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F
low-diverting stents function as a neoendothelial-
ization scaffold to reconstruct the parent artery and 
exclude cerebral aneurysms from the circulation. 

Aneurysm cure is apparent only on follow-up imaging, 
and yet the literature on occlusion outcomes is flawed. 

Attrition is high,14,20,22,29,33 antiplatelet tapering regimens 
inconsistent,15,19,22,23 follow-up incomplete,9,19,31 follow-up 
imaging often noninvasive,14,33,36,43,44 and occlusion grading 
nonstandard.34,36,42 This leads to flawed conclusions about 
the predictors of aneurysm occlusion after flow diversion 

ABBREVIATIONS ACA = anterior cerebral artery; ACoA = anterior communicating artery; DSA = digital subtraction angiography; ICA = internal carotid artery; MCA = middle 

cerebral artery; PCoA = posterior communicating artery; PED = Pipeline embolization device; PUFS = Pipeline for Uncoilable or Failed Aneurysms.
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OBJECTIVE Flow diversion requires neointimal stent overgrowth to deliver aneurysm occlusion. The existing literature 
on aneurysm occlusion is limited by heterogeneous follow-up, variable antiplatelet regimens, noninvasive imaging mo-
dalities, and nonstandard occlusion assessment. Using a large, single-center cohort with low attrition and standardized 
antiplatelet tapering, the authors evaluated outcomes after flow diversion of anterior circulation aneurysms to identify 
predictors of occlusion and aneurysm persistence.

METHODS Data from a prospective, IRB-approved database was analyzed for all patients with anterior circulation an-
eurysms treated by flow diversion with the Pipeline embolization device (PED) at the authors’ institution. Follow-up con-
sisted of catheter cerebral angiography at 6 and 12 months postembolization. Clopidogrel was discontinued at 6 months 
and aspirin was reduced to 81 mg daily at 12 months. Occlusion was graded as complete, trace filling, entry remnant, or 
aneurysm filling. Multivariate logistic regression was performed to identify predictors of aneurysm persistence.
RESULTS Follow-up catheter angiography studies were available for 445 (91%) of 491 PED procedures performed for 
anterior circulation aneurysms between August 2011 and August 2016. Three hundred eighty-seven patients accounted 
for these 445 lesions with follow-up angiography. The population was 84% female; mean age was 56 years and mean 
aneurysm size was 6.6 mm. Aneurysms arose from the internal carotid artery (83%), anterior cerebral artery (13%), and 
middle cerebral artery (4%). Morphology was saccular in 90% of the lesions, and 18% of the aneurysms has been previ-
ously treated. Overall, complete occlusion was achieved in 82% of cases at a mean follow-up of 14 months. Complete 
occlusion was achieved in 72%, 78%, and 87% at 6, 12, and 24 months, respectively. At 12 months, adjunctive coiling 
predicted occlusion (OR 0.260, p = 0.036), while male sex (OR 2.923, p = 0.032), aneurysm size (OR 3.584, p = 0.011), 
and incorporation of a branch vessel (OR 2.206, p = 0.035) predicted persistence. Notable variables that did not predict 
aneurysm occlusion were prior treatments, vessel of origin, fusiform morphology, and number of devices used.

CONCLUSIONS This is the largest single-institution study showing high rates of anterior circulation aneurysm occlusion 
after Pipeline embolization. Predictors of persistence after flow diversion included increasing aneurysm size and incorpo-
rated branch vessel, whereas adjunctive coiling predicted occlusion.
https://thejns.org/doi/abs/10.3171/2017.11.JNS171738
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and can misdirect treatment strategies. With low attrition, 
standardized antiplatelet tapering, and a large number of 
patients treated at a single institution, we evaluated occlu-
sion outcomes after flow diversion of anterior circulation 
aneurysms with the Pipeline embolization device (PED) 
(Medtronic) to identify predictors of occlusion and aneu-
rysm persistence.

Methods
We analyzed a retrospective cohort of patients obtained 

from an IRB-approved, prospectively collected database 
of patients with aneurysms treated at a tertiary medical 
center.

