurysm. The patients
received dual-antiplatelet therapy (clopidogrel and aspirin) 5 days before and 3-6 months after the procedure and then
aspirin alone for 6-9 months. An ischemic complication was defined as a sudden focal neurological deficit documented

on diffusion-weighted images.

RESULTS Eighty-six consecutive patients were included. Three (3.5%) patients treated with the Pipeline embolization
device experienced a delayed acute ischemic stroke (2 cases of perforator/side-wall branch infarction and 1 case of
thromboembolic stroke) with an average delay of 384 days (4 months, 20 months, and 13 months, respectively). The
aneurysm locations were the left superior cerebellar artery, the right anterior choroid artery, and the left internal carotid
artery (paraclinoid segment), respectively. The complications occurred after the patients had completed the antiaggrega-
tion protocol, except for Patient 1, who was receiving aspirin alone because of a spontaneous hematoma. At the acute
phase, no in-stent thromboses were found on digital subtraction angiography. In Patient 2, the treated anterior choroid
artery was occluded 20 months after the procedure. In Patient 3, a focal stenosis (approximately 40%) of the distal as-
pect of the FDS, probably caused by intimal hyperplasia, was seen.

CONCLUSIONS Very late ischemic complications after FDS treatment were observed in 3.5% of the cases in the au-
thors’ series, some of which occurred as late as more than 1 year after placement.

http://thejns.org/doi/abs/10.3171/2015.10.JNS15703
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stents (FDSs) has offered an alternative for the

treatment of aneurysms of complex shapes (giant/
large, large-neck, and/or dissecting/fusiform aneurysms).
FDSs are able to form a tight mesh, and the aim is to divert
blood flow from the aneurysm sac toward the downstream
artery and obtain the aneurysm sac thrombosis. Further-
more, FDSs induce the development of a neointima on the
surface of the aneurysm’s neck. FDSs have fundamentally
changed the management approach from one of intracra-
nial treatment using endosaccular materials to one of us-

D URING the past decade, the advent of flow-diverter

ing extraaneurysmal endoluminal devices. Because FDSs
are relatively new devices, some of their associated com-
plications are unpredictable, and the treatment of cerebral
aneurysm with an FDS is not free of risk. In a recent meta-
analysis in which data from 29 studies were pooled, Brin-
jikji et al’ reported a procedure-related mortality rate of
4% (95% CI 3%—6%) and a morbidity rate of 5% (95% CI
4%—1%). Among postoperative complications, ischemic
stroke and perforator infarction had reported incidences
of 6% (95% CI 4%—9%) and 3% (95% CI 1%—-5%), re-
spectively. Very late (= 4-month) ischemic complications

ABBREVIATIONS AChA = anterior choroid artery; DIPH = delayed ipsilateral parenchymal hemorrhage; DSA = digital subtraction angiography; DWI = diffusion-weighted
imaging; FDS = flow-diverter stent; IQR = interquartile range; mRS = modified Rankin Scale; NIHSS = NIH Stroke Scale; PED = Pipeline embolization device; SCA = supe-

rior cerebellar artery.
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are rarely reported in the literature.!" The purpose of the
present study was to report our experience with very late
ischemic complications after FDS placement for the treat-
ment of intracranial aneurysms.

Methods

We retrospectively reviewed the clinical data of pa-
tients consecutively treated in our institution between Jan-
uary 2010 and September 2014 for intracranial aneurysm
by means of FDS placement.

All except for 3 patients received dual-antiplatelet ther-
apy (clopidogrel and aspirin) 5 days before stent place-
ment; these 3 patients were treated with ticagrelor because
of clopidogrel resistance (determined by using a Multi-
plate [Roche Diagnostics] platelet-aggregation test). Dual
antiaggregation was used for 3—6 months, and then aspirin
alone was using for 69 months after the procedure. Pa-
tients resistant to clopidogrel were treated for 1 year with
ticagrelor.

