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ABSTRACT

BACKGROUND AND PURPOSE: Flow diverters are increasingly used in the endovascular treatment of intracranial aneurysms. Our aim was
to determine neurologic complication rates following Pipeline Embolization Device placement for intracranial aneurysm treatment in a
real-world setting.

MATERIALS AND METHODS: We retrospectively evaluated all patients with intracranial aneurysms treated with the Pipeline Emboliza-
tion Device between July 2008 and February 2013 in 17 centers worldwide. We defined 4 subgroups: internal carotid artery aneurysms of
�10 mm, ICA aneurysms of �10 mm, other anterior circulation aneurysms, and posterior circulation aneurysms. Neurologic complications
included spontaneous rupture, intracranial hemorrhage, ischemic stroke, permanent cranial neuropathy, and mortality. Comparisons were
made with t tests or ANOVAs for continuous variables and the Pearson �2 or Fisher exact test for categoric variables.

RESULTS: In total, 793 patients with 906 aneurysms were included. The neurologic morbidity and mortality rate was 8.4% (67/793), highest
in the posterior circulation group (16.4%, 9/55) and lowest in the ICA �10-mm group (4.8%, 14/294) (P � .01). The spontaneous rupture rate
was 0.6% (5/793). The intracranial hemorrhage rate was 2.4% (19/793). Ischemic stroke rates were 4.7% (37/793), highest in patients with
posterior circulation aneurysms (7.3%, 4/55) and lowest in the ICA �10-mm group (2.7%, 8/294) (P � .16). Neurologic mortality was 3.8%
(30/793), highest in the posterior circulation group (10.9%, 6/55) and lowest in the anterior circulation ICA �10-mm group (1.4%, 4/294) (P �

.01).

CONCLUSIONS: Aneurysm treatment with the Pipeline Embolization Device is associated with the lowest complication rates when used
to treat small ICA aneurysms. Procedure-related morbidity and mortality are higher in the treatment of posterior circulation and giant
aneurysms.

ABBREVIATIONS: IntrePED � International Retrospective Study of Pipeline Embolization Device; IPH � intraparenchymal hemorrhage; PED � Pipeline Emboliza-
tion Device

Endoluminal flow-diverter therapy has gained widespread ac-

ceptance for the treatment of intracranial aneurysms.1-4 High

rates of complete aneurysm occlusion have been reported, even in

large and giant aneurysms, with the use of endoluminal flow di-

verters.1-7 The Pipeline Embolization Device (PED; Covidien, Ir-

vine, California) received CE mark approval in 2008 for the em-

bolization of cerebral aneurysms and received US FDA approval

in 2011 (PMA P100018) for the treatment of large and giant wide-

neck aneurysms in the internal carotid artery, from the petrous to

the superior hypophyseal segments. While numerous previous

studies have reported overall rates of adverse events similar to
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those in other endovascular procedures, case reports and small

case series documenting severe and “unexpected” complications

have raised questions about the safety of these devices.1,3,8,9 Se-

vere and unexpected adverse events include spontaneous rupture

of treated aneurysms and intraparenchymal intracranial hemor-

rhage unrelated to aneurysm rupture.8,10-12 These reports led to

policies in some regions mandating concomitant coil emboliza-

tion with flow-diverter therapy to mitigate the risk of spontane-

ous aneurysm rupture.13

Most previous literature on flow-diversion therapy comprised

single-center case series, either retrospective or prospective, and

has substantial selection bias, which may affect the rates of severe

and unexpected adverse events. These biases may be diminished

through pooling of consecutive patients treated at multiple cen-

ters in a “real-world” setting, with homogeneous end points and

methods of data analysis. The International Retrospective Study

of Pipeline Embolization Device (IntrePED) registry was de-

signed for this purpose and to determine rates of important neu-

rologic safety events following PED placement for intracranial

aneurysm treatment.