The decision to treat was based on demographics, aneu-
rysm size, location, irregularity, and growth, among other 
factors. Surgical and alternative endovascular treatments 
were considered before the decision to undertake flow di-
version. Consistent with the PED literature,8,14 over time 
a growing majority of treatments were “off-label,” includ-
ing treatment of small aneurysms and distal anterior cir-
culation aneurysms. Pipeline placement was performed as 
previously described.6,18 Patients recovered in the neuro-
critical care unit and were typically discharged to home on 
postembolization day 1. Demographic information, clini-
cal history, and outcomes were collected from medical 
records. Anatomical and technical details were collected 
from intraprocedural events, angiograms, and operative 
reports. Follow-up consisted of catheter cerebral angiog-
raphy at 6, 12, and often at 24 months postembolization. 
Clopidogrel was discontinued at 6 months and aspirin was 
reduced to 81 mg daily at 12 months. Occlusion was grad-
ed according to a modified version of the O’Kelly-Marotta 
scale based on the degree of filling as complete, trace fill-
ing, entry remnant, or aneurysm filling,34 but without the 
degree of stasis assessment.

Statistical Analysis

Data are presented as mean and range for continuous 
variables and as frequency for categorical variables. Uni-
variate analysis was carried out using unpaired t-tests and 
ANOVA tests. Univariate logistic regression was used to 
test predictors of aneurysm occlusion. Factors predictive 
at a level of p < 0.2 were then evaluated by multivariate 
logistic regression. A threshold of p < 0.05 was used to 
determine significance. Kaplan-Meier methodology was 
followed for generating time-to-occlusion curves. Statisti-
cal analysis was performed using Stata (version 14.0).

Results
A total of 491 PED procedures were performed for 

anterior circulation aneurysms between August 2011 and 
August 2016, and angiographic follow-up studies were 
available for 445 (91%). The mean age of the 387 patients 
who underwent 445 PED procedures with available fol-
low-up imaging was 56 years, and 84% were female. The 
mean aneurysm size was 6.6 mm in diameter, and there 
were 85 large (19%) and 4 giant (1%) aneurysms. More 
than one aneurysm was treated during a single procedure 

in 7% of cases, with aneurysms commonly adjacent to one 
another. A minority of the treated aneurysms were previ-
ously ruptured (7%) or previously treated (18%). Saccular 
morphology was most common (90%), with 7% being fu-
siform and 3% being dissecting aneurysms or pseudoan-
eurysms. In 191 cases (43%), a branch vessel was incorpo-
rated into the aneurysm fundus or neck. This included true 
ophthalmic and posterior communicating artery (PCoA) 
aneurysms along the internal carotid artery (ICA) as well 
as anterior communicating artery (ACoA) aneurysms and 
middle cerebral artery (MCA) bifurcation aneurysms (Ta-
ble 1).

Most aneurysms originated along the ICA (82%), in-
cluding paraophthalmic (29%), true ophthalmic (17%), 
and cavernous segment (12%) aneurysms. The anterior 
cerebral artery (ACA) was the second most common ves-
sel of origin (13%), led by true ACoA (7%) and A1/A2 seg-
ment aneurysms (4%). MCA bifurcation aneurysms (2%) 
accounted for a majority of aneurysms arising along the 
MCA (4%) (Table 2).

The mean fluoroscopy time and radiation exposure for 
PED procedures were 38 minutes and 2206 mGy, respec-
tively. A single PED was deployed in most cases (92%). 
Adjunctive coiling was performed in 24 cases (5%), and 
balloon angioplasty was used to improve device apposi-
tion in 49 cases (11%). Contrast stasis was assessed on 
final control angiogram after PED placement and was di-
vided evenly between contrast persisting into the arterial 
phase (32%, “mild”), capillary phase (29%, “moderate”), 
and venous phase (31%, “pronounced”) (Table 3).

Overall, complete occlusion was achieved in 82% of 
cases at a mean and median follow-up of 14.5 ± 10.1 and 

TABLE 1. Demographics and anatomy

Characteristic Value (range or %)

Total cases 445

Mean age (yrs) 56.1 ± 12.6 (20–88)
Female sex 372 (84)
Mean aneurysm size in mm (range) 6.6 ± 4.7 (1–31)
 Small, no. 356 (80)
 Large, no. 85 (19)
 Giant, no. 4 (1)
>1 aneurysm treated 33 (7)
Prior SAH 66 (15)
Previously treated 79 (18)
 Clip 19 (4)
 Coil 53 (12)
 Flow diversion 7 (2)
 Multiple treatments 0 (0)
Morphology

 Saccular 401 (90)
 Fusiform 30 (7)
 Dissecting/pseudoaneurysm 14 (3)
Branch vessel included 191 (43)

SAH = subarachnoid hemorrhage.

