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ABSTRACT

SUMMARY: Flow diversion has become an established treatment option for challenging intracranial aneurysms. The use of small devices of
�3-mm diameter remains unapproved by major regulatory bodies. A retrospective review of patients treated with Pipeline Embolization Devices
of �3-mm diameter at 3 Canadian institutions was conducted. Clinical and radiologic follow-up data were collected and reported. Twelve cases
were treated with �1 Pipeline Embolization Device of �3-mm diameter, including 2 with adjunctive coiling, with a median follow-up of 18 months
(range, 4–42 months). One patient experienced a posttreatment minor complication (8%) due to an embolic infarct. No posttreatment hemor-
rhage or delayed complications such as in-stent stenosis/thrombosis were observed. Radiologic occlusion was seen in 9/12 cases (75%) and
near-occlusion in 2/12 cases (17%). Intracranial aneurysm treatment with small-diameter flow-diverting stents provided safe and effective aneu-
rysm closure in this small selected sample. These devices should be further studied and considered for regulatory approval.

ABBREVIATIONS: PED � Pipeline Embolization Device; PICA � posterior inferior cerebellar artery

Endovascular flow diversion by using devices such as the Pipe-

line Embolic Device (PED; Covidien, Irvine, California) has

gained acceptance as a viable option for endovascular treatment

of intracranial aneurysms not amenable to more conventional

therapies. This technique has been established mainly in the treat-

ment of proximal unruptured aneurysms in relatively large parent

vessels, with a paucity of data describing the use of small devices.1

Health Canada has only approved PED use in parent vessels of

�3.25 mm in diameter,2 perhaps due to concern that smaller

devices might be prone to complications such as access difficul-

ties, kinking, or in-stent thrombosis. The US FDA did not specify

a size constraint in its approval letter but specified that the PED

was only approved for ICA aneurysms from the petrous segment

to the superior hypophyseal segment.3 This limited approval also

effectively restricts PED use to larger devices because it is ex-

tremely rare for the ICA to measure �3 mm. Furthermore, distal-

vessel aneurysms frequently have wide-neck or fusiform mor-

phology, making them difficult to treat with conventional

techniques such as coiling and potentially good candidates for

flow diversion. Therefore, it is imperative that the safety profile of

small flow-diversion devices be well-studied so that challenging

aneurysms in small-diameter parent vessels can be properly eval-

uated for potential use of this emerging treatment option.

MATERIALS AND METHODS
We conducted a retrospective review at 3 institutions of all endo-

vascular cases using PEDs between June 2008 and July 2013. Pa-

tients that were treated with one or more small stents (�3.00 mm

in diameter) were included in our analysis. Data including demo-

graphics; aneurysm type, size, and location; procedural details;

clinical presentation; subsequent imaging; and clinical outcome,

including the most recent follow-ups, were collected. Our results

are expressed in medians and interquartile ranges, given the small

sample size (non-normal distribution).

The decision to treat was made for each case by a multidisci-

plinary team, including vascular neurosurgeons and interven-

tional neuroradiologists, and Health Canada approval was indi-

vidually obtained under an appeal for compassionate use.

Informed consent was obtained from patients or substitute deci-

sion-makers. Pretreatment antiplatelet therapy included both

acetylsalicylic acid (325 mg) and a total dose of 600 mg of clopi-

dogrel before the procedure (initiated 5 days prior for unruptured

aneurysms or within 24 hours for ruptured aneurysms). Testing

of in vitro platelet function for clopidogrel response was not per-

formed (not approved by Health Canada). In cases presenting

with SAH, extraventricular drains were placed before initiation of
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dual antiplatelet therapy if indicated. Intraprocedural heparin

was administered to achieve a targeted activated clotting time of

250 –300 seconds.

