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BACKGROUND AND PURPOSE: Flow diversion with the Pipeline Embolization Device (PED) for the treatment of intracranial aneurysms
is associated with a high rate of aneurysm occlusion. However, clinical and radiographic predictors of incomplete aneurysm occlusion are
poorly defined. In this study, predictors of incomplete occlusion at last angiographic follow-up after PED treatment were assessed.

MATERIALS AND METHODS: A retrospective analysis of consecutive aneurysms treated with the PED between 2009 and 2016, at 3
academic institutions in the United States, was performed. Cases with angiographic follow-up were selected to evaluate factors predictive
of incomplete aneurysm occlusion at last follow-up.

RESULTS: We identified 465 aneurysms treated with the PED; 380 (81.7%) aneurysms (329 procedures; median age, 58 years; female/male
ratio, 4.8:1) had angiographic follow-up, and were included. Complete occlusion (100%) was achieved in 78.2% of aneurysms. Near-complete
(90%-99%) and partial (<90%) occlusion were collectively achieved in 21.8% of aneurysms and defined as incomplete occlusion. Of
aneurysms followed for at least 12 months (211 of 380), complete occlusion was achieved in 83.9%. Older age (older than 70 years),
nonsmoking status, aneurysm location within the posterior communicating artery or posterior circulation, greater aneurysm maximal
diameter (=21 mm), and shorter follow-up time (<12 months) were significantly associated with incomplete aneurysm occlusion at last
angiographic follow-up on univariable analysis. However, on multivariable logistic regression, only age, smoking status, and duration of
follow-up were independently associated with occlusion status.

CONCLUSIONS: Complete occlusion following PED treatment of intracranial aneurysms can be influenced by several factors related to
the patient, aneurysm, and treatment. Of these factors, older age (older than 70 years) and nonsmoking status were independent
predictors of incomplete occlusion. While the physiologic explanation for these findings remains unknown, identification of factors
predictive of incomplete aneurysm occlusion following PED placement can assist in patient selection and counseling and might provide

insight into the biologic factors affecting endothelialization.

ABBREVIATION: PED = Pipeline Embolization Device

he flow-diverting Pipeline Embolization Device (PED; Covi-
dien, Irvine, California) has become a mainstay for the treat-
ment of intracranial aneurysms.' The device was approved by the
US Food and Drug Administration in 2011 for the treatment of
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large or giant, wide-neck brain aneurysms along the internal ca-
rotid artery in adults.” Numerous studies have since demon-
strated the safety and efficacy of the PED in treating aneurysms
with varying morphologies in different anatomic locations.”® As
the clinical indications for PED placement expand, predictors of
radiographic outcomes have become a topic of ongoing investi-
gation. Although 1 study found that fusiform aneurysm morphol-
ogy and shorter follow-up length were independent predictors of
incomplete occlusion, this study was limited by a small sample
size and a mean follow-up of 6.1 months.” The expanding use of
PEDs for treating intracranial aneurysms necessitates an evalua-
tion of predictors of incomplete occlusion.

MATERIALS AND METHODS
A retrospective analysis of consecutive aneurysms treated with
PED placement between 2009 and 2016 at 3 academic institutions
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(Beth Israel Deaconess Medical Center; Department of Neurosur-
gery, University of Alabama at Birmingham; and State University
of New York at Buffalo) in United States was performed. Inclu-
sion criteria consisted of all adult patients with intracranial aneu-
rysms treated with the PED who had undergone angiographic fol-
low-up. Both ruptured and unruptured aneurysms were included; all
aneurysm morphologies (ie, saccular, blister, fusiform, dissecting)
and intracranial locations were included. Institutional review board
approval was obtained at all 3 centers before the commencement of
the study. We collected the following information: patient demo-
graphics, aneurysm and PED characteristics, procedural complica-
tions, and angiographic and functional outcomes.