Mean values are presented ± SD. Other values represent the number (%) of 
lesions.
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12.0 months, respectively (range 2–61 months). At 6, 12, 
and 24 months, complete occlusion was achieved in 72%, 
78%, and 87% of cases for which follow-up data were 
available, respectively (Table 4). These results are also 
displayed in a Kaplan-Meier survival curve (Fig. 1).

Multivariate logistic regression was performed to iden-
tify predictors of persistence at 6 and 12 months postem-
bolization. At 6 months, advancing age (OR 1.024, p = 
0.035) and increasing aneurysm size (OR 2.384, p = 0.016) 
were predictors of aneurysm persistence, while a history 
of subarachnoid hemorrhage (OR 0.375, p = 0.030) and 
adjunctive coiling (OR 0.060, p = 0.020) were predic-
tors of aneurysm occlusion (Table 5). At 12 months, male 
sex (OR 2.923, p = 0.032), increasing aneurysm size (OR 
3.584, p = 0.011), and branch vessel inclusion within the 
treated aneurysm (OR 2.206, p = 0.035) were predictors of 
persistence, while adjunctive coiling (OR 0.033, p = 0.036) 
predicted occlusion (Table 6). Notable variables that were 
tested but were not predictive of either persistence or oc-
clusion included prior treatments, vessel of origin, device 
number, device diameter, and contrast stasis on final con-
trol angiogram after the embolization procedure.

The overall rate of major complications17 with place-
ment of anterior circulation PEDs was 3.5%, including 
a 1.1% rate of major stroke, a 1.8% rate of intracranial 
hemorrhage, and a 0.7% rate of subarachnoid hemorrhage, 
leading to 1.1% rate of mortality. The overall rate of minor 
complications was 8.8%, including a 0.9% rate of minor 
stroke, a 2.3% rate of transient ischemic attacks, a 1.4% 
rate of cranial nerve palsy, a 0.5% rate of iatrogenic dis-
section without stroke, a 3.5% rate of groin hematoma, 
and a 0.7% rate of groin infection.

Discussion
In this single-institution series of 491 anterior circu-

lation cerebral aneurysms, of which 445 (91%) were in 
patients who underwent follow-up digital subtraction an-
giography (DSA), flow diversion with the PED achieved 
complete aneurysm occlusion in 72%, 78%, and 87% at 6, 
12, and 24 months postoperatively, respectively. Multivar-
iate logistic regression identified increasing aneurysm size 
and branch vessel inclusion within the aneurysm fundus or 
neck as predictors of aneurysm persistence and adjunctive 
coiling as a predictor of complete occlusion.

The best studies of flow diversion outcomes report on 
actuarial occlusion at fixed intervals following treatment; 
results in this series are comparable with those in the lit-
erature that show progressive occlusion in 56%–82% at 
6 months,9 73%–87% at 12 months,36,40,41 and 84%–93% 
at 24 months.3,15,44 The original Pipeline for Uncoilable or 

TABLE 2. Aneurysm locations

Aneurysm Location No. of Lesions (%)

ICA 367 (82)
 Cervical 11 (2)
 Petrous 4 (1)
 Cavernous 52 (12)
 Ophthalmic 77 (17)
 Paraophthalmic 131 (29)
 Superior hypophyseal 8 (2)
 PCoA 42 (9)
 Clinoidal 18 (4)
 Supraclinoid 16 (4)
 Termination 8 (2)
ACA 59 (13)
 A1 4 (1)
 A1/A2 18 (4)
 ACoA 30 (7)
 A2/A3 6 (1)
 A4 1 (0)
MCA 19 (4)
 M1 6 (1)
 Bifurcation 10 (2)
 M2 3 (1)

TABLE 3. Procedural outcomes

Operative Characteristic Value (range or %)

Total mean fluoroscopy time in mins 38.3 ± 25.3 (10–203)
Mean radiation exposure in mGy 2206 ± 1144 (259–9031)
No. of devices 1.08 ± 0.28 (1–3)
 1 410 (92)
 2 34 (8)
 3+ 1 (0)
Adjunct coil deployment 24 (5)
Verapamil infusion 53 (12)
Balloon angioplasty 49 (11)
PED thrombosis 17 (4)
PED cork/removal 34 (8)
Stasis

 None 11 (2)
 Mild 143 (32)
 Moderate 128 (29)
 Pronounced 140 (31)
 Occluded 23 (5)

Mean values are presented ± SD (range). Other values represent the number 
(%) of lesions.

