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ABSTRACT

BACKGROUND AND PURPOSE: Flow-diverting stents can be used to treat intracranial aneurysms that are not amenable to treatment
with coils. We analyzed ophthalmic consequences due to coverage of the origin of the ophthalmic artery by flow-diverting stents for the
treatment of internal carotid artery aneurysms.

MATERIALS AND METHODS: From April 2009 to April 2013, the clinical and angiographic outcomes of all 28 patients treated for
aneurysms with flow-diverting stents covering the origin of the ophthalmic artery were prospectively collected. The origin of the
ophthalmic artery in relation to the target aneurysm was classified by using a4-type classification. A complete ophthalmic examination was
performed by a single ophthalmologist 48 hours before and 1 week after covering the ophthalmic artery.

RESULTS: Ophthalmic artery patency was normal at the end of endovascular treatment in 24/28 cases (85.7%). With extensive ophthalmic
examinations, 11 patients (39.3%) showed new ophthalmic complications. Patients with the ophthalmic artery originating from the aneu-
rysm sac were at high risk for retinal emboli (4/5, 80%). Patients with the ophthalmic artery originating from the inner curve of the carotid
siphon were at high risk for optic nerve ischemic atrophy (3/4, 75%).

CONCLUSIONS: This prospective study shows that covering the ophthalmic artery with a flow-diverting stent is not without potential
complications. Ophthalmic complications can occur but are often not diagnosed. The anatomic disposition of the ophthalmic artery in
relation to the carotid siphon and aneurysm should be clearly understood because some configurations have a higher risk. When not

required, covering of the ophthalmic artery by flow-diverting stents should be avoided.

ABBREVIATIONS: FDS = flow-diverting stent; OA> = ophthalmic artery aneurysm; PED = Pipeline Embolization Device

low-diverting stents (FDSs) are commonly used for the endo-

vascular reconstruction of a segmentally diseased parent vessel
and treatment of large-neck intracranial aneurysms, which can be
difficult to reconstruct with coils, even when used with large-cell
stents.'”® FDSs aim to maintain normal blood flow through parent
and branch vessels while disrupting flow into the aneurysm, causing
thrombosis, and eventually sealing the aneurysm ostium through
neointimal proliferation across the device struts.® Good angio-
graphic and clinical results have been achieved in small series.* >

One issue concerning intracranial aneurysm treatment by an
FDS is the patency of the perforating arteries and side branches
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covered by the device.'? FDSs are designed to provide sufficient
coverage across the aneurysm neck to exclude the lesion from
circulation but to be porous enough to preserve the patency of any
branch vessels covered by the construct through the interstices
between the device strands.'” The flow into the regional perfora-
tors and branch arteries is governed by different factors from
those that drive flow into an aneurysm, and the patency of the
perforators is maintained by a suction effect due to lower pressure
in those branches.'* This has been studied with histologic evalu-
ation of the Pipeline Embolization Device (PED; Covidien, Irvine,
California) in rabbit aorta, demonstrating rounded funnel-like
defects into the homogeneous sheet of neoendothelium on the
FDS in regard to the orifices of the regional branches."

This pressure gradient may, however, be less important in ves-
sels that have robust competitive collateral flow."* This is most
frequently seen when constructs are built over the ophthalmic
artery, which occasionally becomes occluded when covered by
multiple devices.® In these situations, competitive collateral flow
from the external carotid artery may create a “flow equalization
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The number of PEDs to be deployed
was decided on the basis of flow reduction
observed during the procedure or of ana-
tomic circumstances. Additional coiling
was performed in large aneurysms with a
maximum diameter of >12 mm, by using
the jailed microcatheter technique.