Procedural Details

Patients received aspirin, 325 mg, and clopidogrel, 75 mg daily,
for 3—14 days before the intervention. Platelet function testing was
routinely performed with a whole-blood Lumi-Aggregometer
(Chrono-Log, Havertown, Pennsylvania), light transmission ag-
gregometry, or the VerifyNow P2Y12 assay (Accumetrics, San Di-
ego, California). Clopidogrel nonresponders were identified on
the basis of established cutoff values at the individual institutions,
and manufacturers’ recommendations were used for guidance. If
a patient was identified as a clopidogrel responder, the clopidogrel
was continued. If a patient was identified as a clopidogrel nonre-
sponder, the choice to continue the same dose of clopidogrel,
administer a 1-time 600-mg clopidogrel boost within the 24 hours
before the procedure, or switch to ticagrelor was at the discretion
of the interventionalist performing the procedure. Patients un-
dergoing treatment of a ruptured aneurysm received a loading
dose of aspirin, 650 mg, and clopidogrel, 600 mg, before the
intervention.

Patients underwent local anesthesia with sedation or general
anesthesia at the discretion of the individual institutions, and all
patients were anticoagulated with heparin throughout the proce-
dure. The type of guide catheter and microcatheter used for PED
deployment was at the discretion of the individual institutions.
The deployment and apposition of the PED to the ICA wall was
documented by fluoroscopy. Dual-antiplatelet therapy was con-
tinued for at least 3 months after the procedure, and aspirin was
continued indefinitely thereafter.

Angiographic Outcome
Angiographic outcome was assessed with digital subtracted an-
10,11

giography or MR angiography on the basis of the follow-up
protocols at the discretion of each individual institution. In 1
institution, patients were imaged and reviewed at 6 months post-
procedure with DSA, then at 2 and 5 years with DSA or MRA. In
the second institution, patients were reviewed at 6 and 12 months
postprocedure with MRA, then annually until 5 years with MRA.
In the third institution, patients were followed at 3 and 6 months
postprocedure with MRA, at 12 months with DSA, and then an-
nually until 5 years with MRA. Aneurysm occlusion on follow-up
DSA was assessed by the treating interventionalist. Follow-up
MRAs were assessed by a radiologist blinded to the clinical
history and an interventionalist. Occlusion was categorized as
complete occlusion (100%), near-complete occlusion (90%-—
100%), and partial occlusion (<90%). Both near-complete
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and partial occlusion were collectively defined as incomplete
occlusion.

Outcome
Functional outcome was assessed with the modified Rankin Scale
at last follow-up by the interventionalist at each institution.

Statistical Analysis

Statistical analysis was performed with SPSS 21.0 (IBM, Armonk,
New York). In univariable analysis, variables were compared
among groups with the nonparametric test for continuous vari-
ables and the x? test for categoric variables, to identify predictors
of incomplete occlusion. Statistical significance was defined as
P < .05. Multivariable logistic regression was performed on can-
didate predictor variables to identify variables independently as-
sociated with incomplete occlusion at last angiographic follow-up
after controlling for potential confounders.

RESULTS

Baseline and Aneurysm Characteristics

A total of 465 aneurysms treated with PED placement at the 3
institutions were identified. Of these, 380 (81.7%) aneurysms
treated by 329 PED procedures (median age, 58 years; female/
male ratio, 4.8:1) had angiographic follow-up and were included
in this study. Current smoking and multiple aneurysms were
present in 25.8% and 45% of procedures, respectively. The pre-
treatment mRS was 0-2 in 95.4% of procedures and 3-5 in 4.6%.
Treatment in the setting of immediate aneurysmal subarachnoid
hemorrhage occurred in 3% of procedures. Aneurysms were
mostly located along the ICA (83.2%), followed by the posterior
circulation (13.4%). Most aneurysms were saccular (67.6%) or
fusiform (26.9%). The median maximal diameter and neck size
were 7.7 and 4 mm, respectively. A daughter sac was present in
24.7% of aneurysms (Table 1).