TABLE 4. Occlusion outcome

Outcome

6 Mos 12 Mos 24 Mos Last FU

No. % No. % No. % No. %

Complete occlusion 286 72 215 78 83 87 367 82

Trace filling 57 14 35 13 8 8 41 9
Entry remnant 14 4 9 3 1 1 9 2

Aneurysm filling 39 10 17 6 3 3 28 6

No. of aneurysms w/ data 

available for analysis

396 81 276 56 95 19 445 91

No imaging 95 19 215 44 396 81 46 9

FU = follow-up.

Values represent the numbers and percentages of lesions.
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Failed Aneurysms (PUFS) cohort of 109 aneurysms has 
been followed now for 5 years with complete occlusion in-
creasing from 74% at 6 months to 95% at 5 years. PUFS is 
commendable for its low attrition rates, with angiographic 
results for 70% of patients at 3 years and 55% at 5 years; 
however, comparisons to PUFS are limited by its large 
aneurysm size (mean 18 mm), high number of devices (3 
on average), and absence of bifurcation aneurysms.3,4 Chiu 
et al. achieved similarly low attrition in a population of 
98 patients with 119 aneurysms, in whom angiographic 
follow-up was available for 84%, 66%, and 89% at 6, 12, 
and 24 months, respectively. Perhaps more comparable 
to contemporary flow diversion series, more than half of 
aneurysms in that series were < 10 mm in size and 19% 
incorporated a major branch vessel. Occlusion rates were 
82%, 84%, and 93% at 6, 12, and 24 months.15 Yu et al. 
reported actuarial outcomes in a larger cohort of 143 pa-
tients with 178 aneurysms in whom complete occlusion 
was seen in 56%, 81%, and 84% at 6, 12, and 24 months. 
Attrition rates were higher in that study and vessel imag-
ing was available in 42% and 33% at 12 and 24 months, 
respectively, and more than half of these results were from 
MR or CT angiography.44 Even at 3 T, contrast-enhanced 
and time-of-flight MR angiograms are inferior modalities 
that overestimate total occlusion by more than 15% and 
20%, respectively, compared to DS angiograms.1

The rates of high attrition14,20,22,29,33 and follow-up with 
noninvasive vascular imaging14,33,36,43 are just two limita-
tions in the literature on outcomes after flow diversion. 
Another limitation is the reporting of occlusion outcomes 
at last follow-up, a heterogeneous end point that indirectly 
approximates the goals of treatment.13,22,27,31,35,38,43 For ex-
ample, Chalouhi et al. compared 178 patients treated with 

a single device or multiple devices and reported “latest oc-
clusion” complete in 68% of patients at a mean follow-up 
of 7.0 months in the single-device group and 70% at 8.9 
months in the multiple-device group. The latest occlusion 
represents a composite of 3-month, 6-month, 12-month, 
and longer DS angiography results at disparate stages of 
dual antiplatelet tapering, which prevents the drawing of 
conclusions about long-term occlusion and its predictors.13 
Others have reported occlusion outcomes prematurely at 3 
or 6 months when patients have yet to complete antiplatelet 
tapering.9,19,31 Our experience has shown that even for small 
aneurysms a significantly higher percentage of aneurysms 
will show complete occlusion at 6 months compared to 3 
months, and this number will continue to increase after 
clopidogrel is stopped.25 Another common problem is the 
reporting of occlusion outcomes from centers that follow 
different antiplatelet tapering protocols.15,19,22,23 The pres-
ent study avoids these limitations and represents a large, 
single-institution cohort with standardized antiplatelet ta-
pering and high rates of DS angiographic follow-up, re-
porting actuarial occlusion outcomes. Kaplan-Meier time-
to-occlusion plots are a visually compelling alternative for 
displaying occlusion outcomes (Fig. 1), although they have 
limitations in that they treat occlusion as a binary outcome 
and assume occlusion occurred at the time of fixed-inter-
val follow-up angiography.