Each patient’s chart was reviewed. Any sudden onset of
a focal neurological deficit was systematically recorded. A
very late ischemic complication was defined as a sudden
focal neurological deficit associated with evidence of acute
ischemic stroke on diffusion-weighted imaging (DWI). A
4-month cutoff was chosen because it corresponds to the
intimal hyperplasia peak'* and to the relay area between
double-antiplatelet therapy and aspirin therapy alone (1-6
months in most studies).

Patient demographics (i.e., age, sex, and comorbidities
[blood hypertension, diabetes mellitus, hypercholesterol-
emia, and tobacco addiction]) and aneurysm characteris-
tics (i.e., location, size [maximum diameter, neck size, and
dome-to-neck ratio], and recanalization/first treatment)
were systematically assessed. The pathomechanisms of
the delayed acute ischemic stroke were systematically
evaluated. After the diagnosis of acute ischemic stroke
was made with MRI, each patient underwent digital sub-
traction angiography (DSA) to clarify the etiology of the
stroke.

Results

Eighty-six consecutive patients who received an FDS
were included in the study. The overall mean + SD and me-
dian (interquartile range [IQR]) angiographic (DSA and/or
MR angiography) follow-ups were 15.7 + 11.8 months and
13 months (8-21 months), respectively. The overall mean
+ SD and median (IQR) clinical follow-ups were 16.9 +
12.9 months and 14 months (10—22 months), respectively.
The overall rate of ischemic complication was 5.8% (5 of
86). Among patients with complications, 3 (3.5% [2 males
and 1 female; average age 45 years]) presented with a very
late DWI-documented ischemic complication; the average
(= SD) delay was 384 + 244 days (Patient 1, 4 months 10
days; Patient 2, 1 year 8 months 15 days; and Patient 3,
1 year 28 days). Two of the three patients had completed
their antiplatelet protocol. One patient was taking only as-
pirin when the stroke occurred; the clopidogrel had been
stopped as a result of delayed spontaneous hematoma on
Day 14. All 3 patients were heavy smokers, and only 1 had
stopped smoking after the procedure.
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lllustrative Cases
Patient 1
Presentation

This 45-year-old man with a medical history of active
smoking (60 pack-years), poorly controlled high blood
pressure despite 4 antihypertensive treatments, and hy-
percholesterolemia presented with a subarachnoid hem-
orrhage in March 2007 (Glasgow Coma Scale Score 15).
A ruptured saccular left superior cerebellar artery (SCA)
aneurysm with a maximum diameter of 5.5 mm was diag-
nosed (Fig. 1).

Treatment

Initial endovascular treatment consisted of regular
coiling (5 coils). The first recanalization was treated with
balloon-assisted coiling (7 coils) in December 2012. A
second recanalization was observed 6 months after the
re-treatment. Finally, application of an FDS, the Pipeline
embolization device (PED [Covidien]), was considered for
treating this iterative recanalization, and the procedure
was performed in February 2014. The patient began du-
al-antiplatelet therapy 5 days before stenting (clopidogrel
and aspirin) and received full anticoagulation treatment
(heparin) during the procedure. After the procedure, dou-
ble antiaggregation was given, but on Day 14, the patient
presented with a spontaneous left temporal hematoma
and Wernicke aphasia, probably caused by a hypertensive
peak; thus, clopidogrel therapy was interrupted. In June
2014, 3 episodes of transient diplopia caused by a probable
aneurysmal sac thrombosis were reported.

Very Late Stroke

A delayed ischemic complication (perforator infarction
type) occurred in July 2014 (136 days after stent place-
ment), with a left paramedian pontine stroke found on
DWTI and suspected because of right cerebellar ataxia and
moderate dysarthria (initial NIH Stroke Scale [NIHSS]
Score 2). MRI also showed deep microbleeds, probably
caused by hypertension (with no argument for cerebral
amyloid angiopathy) and vascular leukopathy (Fazekas
and Schmidt Grade 2 [data not shown]).