All procedures were performed with the patient under general

anesthesia in a biplane angiography suite. Standard transfemoral

access was obtained, and a triaxial approach was used for all an-

terior circulation aneurysms and for those posterior circulation

aneurysms in which the dominant vertebral artery was of suffi-

cient size to allow these devices. A 0.027-inch microcatheter

(Marksman; Covidien) was used to gain a distal position across

the neck of the aneurysm. In cases in which adjuvant coiling was

planned, a 0.014- or 0.018-inch microcatheter was placed into the

aneurysm lumen before stent deployment, by using a 5F guide

catheter via contralateral femoral access. PED sizes were selected

on the basis of the proximal and distal diameters of the parent

vessel. One or more PEDs were then deployed to reconstruct the

parent artery, depending on the degree of inflow reduction. In

coiling cases, loose-packed coils would be placed until the pri-

mary operator was satisfied with the result.

All patients were monitored postprocedure in a dedicated

neurosurgical intensive care unit. Patients typically underwent

postprocedural MRA within 48 hours. After discharge, clinical

and imaging follow-up varied on the basis of the treating physi-

cian’s discretion and the patient’s wishes. Radiologic follow-up

consisted of DSA or noninvasive imaging (MRA or CTA) and was

usually performed at 4 – 6 months. Dual antiplatelet therapy was

strictly continued for a minimum of 6 months. After this, discon-

tinuation of clopidogrel was based on imaging findings and the

discretion of the treating physician, and the patient was main-

tained on aspirin only.

RESULTS
The results are summarized in the On-line Table, with represen-

tative images displayed in Figs 1 and 2. The median diameter was

18 mm (range, 2–38 mm). Among the aneurysms treated, 6/12

(50%) were located in the anterior circulation, and 6/12, (50%) in

posterior circulation (Table). Three patients were treated in the

acute phase of SAH; 1 patient, in the subacute phase; and 1, with

remote SAH. Five patients had previous treatment with coiling or

a standalone stent and experienced subsequent recanalization be-

fore their treatment with flow diversion. Two patients (17%) were

treated with both coiling and flow diversion.

One patient (8%) experienced technical complications with

access and required prestenting angioplasty of the parent vessel so

that the device could cross the aneurysm. One patient (8%) expe-

rienced a clinically significant procedure-related complication,

with a distal posterior inferior cerebellar artery (PICA) stroke,

which was detected in the immediate postprocedure period with

mild dysmetria and limb ataxia, which improved to a minimal

deficit during several days. This stroke was seen on postprocedure

MR imaging, and the mechanism appeared to be embolic on the

basis of its distal territory, most likely occurring during catheter

FIG 1. Representative images for case 6. A, Noncontrast CT demonstrates an acute SAH centered in the interhemispheric fissure. B and C,
Anteroposterior and lateral projections, right ICA injections, pretreatment, show a right A2 fusiform aneurysm. D, Oblique projection, right ICA
injection, immediately postdeployment, shows the flow effect and position of the stent. E and F, Anteroposterior and lateral projections, right
ICA injections, at 2 months posttreatment show complete aneurysm occlusion.
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navigation, because the aneurysm was located at the superior cer-

ebellar artery takeoff. One additional patient (8%) had clinically

asymptomatic infarcts seen on postprocedural MR imaging (day

1), not requiring any specific treatment or rehabilitation. This

patient was further assessed by early DSA, and it was found that

the frontopolar artery, which was covered by the PED, was now

occluded, whereas it was patent in the immediate postdeployment

angiogram. No patients had a periprocedural decrease in the Glas-

gow Outcome Score. No delayed complications were seen at a

median follow-up of 1.5 years (range, 6 months to 3.5 years),

including no cases of in-stent stenosis/thrombosis or rerupture.

The results at latest follow-up included a complete occlusion

rate of 9/12 (75%), a near-occlusion rate of 2/12 (17%), and a

residual filling rate of 1/12 (8%). The timing of follow-up imaging

and the choice of technique were variable, with 5/12 (42%) under-

going only noninvasive imaging postprocedure. Among the cases

that showed complete occlusion, the median time for first documen-

tation of occlusion was 6 months (range, 1 day to 8 months). The 2

cases of near-occlusion were both first documented at 6 months. The

case that had residual filling was documented on MRA at 1 day, and

this was persistently seen on several follow-up studies including DSA

at 1.5 years and MRA at 2.5 years.