In the literature pertaining to flow diversion, the most 
consistent predictor of persistence after treatment has been 
branch vessel inclusion within the aneurysm fundus, al-
though the relevant anatomical parameters have been vari-
ably defined.7,15,24,32,36,43 On the more restrictive end of the 
spectrum, Kan et al. studied 701 PED placements across 
6 institutions and found 15 aneurysms that incorporated 

FIG. 1. Kaplan-Meier plot demonstrating the rates of aneurysm occlusion over time. Values on the x-axis represent days. Hash 

marks indicate censored patients. Figure is available in color online only.
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an end vessel without distal collaterals. These included 7 
fetal PCoA aneurysms and five ophthalmic artery aneu-
rysms without an external carotid artery collateral supply. 
None of the aneurysms were occluded during a minimum 
of 12-month angiographic follow-up period.24 In a study 
of PEDs used to treat 29 anterior circulation aneurysms, 
Tsang et al. observed total occlusion in 79% of the cases, 
with aneurysms arising from a fetal-type PCoA account-
ing for 4 of 6 refractory cases.43 Chiu et al. provided fewer 
specifics about their definition of branch vessel incorpora-
tion but followed patients longer and found this may delay 
but does not preclude aneurysm obliteration. In their study 

of PED for 119 unruptured aneurysms, 23 that incorpo-
rated a branch vessel showed lower occlusion rates at 6 and 
12 months (57% vs 84% overall) but not 24+ months (86% 
vs 93% total).15 We used a permissive definition, including 
all PCoA aneurysms, ACoA aneurysms, MCA bifurca-
tion aneurysms, and true ophthalmic aneurysms, account-
ing for 43% of the series. Even with our more inclusive 
definition, a branch vessel incorporated into the aneurysm 
was a predictor of persistence at 12 months. The increased 
representation of bifurcation aneurysms in our series may 
explain why occlusion outcomes are lower than in some 
other large series.15,40

TABLE 5. Predictors of aneurysm occlusion and persistence at 6 months

Predictor Variable

Univariate Multivariate

OR

CI p  

Value OR

CI p  

ValueLow High Low High

Age 1.036 1.014 1.057 0.001 1.024 1.002 1.048 0.035

Male sex 1.761 1.001 3.098 0.049 1.978 0.982 3.986 0.056

Race

 White 2.882 1.075 7.728 0.035 1.912 0.704 5.194 0.203

 Black 1.387 0.481 3.996 0.545 1.167 0.398 3.417 0.778

 Other Ref Ref Ref Ref Ref Ref Ref Ref

History of SAH 0.336 0.154 0.733 0.006 0.375 0.155 0.907 0.030

Previous treatment 0.917 0.671 1.253 0.587 — — — —

Aneurysm size (cm) 1.950 1.229 3.093 0.005 2.384 1.176 4.832 0.016

Size (small vs large/giant) 1.773 0.490 6.419 0.383 — — — —

Vessel of origin

 ICA Ref Ref Ref Ref Ref Ref Ref Ref

 ACA 0.586 0.282 1.218 0.152 0.726 0.185 2.845 0.646

 MCA 1.231 0.449 3.381 0.686 2.071 0.347 12.358 0.424

Morphology (saccular vs other) 2.064 0.995 4.282 0.051 1.450 0.555 3.785 0.448

Branch vessel w/in aneurysm 1.000 0.644 1.558 0.993 1.769 0.986 3.175 0.056

Fluoroscopy time (mins/10) 1.030 0.942 1.126 0.508 — — — —

Radiation exposure (mGy/1000) 0.848 0.680 1.058 0.145 0.916 0.700 1.200 0.528

Coiling 0.110 0.015 0.828 0.032 0.060 0.005 0.639 0.020

>1 device 0.894 0.387 2.067 0.795 — — — —

Cervical ICA tortuosity 1.034 0.653 1.638 0.886 — — — —

Type 3/4 cavernous ICA 1.025 0.645 1.628 0.917 — — — —

Verapamil infusion 0.282 0.112 0.762 0.012 0.426 0.159 1.142 0.090
Balloon angioplasty 0.496 0.224 1.098 0.084 0.506 0.201 1.272 0.148