MATERIALS AND METHODS
Study Design and Participants
We retrospectively evaluated all patients with intracranial aneu-

rysms treated with the Pipeline Embolization Device between July

2008 and February 2013 in 6 countries in 17 centers experienced

in PED use. Local institutional review boards or ethics commit-

tees approved the study and use of patients’ retrospective data. An

institutional review board/ethics committee waiver of informed

consent (and Health Insurance Portability and Accountability Act

Waiver of Authorization for US sites) or a sponsor institutional

review board/ethics committee–approved informed consent

form was obtained from each participating site. Written informed

consent was obtained from each patient, if required. This obser-

vational registry was funded and supported by Covidien, with

scientific oversight of the study steering committee members.

Physicians who contributed data for this study were endovascu-

lar-trained neurointerventionalists. Each site that participated

was required to have at least 1 physician who had treated a mini-

mum of 10 PED cases before the time of institutional review

board/ethics committee approval for the study. Unless an inves-

tigator had been a participant in a clinical study before commer-

cialization of the PED, this study captures the investigators’ expe-

rience as new users of the device. A majority of the 26 IntrePED

physicians were new users, and their early cases were included in

the registry.

Data were collected from the time of the first commercial use

of PED at a site until the time of institutional review board/ethics

committee approval of the study protocol for that site. Investiga-

tional centers were required to provide data on all consecutive

patients to eliminate selection bias, provided that the patients

fulfilled the following conditions: 1) received PED treatment for

an intracranial aneurysm after the date of regulatory approval in

that region or country, and 2) had a clinical evaluation following

treatment during the window of time before institutional review

board/ethics committee approval. Because this was a retrospec-

tive study, there were no patients lost to follow-up.

Seven hundred ninety-three patients treated for 906 aneu-

rysms were enrolled. Many patients (38%) had been previously

reported in the literature.14-29 We defined 4 primary anatomic/

size subgroups: internal carotid artery aneurysms �10 mm

(“large ICA”), ICA aneurysms of �10 mm (“small ICA”), other

anterior circulation aneurysms (“other anterior”), and posterior

circulation aneurysms.

Procedures
Because this was a retrospective study, procedural details and

periprocedural patient management varied across centers. All

centers used a common study protocol that specified the data to

be collected, study end points, events of interest, and statistical

analyses. The Steering Committee defined neurologic “clinical

safety events of interest” a priori, including spontaneous rupture

of the target aneurysm causing subarachnoid hemorrhage or cav-

ernous carotid fistula, intraparenchymal hemorrhage (IPH)

(both ipsilateral and contralateral), ischemic stroke, parent artery

stenosis, and permanent cranial neuropathy. Site investigators

identified events of interest according to the study protocol

through retrospective review of the patient’s record. All events of

interest were reviewed in detail by an Adverse Events Review

Committee, comprising of 3 members of the Steering Committee,

including the overall study principal investigator. The committee

determined the category of event and whether the event was ma-

jor or minor. A “major” adverse event was defined as an ongoing

clinical deficit at 7 days following the event. “Minor” adverse

events were defined as events that resolved within 7 days with no

clinical sequelae. All major adverse events are included in the

neurologic morbidity and mortality rates. Long-term neurologic

morbidity and mortality rates included morbidity and mortality

due to adverse events occurring any time in the postoperative

period (�30 days and �30 days). Information collected during

the study was standardized across centers and included baseline

characteristics of patients and aneurysms, procedural informa-

tion, prespecified clinical safety events of interest, and follow-up

clinic visits or telephone calls. A list of data collected for each

patient/aneurysm is provided in the On-line Appendix. Because

this was a retrospective study, the timing of the patient follow-up

evaluations was conducted per institution standard of care.

Statistical Analysis
Statistical analyses were performed by using SAS, Version 9.1 or

higher (SAS Institute, Cary, North Carolina). Summary statistics

are presented for all data available by using means and SDs for

continuous variables and frequency tabulations for categoric vari-

ables. Comparisons between groups for continuous variables

were evaluated by using t tests or ANOVAs and the Fisher exact

test or Pearson �2 for binary categoric variables. Most statistical

analyses were performed across patient groups—that is, on a per-

patient basis. Because some patients had �1 aneurysm treated

with a PED, however, each patient’s first aneurysm was used to

classify patients into the 4 anatomic/size subgroups, and the larg-

est aneurysm was used to classify patients into the 3 aneurysm size

categories. Some analyses, including aneurysm characteristics and

spontaneous ruptures across aneurysm-size groups, were per-

formed across all aneurysms rather than across patients.
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Role of the Funding Source
An academic principal investigator and an academic steering

committee supervised the trial design and operations. The steer-

ing committee interpreted the results, and the principal investi-

gator wrote the report. The study sponsor was responsible for site

management, data management, statistical analysis, and safety re-

porting. The corresponding author was the academic principal

investigator for the study and had full access to all study data and

the final responsibility for the decision to submit for publication.