Management

Clopidogrel was reintroduced. In the acute phase of the
stroke, no in-stent thrombosis was found on control DSA.
Finally, the recovery of the patient was satisfactory with
an NIHSS score of 1 on Day 7 and a modified Rankin
Scale (mRS) score (at the time of this writing) of 2 (dis-
crete dysarthria, seizure since temporal hematoma, and
moderate cognitive impairment). A smoking-cessation
program was initiated.

Patient 2
Presentation

This 53-year-old man with a medical history of smok-
ing (2 packs/day, stopped in 2009), being overweight (body
mass index 28.1 kg/m?), and having hypercholesterolemia

presented with a subarachnoid hemorrhage in January
2009 (Fisher Grade 4, World Federation of Neurosurgi-
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FIG. 1. Patient 1. Ruptured left SCA aneurysm in a 45-year-old man. A: Selective left vertebral artery DSA image, anteroposterior
projection, showing a 5.5-mm saccular left SCA aneurysm. Note the proximal basilar artery fenestration (arrow). B: Control selec-
tive left vertebral artery DSA image, anteroposterior projection demonstrating second recanalization (Raymond-Roy Occlusion
Class 1) 6 years and 11 months after the first treatment. C: Contrast-enhanced flat-panel CT image obtained immediately after
stent placement showing satisfactory stent deployment. D: Unenhanced axial CT image, acquired on Day 14, showing a left
temporal hematoma. E: DWI image obtained 4 months after stent placement showing a left paramedian ischemic lesion of the
pons caused by perforator infarction. F: Control DSA image of the vertebrobasilar system in the acute phase of the stroke; neither
in-stent thrombosis nor misdeployment can be seen. Note the decreased flow inside the 2 SCAs and the right P, segment (arrows).

cal Societies Grade 5, Glasgow Coma Scale Score 5). A
ruptured saccular right anterior choroidal artery (AChA)
aneurysm with a maximum diameter of 15 mm was diag-
nosed (Fig. 2).

Treatment

Endovascular treatment was performed by regular coil-
ing (23 coils). A recanalization occurred and was treated
by an FDS (PED) in April 2010. The patient received dual-
antiplatelet therapy (clopidogrel and aspirin) 5 days before
stent placement and full anticoagulation treatment (hepa-
rin) during the procedure. After the procedure, the double
antiaggregation was continued for 3 months, and aspirin
alone was used for 9 months. The protocol was followed to
the end. Because of the initial subarachnoid hemorrhage,
the patient presented related sequelae, such as cognitive
impairment in executive functions.

Very Late Stroke

A delayed ischemic complication (side-wall covered
branch infarction type) occurred in December 2011 (624
days after stent placement) that resulted in a right anterior
choroidal stroke shown with DWI and suspected because
of left hemiplegia, left hypoesthesia, left homonymous
hemianopia, and oculomotor palsy (initial NIHSS Score
15).

Management

Intravenous thrombolysis (using recombinant tissue
plasminogen activator [alteplase]) was performed on an
emergency basis, and aspirin was introduced. The patient’s
postthrombolysis NIHSS score was 9. In the acute phase of
the stroke, the right AChA was shown on DSA to be non-
circulating. The patient progressively recovered after reha-
bilitation; at the time of this writing, his mRS score was 2.
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FIG. 2. Patient 2. Ruptured right AChA aneurysm in a 53-year-old man. A: Selective right internal carotid artery DSA image
showing a saccular right AChA aneurysm (diameter 15 mm). B: Control selective right internal carotid artery DSA image showing
recanalization (Raymond-Roy Occlusion Class Il) 15 months after the first treatment. Note that the right AChA was circulating
(arrow). C: Contrast-enhanced flat-panel CT image obtained immediately after stent placement showing satisfactory stent deploy-
ment. D: DWI study acquired 20 months after stent placement showing a right AChA stroke (hyperintense signal of the posterior
limb of the right internal capsule). E: Control right internal carotid artery DSA image in the acute phase of stroke showing a
noncirculating right AChA (asterisk).