Pipeline removal/cork 1.122 0.497 2.533 0.782 — — — —

In situ thrombosis 0.373 0.057 2.456 0.305 — — — —

PED diameter (mm)
 2.5–3 Ref Ref Ref Ref Ref Ref Ref Ref

 3.25–4.25 1.178 0.595 2.332 0.638 1.140 0.264 4.921 0.861

 4.5–5 2.295 1.104 4.772 0.026 1.716 0.341 8.623 0.512

Stasis

 None/mild Ref Ref  Ref Ref Ref Ref Ref Ref

 Moderate 1.394 0.809 2.399 0.231 1.417 0.703 2.858 0.330

 Pronounced/occluded 0.989 0.580 1.686 0.969 0.973 0.502 1.884 0.936

Ref = reference value; – = variable not included in multivariate analysis because it did not meet the significance threshold for inclusion.
Boldface type indicates statistical significance.
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Prior flow diversion studies have shown decreasing oc-
clusion rates with increasing aneurysm size, although in 
most series this has not reached statistical significance as it 
did in the present study. In a single-institution study of 251 
aneurysms of which 182 had angiographic follow-up, Saa-
tci et al. observed complete occlusion at 6 months in 94% 
of small aneurysms, 88% of large aneurysms, and 90% of 
giant aneurysms, but they did not report statistical signifi-
cance.40 Smaller single-institution studies with fewer than 
100 patients who had undergone angiographic follow-up 
have also reported higher occlusion rates for small aneu-
rysms,15,32 but the studies were underpowered to detect a 
statistical difference.20,41 In a meta-analysis of 29 studies 

and 1654 aneurysms, Brinjikji et al. observed a similar ef-
fect with complete occlusion at 6 months in 80% of small, 
74% of large, and 76% of giant aneurysms. This did not 
achieve statistical significance on univariate analysis, with 
multiple-device constructs and adjunctive coiling presum-
ably bolstering occlusion rates for larger aneurysms, and 
multivariate analysis could not be performed due to data 
heterogeneity.9 In a study of 171 patients, Park et al. as-
sessed aneurysm size as a dichotomous variable and found 
size was predictive of persistence at a threshold of > 15 
mm but not > 10 mm.36 When dichotomized at a similarly 
arbitrary cutoff of 10 mm in the present study, aneurysm 
size was not a significant predictor of occlusion; however, 

TABLE 6. Predictors of aneurysm occlusion and persistence at 12 months

Predictor Variable

Univariate Multivariate

OR

CI p  

Value OR

CI p  

ValueLow High Low High

Age 1.038 1.009 1.069 0.010 1.030 0.999 1.060 0.053

Male sex 2.058 1.020 4.152 0.044 2.923 1.097 7.791 0.032

Race

 White 1.468 0.475 4.533 0.504 — — — —

 Black 1.817 0.548 6.022 0.329 — — — —

 Other Ref Ref Ref Ref Ref Ref Ref Ref

History of SAH 0.639 0.253 1.613 0.344 — — — —

Previous treatment 0.926 0.619 1.385 0.709 — — — —

Aneurysm size (cm) 2.878 1.527 5.425 0.001 3.584 1.335 9.617 0.011

Size (small vs large/giant) 1.166 0.228 5.947 0.853 — — — —

Vessel of origin

 ICA Ref Ref Ref Ref Ref Ref Ref Ref

 ACA 0.593 0.218 1.613 0.306 0.511 0.063 4.117 0.528

 MCA 2.151 0.673 6.872 0.196 2.676 0.210 34.150 0.449
Morphology (saccular vs other) 1.785 0.791 4.031 0.163 1.004 0.352 2.860 0.993
Branch vessel w/in aneurysm 1.473 0.833 2.603 0.182 2.206 1.056 4.613 0.035