RESULTS
Seven hundred ninety-three patients with 906 aneurysms (76

[8.4%] ruptured, 824 [91%] unruptured, and 6 [0.7%] unknown)

were included. Three hundred eleven aneurysms (34.3%) were

ICA �10 mm, 349 aneurysms (38.5%) were ICA �10 mm, 59

aneurysms (6.5%) were in the posterior circulation, and 178 an-

eurysms (19.6%) were �10 mm and located in anterior circula-

tion locations other than the ICA. Combined location/size infor-

mation was not available for 9 aneurysms. Posterior circulation

aneurysms were generally large, with an average size of 14.5 � 9.0

mm. Patients with non-ICA anterior circulation aneurysms pre-

sented with aneurysm rupture in 19.3% of cases (34/176), a sig-

nificantly higher rate than that in the other groups (P � .001).

Four hundred seventy-three aneurysms (52.8%) were small, 357

aneurysms (39.8%) were large, and 66 aneurysms (7.3%) were

giant. Median follow-up was 19.3 months with 706 (89%) pa-

tients having follow-up of �12 months. Size information was not

available for 10 aneurysms.

Multiple PEDs were used in 308 cases (34.2%). Patients with

ICA aneurysms �10 mm had the highest rate of multiple PED use

(46.0%, 143/311) and were significantly more likely to receive

treatment with multiple PEDs compared with the other groups

(P � .001). Mean procedure time was 101 minutes 30 seconds �

50 minutes 30 seconds and was highest in the ICA aneurysms

�10-mm group (111 minutes 24 seconds � 56 minutes 36 sec-

onds) (P � .01). Aneurysm data are summarized in Table 1.

The 30-day morbidity and mortality rate was 6.3% (50/793)

with a 30-day neurologic morbidity rate of 5.7% (44/793) and a

30-day neurologic mortality rate of 2.6% (21/793). The long-term

neurologic morbidity and mortality rate was 8.4% (67/793) with a

neurologic morbidity rate of 7.4% (59/793) and a neurologic

mortality rate of 3.8% (30/793). Individual morbidity and mor-

tality rates did not add up to the total combined morbidity and

mortality rate because some patients had �1 neurologic morbid-

ity. The morbidity and mortality rates were highest in the poste-

rior circulation group (16.4%, 9/55) and lowest in the ICA �10

mm group (4.8%, 14/294). The morbidity and mortality rates

were higher in patients with giant aneurysms compared with

those with large and small aneurysms (25.8% versus 8.8% versus

5.4%, P � .01). When patients with ruptured, dissecting, or fusi-

form aneurysms were excluded, the overall morbidity and mor-

tality rate was 5.7%.

The spontaneous rupture rate was 0.6% (5/793), with 2 of the

5 events being cavernous carotid fistulas with clinical sequelae.

Four of the 5 cases occurred within 30 days. There was no differ-

ence in the spontaneous rupture rate among the 4 groups (P �

.17). Spontaneous rupture was higher in giant aneurysms (4.5%,

3/66) compared with large (0.6%, 2/357) and small aneurysms

(0.0%, 0/473) (P � .001). Overall the intraparenchymal hemor-

rhage rate was 2.4% (19/793). There was no difference in the

hemorrhage rate among the primary patient subgroups (P � .73)

or among aneurysm sizes (P � .24). Fifteen (79%) of the 19 hem-

orrhages occurred within 30 days of the procedure.