FIG1. Classification according to the anatomy of the origin of the covered ophthalmic artery:
the ophthalmic artery aneurysm classification. A, Type A: ophthalmic artery originating from the
aneurysm sac. B, Type B: ophthalmic artery originating from the neck of the aneurysm. C, Type C:
ophthalmic artery originating in the inner curve of the carotid siphon. D, Type D: ophthalmic
artery not involved in the aneurysm but covered by the Pipeline Embolization Device.

point,” resulting in slow flow or proximal occlusion of the oph-
thalmic artery because of its retrograde supply from the external
carotid artery circulation.'>'® Recently, a study evaluated the pa-
tency rate of the ophthalmic artery with standard digital subtrac-
tion angiography and any change in angiographic flow in the
artery immediately after FDS placement across the arterial inlet
for the treatment of 20 proximal ICA aneurysms.'” This study
assessed 21% of ophthalmic artery occlusions and 11% of oph-
thalmic arteries with slow antegrade flow. In this small, retrospec-
tive series, no visual worsening was observed in case of flow
change in the ophthalmic artery, but only 5 patients had a detailed
ophthalmic examination.'” Because small visual field amputations
due to ischemic lesions can be easily underdiagnosed and they are
often asymptomatic, it appears mandatory to explore ophthalmic
disorders with a complete examination to identify even small deficits.

In this study, we analyzed ophthalmic consequences due to cov-
erage of the ophthalmic artery by the implantation of an FDS cover-
ing the origin of the ophthalmic artery for the treatment of terminal
ICA aneurysms. This analysis focuses on the anatomy of the origin of
the ophthalmic artery in relation to the target aneurysm.

MATERIALS AND METHODS

Patients

From April 2009 to April 2013, the clinical and angiographic out-
comes of all patients treated at our institution for aneurysms with
PEDs covering the origin of the ophthalmic artery were collected
prospectively. Our institutional ethics committee approved the
study. Written informed consent was obtained from each patient.

Procedures

All procedures were performed by an experienced neuroradiolo-
gist with the patient under general anesthesia, by using a triaxial
approach. Accurate measurement of the parent artery was per-
formed on 3D images, acquired with rotational angiography, with
a dedicated workstation (XtraVision; Philips Healthcare, Best, the
Netherlands) for vessel analysis before each procedure. The PEDs
(Covidien) were deployed in the desired position to have a perfect
wall apposition. Angiographic images were acquired in antero-
posterior, lateral, and working projections before and immedi-
ately after treatment. To assess the wall positioning of the device,
we performed a vaso-CT acquisition (Allura Xper FD20; Philips
Healthcare) just after the deployment.'® In case of malposition-
ing, balloon remodeling was performed inside the device or a
second overlaid PED was implanted.

Periprocedural Medication

All patients were given dual antiplatelet
therapy for 7 days before to 3 months
after the intervention (clopidogrel, 75
mg; aspirin, 160 mg daily). Adequate
platelet inhibition was verified the day
before treatment with the VerifyNow P2Y12 assay (Accumetrics,
San Diego, California).

If there was resistance, the doses were increased.

During catheterization and PED placement, anticoagulation
with heparin kept the activated clotting time at 2-3 times the
normal value. In addition, 250 mg of aspirin was given intrave-
nously just before PED deployment.

Imaging

MR imaging was performed to assess optic nerve compression
and cerebral ischemic complications with a 3T system before and
1 day and 3 months after the procedure.

Data Collection and Image Analysis

Patient age, sex, aneurysm location and type (saccular or fusi-
form), the presence of previous treatment, size, rupture status at
presentation, and compressive symptoms were collected. Proce-
dural details (eg, number and size of implanted PEDs and associ-
ated coiling) were noted.

A single reader evaluated all angiograms. Aneurysm occlusion
was assessed by using the O’Kelly-Marotta grading scale. The pa-
tency of the ophthalmic artery was reported as normal or slowed
anterograde flow, occlusion, or retrograde filling.

Classification according to Anatomy of the Origin of the
Covered Ophthalmic Artery

The origin of the ophthalmic artery correlated to the location of
the aneurysm was assessed by using a 4-type ophthalmic artery
aneurysm (OA?) classification as detailed in Fig 1.