Treatment Outcome

A single PED was used in the treatment 0f 77.5% of procedures, while
=2 PEDs were placed in 22.5%. The median length of angiographic
follow-up was 13.5 months (mean, 19.2 months). At last follow-up,
complete occlusion (100%) was achieved in 78.2% of aneurysms,
while near-complete occlusion (90%—-99%) was achieved in 7.6%,
and partial occlusion (< 90%), in 14.2%. Of aneurysms followed for
at least 12 months (211 of 380), complete occlusion was achieved in
83.9%. Retreatment was performed in 6.3% of aneurysms and was
exclusively endovascular. Atlast follow-up, the mRS scores improved
in 33.4% and worsened in 8.8%; this percentage included patients
presenting with aneurysmal SAH. Symptomatic thromboembolic
complications were encountered in 5.2% of procedures, and
symptomatic hemorrhagic complications, in 1.8%. The mor-
tality rate was 1.2% (4 cases); this was due to either ischemic
stroke (2 cases), early postprocedure hemorrhage (1 case), or
pretreatment aneurysmal SAH (1 case) (Table 2).

Predictors of Incomplete Occlusion

On univariable analysis, older age (older than 70 years, P = .002),
nonsmoking status (P = .005), aneurysm location within the pos-
terior communicating artery or posterior circulation (P = .01),



Table 1: Baseline characteristics

Table 2: Outcome measures

Parameter No. Parameter No.
No. of procedures 329 No. of Pipelines
No. of aneurysms 380 1 255 (77.5%)
Sex 2 52 (15.8%)
Female 272 (82.7%) =3 22(6.7%)
Male 57 (17.3%) Platelet function test
Median age (range) (yr) 58 (18-82) Yes 316 (96%)
Smoking 85(25.8%) No 13 (4%)
Multiple aneurysms 148 (45%) Clopidogrel responder
Pretreatment mRS Yes 228 (72.2%)
0-2 314 (95.4%) No 88 (27.8%)
3-5 15 (4.6%) Nonresponders’ treatment
Aneurysm location Switch to ticagrelor 27 (30.7%)
ICA Clopidogrel boost 39 (44.3%)
Petrous 7(1.8%) Same dose of clopidogrel 22 (25%)
Cavernous 63 (16.6%) Last angiographic follow-up (median) 13.5 (1-83)
Paraophthalmic 212 (55.8%) (range) (mo)
PcomA 34 (9%) Follow-up occlusion rate
ACA/AcomA 5(1.3%) Complete (100%) 297 (78.2%)
MCA 8(21%) Near-complete (90%-99%) 29 (7.6%)
Posterior circulation 51(13.4%) Partial (<90%) 54 (14.2%)
Aneurysm shape Retreatment
Saccular 257 (67.6%) Endovascular 24 (6.3%)
Blister 1(2.9%) Posttreatment mRS
Fusiform 102 (26.9%) 0-2 314 (95.6%)
Dissecting 10 (2.6%) 3-5 1(3.3%)
Aneurysm measurements (median) (range) (mm) 6 (Death) 4(1.2%)
Maximal diameter® 7.7 (1-44.5) Follow-up mRS
Neck size (for saccular aneurysms)® 4 (1-15.6) Improved 110 (33.4%)
Dome-to-neck ratio (for saccular aneurysms)® 1.3(0.4-3.5) No change 190 (57.8%)
Daughter sac 94 (24.7%) Worsened 29(8.8%)
Subarachnoid hemorrhage Neurologic complications
Acute (<2 wk) 10 (3%) Thromboembolic 31(9.4%)
Remote (>2 wk) 32(9.7%) Symptomatic 17 (5.2%)
Prior treatment Hemorrhagic 1(3.3%)
Endovascular 33(8.7%) Symptomatic 6(1.8%)
Operation 6(1.6%)
Both 4(11%)

Note:—ACA indicates anterior cerebral artery; PcomA, posterior communicating
artery; AcomA, anterior communicating artery.

? Data are missing for 11 aneurysms.

b Data are missing for 41 aneurysms.

larger aneurysm maximal diameter (=21 mm, P = .03), and
shorter follow-up time (<12 months, P = .001) were associated
with significantly higher rates of incomplete occlusion at last fol-
low-up (On-line Table).