The ischemic stroke rate was 4.7% (37/793). A majority of

strokes occurred within 30 days of treatment (26/793, 3.3%). The

Table 1: Aneurysm characteristics

Aneurysm Characteristics
Anterior ICA

≥10 mm (n = 311)
Anterior

<10 mm (n = 349)
Posterior
(n = 59)

Other Anterior
≥10 mm (n = 178) Total (n = 896)a

P
Value

Aneurysm size (mm)
Mean � SD 16.8 � 6.2 5.2 � 2.2 14.5 � 9.0 9.8 � 7.9 10.7 � 7.7 �.001
Median, range 15.0, 10.0–42.0 5.0, 1.0–9.9 11.8, 1.7–45.0 7.2, 1.0–55.0 9.0, 1.0–55.0

Aneurysm type
Small 0 349/349 (100%) 19/58 (32.8%) 105/178 (59.0%) 473/897 (52.8%)
Large 268/311 (86.2%) 0 29/58 (50.0%) 60/178 (33.7%) 357/897 (39.8%)
Giant 43/311 (13.8%) 0 10/58 (17.2%) 13/178 (7.3%) 66/897 (7.3%)

Aneurysm neck (mm)
Mean � SD 8.5 � 5.1 4.1 � 2.2 9.3 � 8.4 5.3 � 5.1 6.2 � 4.9 �.001
Median, range 7.6, 0.9–50.0 4.0, 0.8–22.0 8.0, 1.7–53.0 4.0, 1.0–50.0 5.0, 0.8–53.0

Aneurysm shape
Fusiform 49/311 (15.8%) 17/349 (4.9%) 17/59 (28.8%) 29/178 (16.3%) 112/897 (12.5%) �.001
Saccular 239/311 (76.9%) 305/349 (87.4%) 25/59 (42.4%) 118/178 (66.3%) 686/897 (76.5%)
Dissecting 10/311 (3.2%) 8/349 (2.3%) 13/59 (22.0%) 22/178 (12.4%) 53/897 (5.9%)
Other 13/311 (4.2%) 19/349 (5.4%) 4/59 (6.8%) 9/178 (5.1%) 46/897 (5.1%)

Aneurysm location
Internal carotid artery 311/311 (100%) 349/349 (100%) 0 0 660/897 (73.6%) �.001
Middle cerebral artery 0 0 0 43/178 (24.2%) 43/897 (4.8%)
Posterior cerebral artery 0 0 15/59 (25.4%) 0 15/897 (1.7%)
Basilar artery 0 0 44/59 (74.6%) 0 44/897 (4.9%)
Other 0 0 0 135/178 (75.8%) 135/897 (15.1%)

Presented with ruptured aneurysm 12/311 (3.9%) 24/345 (7.0%) 4/59 (6.8%) 34/176 (19.3%) 74/891 (8.2%) �.001
Multiple PEDs used 143/311 (46.0%) 97/347 (28.0%) 19/59 (32.2%) 47/178 (26.4%) 306/895 (34.2%) �.001

Note:—n indicates the number of aneurysms.
a Aneurysm size was not reported for 10 aneurysms.
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highest stroke rates were seen in patients with posterior circula-

tion aneurysms (7.3%, 4/55) and the “other anterior circulation”

group (6.1%, 10/165). The anterior circulation ICA �10-mm

group had the lowest stroke rates (2.7%, 8/294) (P � .16). When

studying differences based on aneurysm size, patients with giant

aneurysms had the highest stroke rates (14.5%, 9/62) compared

with patients with large (5.0%, 17/339) and small aneurysms

(2.8%, 11/386) (P � .01).

In-stent stenosis occurred in 0.3% (2/793) with no significant

differences among groups (P � 1.0). Permanent cranial neurop-

athy occurred in 0.3% (2/793) of patients with no significant dif-

ferences among groups (P � .30). These data are summarized in

Tables 2– 4.