Ophthalmologic Examination

A complete standardized ophthalmologic examination was per-
formed by a single ophthalmologist 48 hours before and 1 week
after covering the ophthalmic artery. At every visit, possible visual
side effects of treatment (decrease of visual acuity, loss of visual
field, diplopia, and ocular pain) were investigated.

A routine logarithm of the minimum angle of resolution best
spectacle-corrected visual acuity assessment was performed, fol-
lowed by a slit-lamp examination of the anterior segment, fluo-
rescein staining, a dilated fundus examination, and applanation
tonometry. The oculocephalic reflex and a Lancaster test searched
the limitation of the extrinsic ocular motility.

Each patient underwent retinal photography and, in case of
any abnormality, retinal fluorescein angiography to study retinal
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Table 1: Demographics and aneurysm/procedure characteristics® RESULTS
Overall Type Patients
(n=28) A(n=5) B(n=6) C(n=4) D(n=13) Twenty-eightinternal carotid artery aneu-

Demographics rysms in 28 patients (median age, 52 years;
Age (yr) 52(19-81)  45(25-73) 54(36-79) 46(38-66) 52(19-81)  32.1% men) were selected for treatment
Men 9(321) 3(60.0) 1(16.7) 2(50.0) 3(239) with the FDS covering the origin of the

Aneurysm hthalmic artery (Table 1). Median an-
Size (mm) 8317) 634  7(60)  n(ss) sy  phthalmicartery (Table 1). Median an
Fortuitous presentation® 19 (67.9) 4(80.0) 6(100.0) 0 9(69.2) eurysm size was 8 mm (range, 3-17 mm).

Procedure Presentations were fortuitous in 67.9%,
FDS and coils 7(25.0) 0 1(16.7) 1(25.0) 5(38.5) angiographic recurrence of previously en-
>1FDS 12 (42.9) 1(20.0) 2(333) 2(50.0) 7(53.9) dovascularly treated aneurysms in 17.9%,

?Values reported are median (range) or count (percentage). and acute oculomotor nerve palsy due to
© Other cases were recanalization or oculomotor palsy. . .
nerve compression by the aneurysm in
Table 2: Outcomes® 14.2%.
Overall Type ArTeurysms were treated with an FDS
(n=28) A(n=5) B(n=6) C(n=4) D(n=13) alone in 75% and with an FDS and coils in

Normal patency of ophthalmic artery® 25% (Table 1). In most cases (57.1%),
Immediately after procedure 24(857) 5(100)  5(833) 2(50.0) 12(923)  only 1 FDS was implanted, 35.7% had 2,
At3mo 27(964) 5(100)  6(100)  4(100) 12(923)  and 7.1% with giant aneurysms had 3
/?]t :12 lmo | 27(964) 5(100)  6(100)  4(100)  12(923)  ppss.

Ophthalmic complications . . .
Retinal emboli 5(7.9)  4(80.0) 0 0 17.7) Anatomic configuration according to
Optic atrophy 3(107) 0 0 3(75.0) 0 the origin of the covered ophthalmic ar-

New clinical symptoms 1(39.3) 4(80.0) 1(167) 3(750)  3(23)) tery was type A in 17.9%, B in 21.4%, Cin
Transient 6(214) 1(200) 1(67)  1(25.0) 3(23) 14.3%, and D in 46.4%, with no important
Permanent 5(7.9)  3(60.0) 0 2(50.0) 0 differences among the 4 groups in terms of

# Values reported are count (percentage). demographics, aneurysm characteristics,
® Other cases had occlusion or slowed blood flow. . . .

or adjunctive use of coils.
side effects. A Topcon 50 IA camera (Topcon, Tokyo, Japan)  Outcomes

coupled with the IMAGEnet Lite (Topcon) digital imaging sys-
tem was used to acquire the images. Mean retinal thickness in
the central foveal area was measured by using optical coher-
ence tomography (Stratus OCT, Version 4.0.1; Carl Zeiss Med-
itec, Dublin, California). To study the retinal nerve fiber layer,
we scanned the optical discs of each patient by optical coher-
ence tomography. For visual field assessment, the 242 central
field SITA Fast program of the Humphrey 750 (Carl Zeiss Med-
itec) was performed.