DISCUSSION
The use of �3-mm diameter flow-diversion devices is not cur-

rently approved in North America, and there is a paucity of pub-

lished literature that describes their use. Pistocchi et al1 reported a

series of 26 patients, most of whom were treated with flow-diver-

sion devices of �3 mm, with good outcomes including an occlu-

sion rate of 83% and a neurologic complication rate of 4% with no

hemorrhage. Yavuz et al4 recently reported 25 cases of MCA an-

eurysms located at the bifurcation or more distally, with an occlu-

sion rate of 84% and only 1 case of long-term neurologic impair-

ment, which was mild (mRS 1). Presumably, many of the cases in

this series involved small-diameter parent vessels and PEDs, but

these specific data were not reported. Most larger flow-diversion

series either did not report any cases of devices of �3 mm, or they

did not include documentation of the parent vessel or device

size.4,6-8 Our current series of 12 patients demonstrated that the

use of these small devices is technically feasible and safe, with

excellent clinical and radiologic outcomes at a median latest fol-

low-up of 1.5 years. The rates of occlusion (75%) and near- or

complete occlusion (92%) are similar to overall data published for

flow-diversion treatment (76% complete occlusion at 1 year),9

and our current series comprises 50% posterior circulation aneu-

FIG 2. Representative images for case 7. A and B, Anteroposterior projections, left vertebral artery injections, pretreatment and immediately
post-PED deployment, respectively, show persistent filling with a minor flow effect. C, 3D reconstruction of CTA at 4 months postprocedure
shows placement of the stent entirely in the PICA. D and E, Axial T1 MR imaging with gadolinium, postoperative day 1 and at 1-year follow-up,
respectively, shows delayed aneurysm occlusion. F, 3D reconstruction of the MRA at 1-year follow-up shows patency of the parent vessel.

Summary of aneurysm characteristics by size/location
Location <7 mm 7–12 mm 13–24 mm >24 mm

Anterior (ICA/MCA/ACA) 2 1 2 1
Posterior (vertebrobasilar,

PcomA, PCA)
1 2 2 1

Note:—PcomA indicates posterior communicating artery; PCA, posterior cerebral
artery; ACA, anterior cerebral artery.
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rysms, which are known to carry higher rates of complications.

The early morbidity rate of 8% is similar to the established

5%–7% seen in overall data,9,10 and no aneurysm ruptures or

delayed complications were observed among these data, whereas

published data suggest a late morbidity of 3% and mortality of

1%.10 Therefore, the overall safety profile of this small series ap-

pears grossly in line with the results of Pistocchi et al1 and the

overall published flow-diversion data.4-10

The timing of follow-up imaging and the choice of imaging

technique varied greatly among the cases in this series, on the basis

of the discretion of the treating clinician. It was thought that per-

forming follow-up DSA was unnecessary in cases with good clin-

ical status and a satisfactory noninvasive radiologic result. In cases

without any coils present, it was thought that CTA was the supe-

rior noninvasive technique in assessing in-stent stenosis, but

MRA was generally acceptable for assessing patency. For cases

with any concerning features such as suspected stenosis, DSA re-

mains the optimal technique for detailed assessment.

The use of flow diversion in small and/or distal vessels has

unique technical challenges that may increase the risk of ischemic

or hemorrhagic complications during both access and deploy-

ment. Access in small and/or distal vessels is likely to be more

difficult in comparison with that in larger and/or proximal flow di-

version because the device is delivered in a large and relatively stiff

microcatheter and tortuosity or sharp corners can pose serious road-

blocks. Establishing a distal position with a microwire sometimes

requires using a larger microwire (0.018 inch) or a buddy wire tech-

nique (0.008/0.010 and 0.014 inch). The distal landing zone may be

of particularly small caliber, increasing the risk of dissection or per-

foration by the wire or the microcatheter. Smaller vessels also pose a

risk of clot formation or distal spasm because the microcatheter may

slow or occlude flow. These risks are also of concern during deploy-

ment when the pusher wire may appear in small distal branches.

However, our early experience did not demonstrate an increased risk

of vessel dissection, perforation, or spasm.

