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ABSTRACT

BACKGROUND AND PURPOSE: Endoluminal reconstruction with the Pipeline Embolization Device is an effective treatment option
for select intracranial aneurysms. However, concerns for the patency of eloquent branch arteries covered by the Pipeline Emboli-
zation Device have been raised. We aimed to examine the patency of the anterior choroidal artery and clinical sequelae after ICA
aneurysm treatment.

MATERIALS AND METHODS: We prospectively analyzed all patients among our first 157 patients with ICA aneurysms treated by the
Pipeline Embolization Device who required placement of at least 1 device across the ostium of the anterior choroidal artery. The primary
outcome measure was angiographic patency of the anterior choroidal artery at last follow-up. Age, sex, type of aneurysm, neurologic
examination data, number of Pipeline Embolization Devices used, relationship of the anterior choroidal artery to the aneurysm, and
completeness of aneurysm occlusion on follow-up angiograms were also analyzed.

RESULTS: Twenty-nine aneurysms requiring placement of at least 1 Pipeline Embolization Device (median � 1, range � 1–3) across the
anterior choroidal artery ostium were identified. At angiographic follow-up (mean � 15.1 months; range � 12–39 months), the anterior
choroidal artery remained patent, with antegrade flow in 28/29 aneurysms (96.5%), while 24/29 (82.7%) of the target aneurysms were
angiographically occluded by 1-year follow-up angiography. Anterior choroidal artery occlusion, with retrograde reconstitution of the
vessel, was noted in a single case. A significant correlation between the origin of the anterior choroidal artery from the aneurysm dome and
failure of the aneurysms to occlude following treatment was found.

CONCLUSIONS: After placement of 36 Pipeline Embolization Devices across 29 anterior choroidal arteries (median � 1 device, range �

1–3 devices), 1 of 29 anterior choroidal arteries was found occluded on angiographic follow-up. The vessel occlusion did not result in
persistent clinical sequelae. Coverage of the anterior choroidal artery origin with the Pipeline Embolization Device, hence, may be
considered reasonably safe when deemed necessary for aneurysm treatment.

ABBREVIATIONS: AchoA � anterior choroidal artery; PED � Pipeline Embolization Device

Flow diversion with the Pipeline Embolization Device (PED;

Covidien, Irvine, California) has been shown to be an effective

treatment option for complex intracranial aneurysms of the in-

ternal carotid artery.1-4 Fundamentally, the safety and effective-

ness of the device in the cerebral vasculature depends on its ability

to differentially facilitate aneurysm occlusion without symptom-

atically compromising branch vessel patency. Branch vessel flow

depends on the arterial-venous pressure gradient and composite

impedance of the vascular territory subserved by the branch.5

Although placement of single PEDs across the origins of branch

vessels is not expected to affect vascular resistance in the jailed

(covered) artery,6,7 the intrinsic thrombogenicity of the implant

has caused concern for the patency of jailed branch arteries.5,6,8

Several studies have shown that coverage of the ophthalmic artery

is clinically safe,9,10 but coverage of the anterior choroidal artery

(AchoA) has not yet been systematically evaluated. Several reports

have suggested that �50% compromise of the luminal cross-sec-

tional area is required before flow in branch arteries is diminished

significantly,11,12 reflecting a degree of branch ostial coverage

lower than that expected from deployment of a single PED (be-

tween 18% and 36% surface metal coverage) as determined from

benchtop analysis.13 Even when PEDs are overlapped, metal
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coverage is not reasonably expected to exceed 40% for any 2

devices.14 We therefore hypothesized that coverage of the

AchoA with PED is unlikely to cause occlusion of this eloquent

vessel territory.

MATERIALS AND METHODS
This study was an institutional review board–approved retrospec-

tive analysis of prospectively acquired data. Inclusion criteria

were the following: 1) presence of an intracranial internal carotid

artery aneurysm treated by placement of �1 PED, and 2) coverage

of the AchoA with at least 1 PED.

We recorded the following baseline data: age, sex, neurologic

examination before and after the procedure, location of the aneu-

rysm (according to Shapiro et al15), relationship of the AchoA to

the aneurysm, and the number of PEDs implanted across the or-

igin of the AchoA. At follow-up, the interval from the index pro-

cedure, aneurysm occlusion status, patency of the AchoA, and

neurologic examination findings were recorded. Baseline and fol-

low-up neurologic assessments were performed in a nonblinded

fashion by 2 board-certified neurologists (T.B., M.S.).