Clinical Events

Any clinical events appearing in the postoperative course were
noted. A neurologic assessment was performed before the treat-
ment, at discharge, and at follow-up.

Angiographic Follow-Up

Angiographic images obtained immediately after endovascular
treatment were compared with those obtained at each follow-up
examination. Our standard angiographic follow-up protocol con-
sisted of angiography 3—6 months after endovascular treatment
and then 1 year later, by using standard projections and the work-
ing projection for PED placement.

Data Analysis

Continuous variables are expressed as median (range), and qualita-
tive variables, as count (percentage). Baseline characteristics and out-
comes are described according to the OA? classification without sta-
tistical comparisons regarding the study sample size. Data were
analyzed with SAS, Version 9.3 (SAS Institute, Cary, North
Carolina).
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During endovascular treatment, 1 parenchymal embolism occurred
in the territory of the right middle cerebral artery, which was treated
with intra-arterial abciximab without any clinical symptoms at pa-
tient wake-up, as previously reported."®

Follow-up MR imaging, performed in all patients, showed 1
case of territorial parenchymal ischemia in the right frontal
area without clinical symptoms and no case of hemorrhagic
complications. There were no cases of oculomotor nerve com-
pression due to aneurysm thrombosis, and no patients had
optic nerve compression or enlargement of the aneurysm after
FDS implantation.

At follow-up, there was a global aneurysm complete occlusion
rate of 78.6% at 6 months, with no difference according to the
OA? classification. No cases of stent thrombosis were observed,
and there was no intrastent intimal hyperplasia on DSA. No pa-
tients were lost to follow-up.

Ophthalmic artery patency was normal at the end of endovas-
cular treatment in 85.7% of patients (Table 2). We observed 1 case
of ophthalmic artery occlusion in a type B anatomy just after
implantation of 2 FDSs with no ophthalmic symptoms despite an
exhaustive examination and with a normal antegrade flow at
3-month and 1-year follow-ups. We observed 3 cases of ophthal-
mic artery flow slowing just after FDS implantation. At 3-month
and 1-year follow-ups, all except 1 case had a normal antegrade
flow in the covered ophthalmic artery. The only case that was not
angiographically normal was a stenosis at the origin of a type D
ophthalmic artery.

With an extensive ophthalmic examination, 11 patients



FIG 2. lllustrative case for type A. A, Left internal carotid artery angiograms: a and b, 3D angiograms with 2 carotid ophthalmic aneurysms with
the ophthalmic artery originating from the aneurysm. c—e, Angiogram 3 months after flow-diverting stent implantation showing patency of the
ophthalmic artery with a remnant of the upper aneurysm (arrow in e). B, Left eye funduscopic examination showing hyperattenuated embolic
material in a retinal artery of the inferior retina (arrow). C, Explicative schema: a, The flow in the ophthalmic artery is turbulent due to the
aneurysm. b, After placement of an FDS across the aneurysm neck, the turbulent flow is modified and may induce partial thrombosis of the
aneurysm. ¢, The outflow channel that constitutes the ophthalmic artery may be the route for ophthalmic thromboemboli and subsequent
retinal infarcts.

(39.3%) showed new ophthalmic complications: Six had visual
blurring, 4 had visual field defects, and 1 had oculomotor palsy.
New clinical complications were transient or asymptomatic in 6
(2 cases of visual field amputations were asymptomatic but were
observed on visual field examinations). We observed 5 (17.9%)
retinal emboli, all but 1 in type A anatomy, and 3 optic nerve
atrophies in a type C anatomy (Table 2).