Significant predictors of incomplete occlusion at last fol-
low-up in univariable analysis were further analyzed in multivari-
ablelogistic regression. Older age (older than 70 years; OR, 2; 95%
CI, 1.1-3.8; P = .03; Figure), nonsmoking status (OR, 2; 95% CI,
1.1-3.9, P = .03), and shorter follow-up time (<12 months; OR,
2;95% CI, 1.2-3.5; P = .007) were independently associated with
a higher rate of incomplete occlusion at last follow-up (Table 3).

DISCUSSION

In this study, we report a multicenter experience with PED place-
ment for the treatment of intracranial aneurysms, with a focus on
identifying predictors of incomplete occlusion at last angio-
graphic follow-up. Complete occlusion was achieved in 79.7% of
cases. Although several patient- and aneurysm-related factors
were significantly associated with a higher rate of incomplete an-
eurysm occlusion on univariable analysis, only age, smoking sta-

tus, and length of follow-up were independently associated with
occlusion status.

Predictors of Aneurysm Occlusion

Predictors of complete occlusion and recanalization following en-
dovascular treatment of intracranial aneurysms have been re-
cently studied.'*'* Ruptured aneurysms, smaller maximal diam-
eter, smaller neck size, and regular shape were independently
associated with complete occlusion.'? Ogilvy et al'* developed a
scoring system to predict aneurysm recanalization following coil
embolization. Larger maximal diameter (>10 mm), ruptured an-
eurysm status, the presence of an intra-aneurysmal thrombus,
and incomplete obliteration immediately after aneurysm treat-
ment were each associated with a higher risk of recurrence. The
presence of assist devices (stents or flow diverters), meanwhile,
was associated with a lower risk of recanalization.'”'*

Jabbour et al® reported predictors of incomplete aneurysm
occlusion at last follow-up after treatment with PED placement.
In their study, fusiform shape (P = .05) and, unsurprisingly,
shorter follow-up time (P = .03) were independent predictors of
incomplete occlusion. However, only 73 aneurysms had angio-
graphic follow-up, with a mean length of 6.1 months. In our
study, with a mean follow-up of 19.2 months, the morphology of
the aneurysm had no significant effect on occlusion status. How-
ever, shorter follow-up length (<12 months) was significantly
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complication rates rise as the patient age
increases. Patients older than 70 years of
age had significantly higher rates of neu-
rologic mortality. Increased age was also
associated with higher odds of neurologic
morbidity.”® Our data found a nonsignif-
icant trend toward increased complica-
tions in patients older than 70 years of age.

While the explanation for the lower
occlusion rates in the elderly is currently
unknown, it is tempting to speculate that
this may be due to a deficiency in the
endothelial repair pathway. Rouchaud
etal®' found that the genes involved in
cellular migration and the inflammatory
response were upregulated in aneurysms
successfully treated with flow diverters in
rabbits. Other studies have identified an
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FIGURE. Age-related variation in the rate of complete occlusion following intracranial aneu-

rysm treatment with PEDs.

Table 3: Multivariable logistic regression for predictors of
incomplete occlusion at last follow-up

Parameter OR  95%ClI P Value
Age (older than 70 yr) 2.0 11-3.8 .03
Nonsmokers 2.0 11-3.9 .03
PcomA/posterior circulation 1.6 0.9-2.9 13
Maximal diameter (=21 mm) 21 0.9-4.7 .08
Length of follow-up (<12 months) 21 12-3.5 .007

Note:—PcomA indicates posterior communicating artery.

associated with a lower occlusion rate, which is consistent with

previous reports.”'>'°

Age-Related Variation in Occlusion Rates
A meta-analysis of endovascular coiling of intracranial aneurysms in
elderly patients (older than 65 years) reported a 66% complete or
near-complete occlusion rate immediately after the procedure,
which improved to 74% at 6- to 12-month follow-up and 86% at
>12 months.'” This compares poorly with a 90% complete or near-
complete immediate occlusion rate following coil embolization of
intracranial aneurysms, when all age groups are considered.'®'”

In this study, we found that older age (older than 70 years) was
a significant predictor of incomplete occlusion at last follow-up.
This is the first study to specifically evaluate age and its impact on
aneurysm occlusion rates following flow diversion, to our knowl-
edge. There was a tendency for aneurysms to be located within the
posterior circulation in this age group compared with younger
patients (25% versus 10.9%, P = .001), which may influence this
finding. Nevertheless, the difference in occlusion rates remained
significant after controlling for aneurysm location, which further
supported the independent correlation between older age (older
than 70 years) and incomplete occlusion. There was no significant
difference in the duration of follow-up in older patients compared
with younger patients.