Treatment Protocol
Procedures were performed with the patient under general anes-

thesia, typically by using a triaxial system in a fashion previously

described.2 The AchoA was covered by as many PEDs as was

thought necessary to achieve a subjectively satisfactory balance

between treatment of the aneurysm and AchoA coverage, with the

result that in most cases coverage of the AchoA was minimized to

a single device. Neurologic status was assessed before treatment,

immediately after treatment, at discharge, and at follow-up clin-

ical visits.

All patients received dual antiplatelet coverage. During the

intervention, patients additionally underwent anticoagulation by

intravenous boluses of heparin sodium, targeting an increase in

activated coagulation time of twice baseline. Patients continued

with clopidogrel (75 mg daily) and acetylsalicylic acid (325 mg

daily) for a minimum of 180 days after treatment. Antiplatelet

therapy was not explicitly modified from our standard PED–

aneurysm treatment protocol (which uses testing with the

VerifyNow P2Y12 assay [Accumetrics, San Diego, California] to

establish suitable inhibition at the time of treatment). In those

patients in whom the AchoA arose from the aneurysm fundus,

posttreatment heparinization at 500 –700 IU/h was continued for

4 –5 days.

Follow-Up Protocol
As with other patients treated by us with the PED, subjects of this

investigation were scheduled for follow-up clinical and angio-

graphic evaluations at 6 months and 1 and 3 years (�2 months)

postembolization. We evaluated the longest angiographic fol-

low-up when �1 instance of follow-up was available.

Imaging Evaluation
All pre- and posttreatment angiograms were reviewed by 5 neu-

rointerventionalists in consensus (T.B., P.K.N., E.R., M.S.,

D.W.Z.). We carefully evaluated the following: the aneurysm site;

descriptive features of the AchoA, such as hyperplastic variant16

or origin from the aneurysm dome17; occlusion or patency of the

aneurysm; and status of the AchoA at follow-up.

Statistics
The data are expressed as mean � SD or as median and range.

When appropriate, analyses were performed by using a Fisher

exact test. A P value � .05 was considered statistically significant.

RESULTS
Between August 2008 and May 2013, we treated 157 patients with

ICA aneurysms with PED constructs. Of these, 28 patients with 29

ICA aneurysms requiring placement of at least 1 PED across the

origin of the AchoA were identified. None of these patients devel-

oped any sustained postprocedural neurologic deficits. Clinical

and angiographic follow-up data were available for all patients

through at least 1 year. To date, no patient in this cohort has been

lost to follow-up. Baseline demographic and clinical data for the

28 identified patients are shown in Table 1. Eighty-two PEDs were

implanted successfully in this cohort, of which 36 PEDs were

placed across the ostium of the AchoA in developing a therapeutic

construct (mean per aneurysm � 1.24 � 0.57, median � 1,

range � 1–3). The mean time to last angiographic follow-up was

15.1 months with a range of 12–39 months. Representative exam-

ples of pre- and posttreatment angiograms are shown in Figs 1

and 2.

At follow-up, impairment of the AchoA flow was noted in 2

patients. Asymptomatic occlusion of the AchoA occurred in 1

individual (3.4%), who was continued on clopidogrel for 1 year.

In another patient, the angiographic opacification of the AchoA at

follow-up was judged sluggish, secondary to an ostium stenosis.

In the case of AchoA occlusion (Fig 3), the AchoA originated from

the lateral fundus of a large aneurysm, which was covered with 3

PEDs. After treatment, the patient was maintained on heparin,

500 IU/h, for 5 days before being discontinued. Within hours of

stopping heparin, the patient experienced a transient episode (5

minutes) of contralateral weakness and hemianopsia, consistent

with an AchoA syndrome. An urgent angiogram was obtained,

demonstrating occlusion of the aneurysm and the AchoA (Fig 3D)

with collateral reconstitution of the AchoA territory via anasto-

moses with the ipsilateral posterior lateral choroidal and medial

lenticulostriate arteries. The patient had no further symptoms

and was discharged home on postoperative day 9, neurologically

intact. At 6-month and 1-year follow-ups, the aneurysm and

AchoA ostium were fully closed (Fig 3E), with the distal AchoA

collaterally reconstituted through more robust anastomoses with

Table 1: Study populationa

No. or Mean (SD)
Age (yr) 57.6 (13.6)
Sex (M/F) 7/21
Aneurysm side (R/L) 16/13
Aneurysm site