DISCUSSION
FDSs offer new opportunities for the treatment of aneurysms,
extending the field of aneurysms eligible for endovascular ap-
proach and increasing long-term occlusion rates."*'>?° They are
considered effective and safe, especially before the level of the
circle of Willis. Our findings support this finding because we ob-
served only 1 case of parenchymal ischemic complication, no clin-
ical symptoms, and 78.6% achieving complete occlusion at
6-month follow-up. However, the complications of FDSs are not
well-known, and it seems important to detect them to understand
their mechanisms and prevent them.

Our results show that coverage of the ophthalmic artery is not
a harmless treatment because 17.9% of patients had permanent
ophthalmic complications. These complications can be mild or
severe, but some are only detected with a complete and extensive

ophthalmic examination, which was not performed in most pre-
vious studies.

Puffer et al'” reported that FDSs over the ophthalmic artery
were clinically well-tolerated, because no patient experienced vi-
sual loss, even though 25% of the ophthalmic arteries covered
with an FDS underwent ophthalmic artery occlusion with time.
Some patients may have no clinical symptoms because of asymp-
tomatic loss of the FOV, which highlights the importance of ex-
tensive ophthalmic examinations to detect retinal ischemia or
subtle deficits.

The arterial flow of the ophthalmic artery, analyzed with DSA,
may not be the only predictor of ophthalmic complications after
coverage of the ophthalmic artery, especially because asymptom-
atic delayed ophthalmic artery thrombosis may be due to the de-
velopment of an important collateral network.'”?" This mecha-
nism is supported by several animal studies,** suggesting that in
cases of laminar flow with aspiration effect, due to a high pressure
gradient in the covered side branch, the ophthalmic artery re-
mains patent, but if the pressure gradient is low, as happens with
the ophthalmic artery where an important collateral network de-
velops, flow diversion may be increased and can result in side
branch thrombosis. The aspirative flow mechanism to explain the
patency of covered arteries has been described in a rabbit model
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FIG 3. lllustrative case of type C. A, Right internal carotid artery 3D angiogram showing a carotid ophthalmic aneurysm with the ophthalmic
artery originating from the inner curve of the ICA. B, Three-month ophthalmic examination: g, Right eye fluorescein retinal angiography showing
an arterial flow defect in the upper part of the retina (arrow). b and ¢, Visual field assessment showing a large central scotoma in the right eye.
d and e, Mean retinal thickness in the central foveal area, measured by using optical coherence tomography, proved right optic nerve atrophy

(right eye, 55.03 um; left eye, 100.65 um).

with coverage of the lumbar arteries; the authors reported excel-
lent patency of small branch arteries covered by the device.'> This
hypothesis, which has been confirmed in clinical practice, is that
continued flow in these arteries permits ongoing patency, whereas
aneurysm cavities, which lack an outflow channel, undergo
thrombosis due to blood stagnation.®?* It may be that this mech-
anism is not exactly applicable to all anatomic configurations; we
therefore classified aneurysms into 4 groups according to the OA”
classification (Fig 1).