Fluoroscopy time (mins/10) 1.089 0.966 1.229 0.161 1.061 0.872 1.291 0.556

Radiation exposure (mGy/1000) 1.021 0.803 1.299 0.861 — — — —

Coiling 0.260 0.033 2.000 0.194 0.033 0.001 0.795 0.036

>1 device 1.265 0.436 3.669 0.664 — — — —

Cervical ICA tortuosity 1.303 0.732 2.322 0.368 — — — —

Type 3/4 cavernous ICA 1.511 0.849 2.690 0.161 1.143 0.568 2.301 0.708

Verapamil infusion 0.388 0.113 1.335 0.133 0.472 0.145 1.538 0.213

Balloon angioplasty 0.994 0.382 2.589 0.992 — — — —

Pipeline removal/cork 0.498 0.143 1.739 0.275 0.318 0.077 1.314 0.114

In situ thrombosis 0.778 0.176 3.441 0.741 — — — —

PED diameter

 2.5–3 Ref Ref Ref Ref Ref Ref Ref Ref

 3.25–4.25 1.102 0.468 2.595 0.824 1.936 0.220 16.997 0.551

 4.5–5 1.902 0.749 4.831 0.176 2.455 0.255 23.588 0.436

Stasis

 None/mild Ref Ref Ref Ref Ref Ref Ref Ref

 Moderate 0.930 0.475 1.821 0.832 — — — —

 Pronounced/occluded 0.699 0.344 1.420 0.322 — — — —

Boldface type indicates statistical significance.
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when assessed as a continuous variable, increasing aneu-
rysm size was a predictor of persistence on multivariate 
analysis at both 6- and 12-month DSA follow-up examina-
tions.

While branch vessel inclusion and increasing fundus 
size predicted aneurysm persistence, adjunctive coiling, 
which may be performed for a variety of reasons, was in 
this study a predictor of aneurysm occlusion. Reasons to 
use coils along with a flow-diverting stent include alter-
ing hemodynamics to prevent delayed rupture of large or 
giant aneurysms, speeding thrombosis in the presence of 
significant irregularity, and mechanically reinforcing the 
PED to prevent foreshortening in fusiform aneurysms. Al-
though not typically the goal of adding coils to a Pipeline 
construct, improved occlusion outcomes are an increasing-
ly recognized benefit. Nossek et al. reported 100% com-
plete occlusion in 28 aneurysms treated with the PED and 
adjunctive coiling, although follow-up DSA studies were 
available for just 53%, and no comparison group was pro-
vided.33 Lin et al. likewise observed complete occlusion in 
93% of 29 patients treated with the PED and coiling as 
compared with complete occlusion in 75% of 75 patients 
treated with PED alone (p = 0.03), although the treatment 
groups differed in terms of aneurysm size and morphology, 
and a multivariate analysis was not performed.26 Park et al. 
reported on 171 aneurysms treated with the PED at two 
institutions, among which 36% received adjunctive coiling. 
Complete occlusion rates were 82% for lesions treated with 
the PED and coils versus 68% for those treated with the 
PED alone, and PED without coils predicted residual an-
eurysm at follow-up on multivariate analysis.36 Adjunctive 
coiling adds technical complexity to the Pipeline proce-
dure—jailed catheter techniques impact device apposition, 
and rates of balloon remodeling were higher in these cases 
(43%) than in cases without adjunctive coiling (10%). Vari-
ations in treatment selection across institutions are evident 
in the comparatively small percentage (5%) of aneurysms 
in this series for which coils were used adjunctively with 
PEDs, but the results were confirmatory as adjunctive coil-
ing predicted aneurysm occlusion on multivariate analysis.

There were a number of variables that notably did not 
predict aneurysm occlusion or persistence in this study. 
First, without specifying their number or nature, prior treat-
ments were the strongest predictor of aneurysm persistence 
on multivariate analysis in the initial Canadian experience 
with 97 PED procedures.35 Shapiro et al. suggested that the 
presence of a prior laser-cut stent was uniquely predictive of 
treatment failure,41 while McAuliffe et al. observed a more 
pervasive effect in the initial Australian experience with 
the PED, which showed a 93% occlusion rate at 6-month 
DSA follow-up in 40 patients without prior treatments and 
a 69% occlusion rate among 16 aneurysms with prior treat-
ments.30 Others have observed no significant effect of prior 
procedures on occlusion outcomes,15,20 as we did in a large 
population of 79 patients who had undergone prior treat-
ments, predominantly coiling. Second, multiple-device 
PED constructs may be used to increase metal surface area 
coverage or to extend coverage in vessels with longer dis-
eased segments. In this study, there were 413 single-PED 
procedures and 36 multiple-PED procedures. Occlusion 
rates at 6 and 12 months were 72% and 74% for single-PED 