Paraophthalmic 17
PcomA 10
AchoA 1 (2 bystander)
Terminus 1

Note:—R indicates right; L, left; PcomA, posterior communicating artery.
a Our study population included 28 patients with 29 aneurysms, with coverage of the
anterior choroidal artery with at least 1 PED.
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a medial lenticulostriate branch of the right A1 segment (Fig 3F)

and the ipsilateral posterior lateral choroidal artery (Fig 3H). A

comparison of baseline features between patients with impaired

AchoA flow at follow-up and those with normal flow is shown in

Table 2. No occlusion of the AchoA was observed among patients

with double-device coverage (n � 3) or in the other 2 patients with

triple coverage of the AchoA. No clinical signs or symptoms of

AchoA occlusion were present at follow-up in any patients. As of the

time of this writing, no new deficits were noted in the 2 patients with

compromised AchoAs.

The AchoA originated from the aneurysm fundus in 4 aneu-

rysms (Table 3). Two of these included the aforementioned cases

of AchoA occlusion and flow restriction/stenosis. Three of these 4

aneurysms were incompletely occluded at follow-up; this scenario

suggests that persistent runoff into the AchoA may be a potential

contributing factor for incomplete clo-

sure of aneurysms treated with the PED.

DISCUSSION
Minimally porous endoluminal devices

such as the PED have provided a con-

ceptual paradigm shift in the treatment

of cerebral aneurysms.1-4 Nevertheless,

one of the major concerns related to use

of such devices is the risk of potential

critical branch vessel occlusion.18 Vari-

ous in vitro and animal model studies

have attempted to reproduce human in

vivo conditions to explore the effect of

PED placement on covered branch sta-

tus. Jailed lumbar segmental vessels re-

portedly remained patent18,19 following

single-device placement of PEDs within

the rabbit aorta. Histologic evaluation of

PEDs 6 months after implantation has

typically demonstrated near-uniform

neointimal overgrowth of the device,

interrupted by uncovered “pores” at or-

igins of branch vessels.19 This observa-

tion is supported in part by the demon-

stration of persistent patency in most

ophthalmic arteries chronically covered

by single PEDs.2,3,9,10

Furthermore, while Puffer et al10 re-

ported that �25% of ophthalmic arter-

ies covered by PEDs were occluded on

follow-up imaging and �18% were

occluded in the Budapest PED experi-

ence,3 neurologic sequelae of such oph-

thalmic artery occlusion are demonstra-

bly rare. For the ophthalmic artery, the

infrequency of symptomatic occlusions

likely reflects the rich collateral support

available through anastomoses with or-

bital branches of the external carotid ar-

tery; additionally, the cases in which the

ophthalmic artery was occluded serve to

illustrate the potential for use of such devices in facilitating

asymptomatic vascular remodeling in the treatment of complex

aneurysms. Moreover, the apparent infrequency of symptomatic

orbital thromboembolic events following coverage with a PED,1

even in cases in which the artery is incorporated into the target

aneurysm, is reassuring. Nevertheless, the sufficiency of collateral

support for the AchoA20 has been poorly studied and remains

disturbingly unpredictable,21 particularly considering the neuro-

logic eloquence of this vascular territory and the knowledge that

ischemic infarctions due to perforator occlusion have been de-

scribed in other territories.22 Although a role for balloon test oc-

clusion, supplemented by simultaneous angiographic assessment

of collateral support, might be of use in identifying patients in

whom collateral support is immediately sufficient, it is unlikely

that much insight into the consequences of slowly progressive,

FIG 1. Baseline pretreatment digital subtraction angiogram (lateral projection, A) demonstrating a
large dysplastic ICA aneurysm with preserved antegrade flow in the anterior choroidal artery
(white arrows). In an initial posttreatment follow-up angiogram after placement of a PED, unsub-
tracted mask (B) and arterial phase DSA in a lateral projection (C) demonstrate complete occlu-
sion of the aneurysm with preservation of antegrade flow within the anterior choroidal artery
(white arrows). Follow-up DSAs demonstrate reconstruction of the left ICA with smooth uniform
neointimal overgrowth of the minimally porous endoluminal device construct. Eighteen-month
follow-up DSAs (frontal projections) demonstrate a contralateral supply of the left anterior
cerebral artery from the right ICA (D) and persistent occlusion of the left ICA aneurysm (E).