Another technical challenge is deploying the device with a

smaller margin of error on the proximal and distal landing zones,

because the surrounding vessels are likely to have nearby

branches. Proper sizing becomes a critical factor in smaller vessels

to maximize coverage across the aneurysm but avoid too much

coverage over branches/perforators because fully expanded de-

vices provide higher surface area coverage in small vessels. In ad-

dition, we found that it was sometimes more difficult to unscrew

the release coil while maintaining the intended delivery position

in these smaller devices than in their larger counterparts, because

the proximal vascular loops decrease the torque of the delivery

system. However, all of these issues were found to be manageable,

and difficulties diminished as greater experience deploying small

PEDs was acquired.

An important topic in flow diversion is the covering, or jailing,

of sidewall or branch arteries by the flow-diverting stent. This

topic has been widely discussed in the flow-diversion literature,

with the consensus suggesting that branch occlusions are not un-

common but are often clinically silent.5,11,12 It remains unclear

whether small-diameter flow diverters have a greater propensity

to cause occlusion or symptomatic flow reduction to covered ar-

terial branches, but the series by Yavuz et al4 showed relatively

high rates of branch occlusion (3/21, 14%) and a reduced caliber

of the covered branch (6/21, 29%) among 21 MCA bifurcation

aneurysms treated.12 Our series demonstrated 1 case (8%) of a

jailed branch artery occlusion (frontopolar artery) with an asso-

ciated area of diffusion restriction on MR imaging (postproce-

dure day 1) suggestive of infarct, but this was clinically silent.

There was no radiologic evidence in our series of other infarcts or

significant branch occlusions on MR imaging or DSA that were

attributable to jailed branches, but in the retrospective review of

our cases, it was difficult to accurately determine the patency of

smaller jailed branches and perforators. Future study of flow di-

version in small vessels would likely benefit from a careful analysis

of all jailed vessels, such as a comparison among predeployment,

immediate postdeployment, and delayed follow-up by using 3D

DSA or 2D images with precisely matched projections.

In-stent stenosis and thrombosis have been cited as important

concerns with flow-diversion devices, which occur in 5%–10% of

cases,9 and these may be even more of a concern with small de-

vices because there is less room available for stenosis to occur before

complete thrombosis occurs.13 Pistocchi et al1 reported 1 case of

in-stent thrombosis (4%) in their series, which was treated with an-

gioplasty in a subsequent procedure that restored flow, but the pa-

tient still had a clinical infarct. Delayed ischemia due to intimal hy-

perplasia is also a possibility, and if this occurs so that a vessel

diameter is reduced by 1–2 mm, it could theoretically lead to a critical

flow effect in stents of�3 mm. Furthermore, in-stent stenosis may be

more difficult to detect in small-caliber stents due to a lack of imaging

resolution and the presence of metal artifacts. In our series, we did

not observe any cases of significant in-stent stenosis and there were

no cases of thrombosis, but further data are needed to know whether

these small devices pose a greater risk of this complication.

The use of intravascular metal stents requires dual antiplatelet

therapy, which is commonly recommended for at least 6 months

before reduction to a single antiplatelet agent, though variations

in practice exist.8 The preprocedural regimen and postprocedural

duration remain controversial, especially in the setting of SAH.

Our series included 3 cases that were treated in the acute phase of

SAH with none of these experiencing early rerupture, similar to

previous results.14,15 The optimal timing likely depends on the

degree of epithelialization of the metal device, which, in turn,

depends on various factors such as flow characteristics, aneurysm

occlusion, length, and the presence of endoleaks.11,16 All of these

variables may be even more important in small-sized vessels. One

possibility is that higher resolution imaging such as vessel wall

MRA will eventually be able to provide evidence of epithelializa-

tion, but until then, controversy will likely continue.

CONCLUSIONS
Flow diversion with small-diameter devices (�3 mm) remains

unapproved by Health Canada, and the US FDA effectively im-

poses a similar constraint. Our current results document the safe

and effective use of small-diameter flow diverters in a small se-

lected sample, without evidence of higher-than-published com-

plication rates such as in-stent stenosis/thrombosis, dissection, or

rerupture. As such, this treatment option should be further stud-

ied and potentially considered for broader regulatory approval.
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