compared to 72% and 77% for multiple-PED procedures, 
respectively. Kabbasch et al. observed 100% occlusion in 
multiple-PED constructs at median 7-month angiographic 
follow-up compared with 70% in single-PED cases,21 al-
though multiple other studies have found no relationship 
between device number and occlusion outcomes,13,20,41 as 
we did in the present study. Third, fusiform aneurysms 
have in some studies been more persistent after treatment 
due to variations in metal coverage with changing vessel 
caliber and curvature.20,31,41 Fusiform morphology was not 
a predictor of persistence in other studies with low attrition 
and long follow-up,15 as it was in the present study, sug-
gesting this may delay but not preclude occlusion. Other 
variables that were evaluated and found not to be predic-
tors of aneurysm occlusion include device generation and 
aneurysm stasis on end-embolization angiography.

Because of the latent nature of cure in cases of flow 
diversion and because of the propensity for recurrence in 
cases of coiling and, to a lesser extent, microsurgery, it is 
difficult to directly compare occlusion outcomes achieved 
with the different modalities. Microsurgical clipping has 
been called a “definitive” treatment, but there are definite 
percentages of patients who 1) cannot undergo clipping 
and instead undergo wrapping, 2) have incomplete clip-
ping with residual aneurysm, and 3) experience regrowth 
of their aneurysm after clipping. The rate of wrapping in 
recent surgical series ranges from 2.6% to 5.2%;5,11,37 the 
rate of residual aneurysm after clipping ranges from 4.6% 
to 7.8%;10,12 and the rate of regrowth ranges from 1.5% to 
2.9%.10,12 This implies a ceiling for durable, complete oc-
clusion rates of 84%–91% in patients taken to the operating 
room for a craniotomy and surgical treatment. Recanaliza-
tion after endovascular coiling is more accepted. Represen-
tative studies have estimated recanalization rates between 
20% and 30% at 1–2 years for coiling,16,39 slightly better for 
stent-assisted coiling with approximately 15% recanaliza-
tion at 1 year.28,45 Occlusion outcomes with flow diversion 
improve over time, as demonstrated by complete occlusion 
rates of 72%, 78%, and 87% at 6, 12, and 24 months, re-
spectively, in the present study. Occlusion outcomes will 
continue to improve in this population, as they did in the 
PUFS cohort, which recently reported a 95% complete oc-
clusion rate 5 years posttreatment.2 Recurrence after docu-
mented occlusion has not been reported with flow diver-
sion in the PUFS cohort or elsewhere.

This study is limited by its retrospective nature. It is a 
large but heterogeneous patient cohort and may be under-
powered to detect differences in occlusion outcomes with 
certain aneurysm characteristics (e.g., large size, distal an-
terior circulation location, fusiform morphology) or treat-
ment characteristics (e.g., multiple devices). Multivariate 
logistic regression for predictors of aneurysm occlusion 
was performed to account for treatment selection biases, 
both acknowledged and silent. Angiographic follow-up 
was incomplete, as expected for a tertiary referral center, 
but with DSA studies available in 91% of patients, it com-
pared favorably to other published studies in the literature 
pertaining to flow diversion. There are multiple grading 
scales for occlusion after flow diversion,36,42 and we used 
a modified version of the oldest.34 While this may obscure 
external comparisons, it does not affect the internal valid-
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ity and conclusions about predictors of aneurysm occlusion 
and persistence after flow diversion.

Conclusions
Aneurysm cure is a latent effect of endovascular treat-

ment with flow diversion. Rigorous follow-up continues 
to characterize the types of aneurysms that respond best. 
Rates of occlusion after Pipeline embolization for anterior 
circulation aneurysms in this large single-institution study 
were high. Durable predictors of aneurysm persistence af-
ter flow diversion included increasing aneurysm size and 
aneurysms with an incorporated branch vessel, while ad-
junctive coiling predicted occlusion.
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