FIG 2. Baseline lateral DSA projection (A) demonstrating a posterior communicating artery an-
eurysm and normal flow in the anterior choroidal artery (white arrows). One-year follow-up
angiography after placement of a PED and coils, unsubtracted mask (B) and DSA (C), confirm
occlusion of the aneurysm with preservation of antegrade flow within the anterior choroidal
artery (white arrows).
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FIG 3. Baseline pretreatment 3D-DSA (A) and lateral projection DSA (B) demonstrating a large anterior choroidal artery aneurysm. Note the
origin of the AchoA from the aneurysm fundus (white arrows in inset, B). Immediate posttreatment images, after placement of PED, unsub-
tracted mask (C) and delayed image DSA (D), demonstrate coverage of the AchoA origin and residual antegrade opacification of the AchoA
territory (white arrows, D). Follow-up angiography (E and F) confirms complete occlusion of the aneurysm and AchoA origin; the AchoA is
opacified retrogradely (white arrows, F). Baseline pretreatment (G) and follow-up (H) DSAs of the left vertebral artery (lateral projections)
demonstrate the collateral opacification of the AchoA through anastomoses with the posterior lateral choroidal artery at follow-up (inset in H,
white arrows; compare with the inset in B), not visualized at baseline (G).
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delayed occlusion of the AchoA for individuals with poor col-

lateral support at the time of treatment would be gained. None

of our patients underwent test occlusion of the AchoA before

treatment.

The present study provides some reassurance that strategically

limited PED coverage of the AchoA is infrequently associated with

symptomatic flow impairment or vessel occlusion. In this series,

no permanent clinical sequelae resulted from coverage of the

AchoA by a PED through a mean of 15.1 months of follow-up. A

single AchoA occlusion was seen. In this patient, transient symp-

toms suggestive of an AchoA syndrome developed on postopera-

tive day 5 following discontinuation of heparin (which had been

continued during a prolonged period specifically to prevent acute

aneurysm thrombosis in this patient). However, the symptoms

regressed spontaneously within minutes, coinciding with angio-

graphically confirmed collateral reconstitution of the occluded

AchoA by mechanisms previously described.16 Another asymp-

tomatic patient was observed at 1 year postprocedure to have

subjectively sluggish antegrade flow within the AchoA, associated

with origin stenosis of the vessel; however, this patient remains

clinically asymptomatic through 3 years. The median number of

PEDs covering the choroidal segment in this series was 1, with

double (n � 3) or triple (n � 3) coverage being the exception. In

1 case of triple coverage, the AchoA and its associated aneurysm

were occluded. In the remaining 2 triple-coverage cases, ante-

grade flow was maintained through the 1-year follow-up angio-

grams. Thus, multidevice coverage may be justified if in the judg-

ment of the operator, such a construct is necessary for aneurysm

treatment (Fig 1).

Although a margin of safety may exist in covering neurologi-

cally eloquent branches such as the AchoA, judicious treatment

should be focused on limiting such coverage. Toward this goal,

the degree of absolute metal coverage may be minimized by stra-

tegic selection of PED size in developing a therapeutic construct.

The functional metal coverage projected by an individual PED

varies substantially depending on its size relative to the parent

vessel, regional curvature, and other conditions of deployment

(with realized values between 18% and 36%). This variation pro-

vides the opportunity to minimize judiciously eloquent branch

coverage.13,14 From this perspective, the porosities of devices cov-

ering the AchoA is likely lower than that expected in a straight-

vessel model, due to the relative oversizing of devices for the cho-

roidal segment to match the diameter of the ICA at the more

proximal landing zone and because the AchoA typically arises

from an outer curvature of the supraclinoid ICA, causing individ-

ual device pores of the PED to be further opened.23

In our cohort, 4 AchoAs originated from the aneurysm fun-

dus. Of these, 2 AchoAs were impaired at follow-up and only 1

aneurysm was angiographically occluded at 1-year follow-up.

These results raise the possibility that persistent runoff into

branches originating from the aneurysm proper may prevent

complete aneurysm obliteration by mechanisms similar to those

responsible for continued patency of normal side branches. In

studies by Raz et al9 and Puffer et al,10 branch origin from the

dome was an independent factor associated with lack of aneurysm

occlusion at follow-up.

We acknowledge the following limitations of this study: First,

the requisite angiographic follow-up was 1 year. Thus, it may be

argued that during a longer term, AchoA occlusion may be un-

derestimated. Also, the small number of patients with 2 or 3 PEDs

across the artery ostium (n � 5) limits the power of analysis cor-

relating PED number and vessel status.

CONCLUSIONS
Our experience demonstrates the overall safety and efficacy of

PED placement across the AchoA, with expectation of a few inci-

dences of postprocedural AchoA occlusion. None of the patients

in the current series reported permanent symptoms related to

AchoA coverage following PED treatment.
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