As one might expect, as patients age, the risk of complications
appears to increase. Brinjikji et al,*® in a large multicenter study
on complications associated with PED placement, found that
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upregulation of metalloproteinases (criti-
cal for endothelial wall remodeling),
inflammatory modulators, and growth
factors.”” In animal models, complete or
near-complete endothelialization, which
can occur as rapidly as within the first 7 days, is necessary to
ensure complete obliteration of the aneurysm.> In a histologic
study of giant aneurysms that had undergone flow-diversion
treatment and had failed to occlude, lack of endothelialization was
predominantly found in patients in their 60s.>* It may be that the
endothelial cells in the cerebral vasculature have a diminished
capacity for regeneration and migration across the flow-diverter
surface, similar to the reduction in neural stem cell proliferation
and differentiation potential in the aging brain.”>*® While this
hypothesis requires further investigation, it raises the tantalizing
possibility of coating flow diverters with factors that may enhance
endothelialization and may be absent in the cellular milieu of the
elderly.

Length of Follow-Up

As was previously discussed, an important physiologic mecha-
nism for aneurysm occlusion following PED treatment is endo-
thelialization along the length of the device, which results in di-
version of blood flow away from the aneurysm sac.”” This process
is gradual and varies in duration from months to years. Accordingly,
longer angiographic follow-ups for aneurysms treated with the PED
may be necessary to demonstrate aneurysm occlusion. Prior studies
have supported this hypothesis and have found that shorter angio-
graphic follow-up is associated with a decreased aneurysm occlusion

rate, with longer duration having the opposite effect.”'>'

Effect of Cigarette Smoking

Smoking is one of the significant modifiable risk factors for aneu-
rysm formation and increased risk of aneurysm rupture.**>° Or-
tiz et al’* have previously reported a correlation between current
smoking status and an increased risk of aneurysm recurrence.
However, in that study, the authors stratified smoking status into
never/nonsmokers and former/current smokers, despite smoking
secession decreasing the risk of vascular inflammation and related
malformations.’> Therefore, with appropriate stratification of



current smoking as a separate category, there was no significant
effect on aneurysm recurrence or retreatment after endovascular

treatment.'>*? Similarly, Rouchaud et al**

found no significant
correlation between smoking status and aneurysm occlusion fol-
lowing PED placement. In our study, smoking was associated
with a higher rate of aneurysm occlusion. Although this finding
can be attributed to the relatively small sample size, it might also
be related to an increased rate of intra-aneurysmal thrombosis.
Smoking is a well-known risk factor for thrombus formation in
other pathologies, including cancer, cardiac stent thrombosis,
and ischemic stroke. It may be that its prothrombotic effects am-
plify those of the PED.>**® These findings support an earlier

133

statement by Rouchaud et al”” that smoking status should not be

a factor for excluding patients from PED embolization of intra-
cranial aneurysms.

Limitations

We acknowledge that our study is limited by its retrospective na-
ture with all the inherent biases associated with such a study de-
sign. Although the inclusion of multiple institutions improves the
generalizability of the findings, it introduces variability in patient
management, follow-up protocols, imaging studies used, and
evaluation of aneurysm occlusion. Moreover, some aneurysm
measurements were missing.

CONCLUSIONS

Complete occlusion following PED treatment of intracranial an-
eurysms is influenced by patient characteristics and technical fac-
tors. Older age (older than 70 years) and nonsmoking status were
independent predictors of incomplete occlusion. While the phys-
iologic explanation for these findings remains unknown, the
identification of factors predictive of incomplete aneurysm occlu-
sion following PED placement can help in directing further re-
search on the appropriate clinical use of flow-diversion devices.
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