Patient 3
Presentation

This 37-year-old woman with a medical history of ac-
tive smoking (9 pack-years) underwent an imaging workup
for headaches in September 2013. An unruptured large-
necked saccular left carotid—ophthalmic artery aneurysm
with a maximum diameter of 9 mm was fortuitously diag-
nosed (Fig. 3).

Treatment

Initial endovascular treatment included placement of an
FDS (PED) in October 2013. The patient received dual-
antiplatelet therapy (clopidogrel and aspirin) 5 days before
stent placement and full anticoagulant treatment (heparin)
during the procedure. After the procedure, double antiag-
gregation was given for 3 months, and aspirin alone was
used for 9 months. The protocol was followed to the end.

Very Late Stroke
A delayed ischemic complication (thromboembolic
type) occurred in November 2014 (393 days after stent
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placement) and a superficial and deep left middle artery
territory stroke was seen on DWI, which had been sus-
pected because of right hemiapraxia and slight word miss-
ing (initial NIHSS Score 2). The symptoms gradually ap-
peared over 2 days.

Management

Aspirin therapy was resumed when the diagnosis of
acute ischemic stroke was confirmed with DWI. The
NIHSS score at 24 hours was 0. In the acute phase of the
stroke, DSA revealed a distal focal stenosis (approximate-
ly 40%) at the distal aspect of the stent, consistent with a
probable intimal hyperplasia. It is noteworthy that the pa-
tient was taking an oral hormonal contraceptive (second-
generation pills with 100 ug of levonorgestrel and 20 ug
of ethinyl estradiol) and continued smoking at the time of
the stroke. She was given double antiaggregation (aspirin
and clopidogrel) and nicotine substitutes; oral contracep-
tion was stopped, and an intrauterine device was consid-
ered. At the time of this writing, the patient was asympto-
matic (mRS Score 0). Control DSA at the 6-month follow-
up revealed improvement of the stenosis.
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FIG. 3. Patient 3. Unruptured left carotid—ophthalmic artery aneurysm in a 37-year-old woman. A: Selective left internal carotid
artery DSA image demonstrating a saccular left carotid—ophthalmic artery aneurysm (diameter 9 mm). B: Unsubtracted control
DSA image obtained immediately after FDS placement showing satisfactory stent deployment. Note the stagnation of the contrast
medium inside the aneurysm'’s sac. C and D: DWI studies acquired 13 months after stent placement showing a thromboembolic
stroke in the superficial and deep left middle artery territories. E: Left internal carotid artery DSA control image in the acute
phase of stroke showing a focal stenosis at the distal aspect of the FDS (~40%). F: Control left internal carotid artery DSA image
obtained 6 months after the ischemic stroke showing significant regression of the stenosis.

Discussion

The rate of very late (= 4-month) ischemic complica-
tions in our institution during the study period was 3.5%
(3 of 86) with an average delay of 384 days (range 136—
624 days) after the procedure. Note that the overall rate
of ischemic complications was 5.8% (5 of 86), similar to
that found in a recent meta-analysis® (total ischemic stroke
rate 6%).

The patency of the perforating arteries and side-wall
branches covered by the device is an important issue in the
treatment of intracranial aneurysm using an FDS. Indeed,
the sudden flow decrease may be responsible for stroke,
as in Patient 1 (perforator infarction type at 4 months)
and Patient 2 (side-wall covered branch infarction type at
1 year 8 months). The use of such high-structural-profile
implants raises the question of safety, because the mesh is
much denser than that of conventional stents (e.g., 30%—
35% of metal surface coverage for the PED'?). Thus, FDSs
reduce blood flow in the aneurysm sac to the point of stag-
nation and thrombosis, as demonstrated in experimental?!
and animal?* studies. Furthermore, according to the lit-
erature, FDSs induce the development of the neointima in
the inner surface of the vessel with a complete wall recon-

struction while preserving patency of the adjacent small
vessels.'® The existing data (derived from the cardiology
literature on coronary arteries) suggest that intimal hyper-
plasia peaks at 3—4 months!* and very rarely progresses
beyond 6 months after bare-metal-stent implantation.!”