In the case of an aneurysm at the origin of the covered side
branches with the ophthalmic artery originating from the aneu-
rysm sac (Fig 1A), the ophthalmic artery has turbulent flow after
crossing the aneurysm rather than a rapid laminar flow. Thus,
after placement of an FDS across the aneurysm neck, the turbu-
lent flow in the aneurysm is modified and may induce partial
thrombosis. Furthermore, the outflow channel that constitutes
the ophthalmic artery may be the route for ophthalmic thrombo-
emboli and subsequent retinal infarcts. Despite the small number
of patients with type A aneurysms in our study (n = 5), we ob-
served small retinal emboli in 80.0% of these cases. The hypo-
thetic mechanism for this is illustrated in Fig 2. It may be that for
these particular cases of a branched artery originating from the
aneurysm sac, it would be necessary to restore a laminar flow in
the branch with coiling before implantation of the FDS, but this
strategy should be tested in animal models or with fluid compu-
tational analysis.
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Another observation of this study is that patients with an oph-
thalmic artery originating in the inner curve of the carotid siphon
(Fig 1C) have high rates of complications. This configuration only
accounted for 14.3% of patients in our series, but 75.0% of them
had new ophthalmic complications. Three of the 4 patients with
type C anatomy presented with optic nerve atrophy, as described
in Fig 3. The hypothesis to explain optic nerve atrophy is ischemia
due to a drastic and rapid reduction of the blood flow in the
ophthalmicartery. This could be explained by the tortuosity of the
carotid siphon and the braided design of the FDS. In the inner part
of a curve, the mesh attenuation of the device is higher than thatin
the outer curve because of tighter packing of the FDS.>>** The
free-cell space is consequently reduced across the origin of the
ophthalmic artery, which leads to a rapid decrease of the inflow of
the vessel.”>** The persistency of an aspirative effect may allow
patency of the ophthalmic artery, but it induces a defect of perfu-
sion. If antegrade inflow by the ophthalmic artery decreases, its
territory is taken over by the collaterals from the external carotid
artery with a competitive flow through anastomosis, but this net-
work develops with time.

In case of acute low perfusion and before any supply by collat-
eral branches from the external carotid system, some territories
vascularized by very tiny branches can be hypoperfused. This hy-
poperfusion might occur for the optic nerve head perfusion,
which is ensured by perforators from short posterior ciliary arter-
ies constituting the Zinn-Haller arterial ring.*>"*” These territo-



ries can be injured in case of low flow after resuscitation or surgery
and can cause optic nerve ischemia.”®?® This mechanism of acute
low flow in the ophthalmic artery after implantation of an FDS
with high mesh attenuation over the ophthalmic artery might
explain optic nerve ischemia despite normal angiography find-
ings. A type C aneurysm must be a concern before FDS implan-
tation, and it appears mandatory to strictly adapt the FDS diam-
eter to that of the carotid artery and choose an FDS of larger
diameter to avoid excessive packing and reduce mesh attenuation
in the inner curve.

Our study is limited by the small number of patients with each
OA? classification, which lowers its power to identify differences
among each type, and the study sample size is not large enough to
exclude the possibility of confounding factors. However, the data
of this series identify a large tendency for more ophthalmic com-
plications (permanent or definitive) in groups A and C compared
with other anatomy configurations. We did not observe an in-
creased risk of ophthalmic complications related to the number of
overlaid PEDs or in cases of associated coiling (data not shown),
suggesting a real relationship between ophthalmic artery anatomy
and ophthalmologic outcome, which should be confirmed in a
larger population.

Furthermore, this observational study had no control group,
and we did not perform detailed ophthalmic investigations in
carotid-ophthalmic aneurysms treated with other devices or in
the absence of coverage of the ophthalmic artery with the FDS.

Nevertheless, the series of D’Urso et al*>°

reported only 1 case of
visual impairment in 126 unruptured paraclinoid aneurysms
treated with coiling, suggesting that coiling (with or without as-
sociated stent) does not carry a high risk of ophthalmic compli-
cations and that the observations reported in our series could be
related to coverage of the ophthalmic artery by the FDS.

Finally, the patency and flow velocity in the ophthalmic artery
were estimated with angiography, which is not the most suitable
tool. Further studies should analyze this flow by using Doppler
sonography, before and after FDS placement, to correlate oph-
thalmic complications with subtle ophthalmic artery flow
variations.

CONCLUSIONS

This prospective study shows that covering the ophthalmic artery
with an FDS is not without potential complications. Ophthalmic
complications are not rare but are usually underdiagnosed. The
anatomic disposition of the ophthalmic artery regarding the ca-
rotid siphon and aneurysms should be clearly understood because
some particular configurations may expose patients to a higher
risk. When not required, covering the ophthalmic artery with an
FDS should be avoided.
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