On Day 14, Patient 1 experienced a spontaneous left
temporal hematoma. Systemic hypertension is not the
underlying cause in most nontraumatic lobar hematomas
(18% according to Loes et al.?2). However, in the acute
phase of the hematoma, Patient 1 was still under medical
supervision for poorly controlled hypertension. If a patient
is receiving dual-antiplatelet therapy, a systolic blood pres-
sure peak beyond 200 mm Hg may precipitate spontane-
ous bleeding. The initial clinical symptoms and delayed
MRI were not suggestive of ischemic stroke with hemor-
rhagic transformation. Note that previous DSA had not
revealed vascular malformation on the left temporal lobe.
Delayed ipsilateral parenchymal hemorrhage (DIPH) can-
not be excluded in this case. Indeed, DIPHs have been
reported as spontaneous hematomas from unclear origin
distant from the aneurysm treated with an FDS and, most
of the time, on the ipsilateral side.”” These DIPHs can oc-
cur up to 1 week’ or even 2 weeks? after treatment.
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Because of the hematoma, Patient 1 was taking only
aspirin when the stroke occurred, and tiny thrombi could
have formed and covered the orifice of the perforating
branches of the basilar artery. However, 4 months after its
placement, the device has usually been incorporated into
the vessel wall, which reduces its thrombogenicity. There-
fore, neointimal overgrowth and progressive narrowing of
the perforator’s orifice should also be considered as po-
tential causal factors. In a recent meta-analysis,’ ischemic
stroke and perforator infarction were reported at the sig-
nificantly highest rate among patients with posterior circu-
lation aneurysm because of delicate perfusion and lack of
collaterals to brainstem structures. Kulcsar et al.”” reported
a case of very late thalamic infarct developed 7 months
after FDS placement for a basilar artery aneurysm. In this
case, the patient was taking only aspirin at the time of
the stroke. The mRS score at latest follow-up was 4. The
authors questioned the neointimal overgrowth and pro-
gressive narrowing of the perforator’s orifice, especially
because 2 Neuroform stents (Stryker) had been implanted
earlier. The safety and indication of FDSs in the posterior
system are still controversial.?®

In Patient 2, the right AChA covered by the stent was
noncirculating during the acute ischemic complication
despite 1 year of antiplatelet therapy. In a recent series
of 15 aneurysms in which a PED was placed across the
ostium of the AChA, Brinjikji et al.* reported an AChA
occlusion rate of 7% (1 of 14) without any acute ischemic
stroke (with follow-up of at least 6 months). Another re-
cent retrospective study'® of 59 patients reported 2 cases of
asymptomatic delayed occlusion of the ophthalmic artery
covered by a PED without other-side branch occlusion and
a progressive arterial narrowing rate of 16.2% according
to 12-month follow-up DSA. Moreover, in Patient 2, par-
tial efficacy of thrombolysis with a reduction in the NIHSS
score suggests a thromboembolic factor.

It is also interesting to note that for Patient 1, FDS place-
ment was the third treatment (second recanalization after
2 aneurysm sac exclusions with Raymond—Roy Occlusion
Classification [RROC] I) for the aneurysm (with previous
balloon-assisted coiling re-treatment), and it was the sec-
ond treatment for Patient 2; thus, a part of vasculopathy
may play a role in very late ischemic complications.

In Patient 3, control DSA of the carotid artery in the
acute phase of stroke revealed a distal focal stenosis es-
timated at 40%. There was satisfactory stent deployment
during the initial treatment, and the stent was in place dur-
ing late DSA. Indeed, cases of very delayed stroke have
been reported secondary to mechanical causes (e.g., distal
migration of a PED at 5 months,® incomplete wall apposi-
tion of the stent with clot formation at 4 months caused by
slow blood flow at the vessel wall and implant interface'?).
Reactive in-stent stenosis seems to be a frequent (38% at 2
months’ follow-up?) asymptomatic and early angiographic
finding. It may play a fundamental role in the process of
stent-inducing aneurysm occlusion. Lubicz et al.> reported
a case of very delayed infarct at 4 months with intrastent
stenosis at the time of the intimal hyperplasia peak. How-
ever, a late occurrence of stenosis, as seen in Patient 3 (> 1
year later), is not usual.

In our study, 2 patients were active smokers at the time
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of their very late ischemic complication after FDS place-
ment. There is considerable scientific evidence that proves
a strong dose-response relationship between smoking and
stroke risk. Indeed, smoking increases the risk of stroke
by three- to fourfold.” It is important to emphasize to the
patient the need to stop or reduce smoking and to help all
patients quit smoking with a specific cessation program.
Likewise, in 37-year-old Patient 3, oral hormonal con-
traception associated with smoking was a risk factor for
stroke. Indeed, the risk of thrombotic stroke is increased
by a factor of 0.9-1.7 with oral contraceptives, including
ethinyl estradiol at a dose of 20 ug.? It is likely that taking
care and following-up on all thrombotic risk factors for
patients with an FDS could prevent very delayed ischemic
complications.

No very late ischemic complications were seen among
patients who were receiving dual-antiplatelet therapy (aspi-
rin and clopidogrel). Medical management is essential af-
ter FDS deployment to avoid possible platelet aggregation
on the stent walls or occlusion of the smallest collateral
vessels covered by the stent. Delayed stroke resulting from
in-stent thrombosis has been reported (e.g., at 23 months!!
and at 12 months'®) with the patient on aspirin only. The
need for antiplatelet therapy before, during, and after the
endovascular procedure should be clearly explained to pa-
tients along with the risk of serious hemorrhagic or throm-
boembolic events. There is a lack of evidence regarding
the idea duration of dual-antiplatelet therapy. A recent me-
ta-analysis’ failed to analyze the influence of the antiplate-
let therapy regimen on clinical complications, because a
majority of the studies pooled did not stratify clinical out-
comes on this variable.

However, according to Alderazi et al.,' dual-antiplatelet
therapy has been continued until 6 months after the proce-
dure in most studies. Aspirin is typically continued for at
least 12 months, whereas clopidogrel may be stopped de-
pending on angiographic and clinical results. In published
series, thromboembolic complications, including in-stent
thrombosis, have often occurred after stopping clopido-
grel (e.g., in a De Vries et al. study'* after discontinuation
of clopidogrel at 3 months). Recently, Skukalek et al.?
showed that, after PED placement, high-dose aspirin (=
300 mg) for > 6 months is associated with fewer perma-
nent thrombotic and hemorrhagic events, and clopidogrel
therapy for < 6 months is associated with higher rates of
thrombotic events. In contrast, aspirin treatment has been
reported to be associated with an absolute risk increase
in hemorrhagic stroke of 1.2 events per 1000 persons.”> In
a stroke trial that involved 3020 patients, the risk of ma-
jor hemorrhage was almost doubled with dual-antiplatelet
therapy (2.1% per year) over that with aspirin alone (1.1%
per year).> Moreover, the use of routine platelet-function
testing is still not consensual.” The durations of treatment
have not been homogeneous in the literature, and studies
to clarify this issue are needed, especially to determine the
right moment at which to stop clopidogrel (based on the
characteristics of the aneurysm and treatment) and if the
overall benefit of long-term aspirin use may outweigh its
adverse effects. However, the results of our study suggest
pursuing longer antiplatelet therapy, at least in selected pa-
tients with vascular risk factors.



Conclusions

Interventional neuroradiologists should be aware of
very late ischemic complications after FDS treatment.
They were observed in 3.5% of the cases in our series
and may occur as late as more than 1 year after treatment.
Our 3 cases underscore the need for continued and care-
ful evaluation and close long-term follow-up of patients
treated with this new device.
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