Neurologic mortality was 3.8% (30/793) and was significantly

different among the 4 primary patient subgroups (P � .01). The

30-day mortality rate was 2.5% (20/793), which represented

nearly two-thirds of all mortality observed in the average 19.3

months of follow-up. Patients with posterior circulation aneu-

rysms had the highest rate of neurologic mortality (10.9%, 6/55),

and patients with anterior ICA �10-mm aneurysms had the low-

est neurologic mortality (1.4%, 4/294). The mortality rate was

significantly higher in patients with giant aneurysms compared

with those with large and small aneurysms, respectively (9.6%

versus 5.0% versus 1.8%, P � .01). The overall mortality rate in

patients who presented with ruptured aneurysms was 10.5% (8/

76), with no significant differences among groups (P � .11).

These data are summarized in Tables 2– 4.

In addition to the above-listed major events, 5 cases of intra-

cranial hemorrhage, 15 cases of ischemic strokes, and 5 cases of

parent artery stenosis were also observed as minor events in which

the patient’s symptoms resolved within 7 days of the event occur-

rence with no clinical sequelae. Three additional deaths were re-

ported due to non-neurologic reasons.

DISCUSSION
This large multicenter study of flow-diversion therapy demon-

strated a neurologic morbidity and mortality rate of 8.4%. Most

adverse events were ischemic strokes from thromboembolic com-

plications and were substantially more common in large, anterior

circulation aneurysms and posterior circulation aneurysms com-

Table 2: Complications by aneurysm location and size subgroups

Complications
Anterior ICA

≥10 mm (n = 275)
Anterior ICA

<10 mm (n = 294)
Posterior
(n = 55)

Other Anterior
(n = 165)

Total
(n = 793)a

95% CI;
P Value

Mean aneurysm size (mm) 16.8 � 6.2 5.2 � 2.2 14.5 � 9.0 9.8 � 7.9 10.7 � 7.7 (10.2–11.2); �.001
Spontaneous rupture 4 (0.7%) 0 (0.0%) 0 (0.0%) 1 (0.6%) 5 (0.6%) (0.2%–1.5%); .17
Intraparenchymal hemorrhage 6 (2.2%) 6 (2.0%) 1 (1.8%) 6 (3.6%) 19 (2.4%) (1.3%–3.4%); .73
Ischemic stroke 15 (5.5%) 8 (2.7%) 4 (7.3%) 10 (6.1%) 37 (4.7%) (3.2%–6.2%); .16
Parent artery stenosis 1 (0.4%) 1 (0.4%) 0 (0.0%) 0 (0.0%) 2 (0.3%) (0%–0.7%); 1.0
Cranial neuropathy 2 (0.7%) 0 (0.0%) 0 (0.0%) 0 (0.0%) 2 (0.3%) (0%–0.7%); .30
Neurologic morbidity 24 (8.7%) 14 (4.5%) 5 (9.1%) 16 (9.7%) 59 (7.4%) (5.6%–9.2%); .16
Neurologic mortality 11 (4.0%) 4 (1.4%) 6 (10.9%) 9 (5.5%) 30 (3.8%) (2.5%–5.1%); �.01
Neurologic morbidity and mortality

(all patients)
26 (9.5%) 14 (4.8%) 9 (16.4%) 18 (10.9%) 67 (8.4%) (6.5%–10.3%); .01

Neurologic morbidity and mortality
(patients with unruptured aneurysms)

24/263 (9.2%) 11/270 (4.1%) 7/51 (13.7%) 11/131 (8.4%) 53/717 (7.4%) (5.5%–9.3%); .03

Neurologic morbidity and mortality
(patients with ruptured aneurysms)

2/12 (16.7%) 3/24 (12.5%) 2/4 (50.0%) 7/34 (20.6%) 14/76 (18.4%) (10.0%–27.1%); .35

Neurologic morbidity and mortality
(excluding ruptured, dissecting, or
fusiform aneurysms)

15 (7.0%) 9 (3.6%) 3 (12.0%) 6 (6.8%) 33 (5.7%) (4.1%–7.3%); .19

Note:—n indicates the number of patients.
a Numbers do not sum across categories and subcategories because some patients experienced �1 event.

Table 3: Occurrence of complications by time

Complications

<72 Hours 72 Hours–30 Days >30 Days

Total
(n = 793)a

P
Value

Anterior
(n = 738)

Posterior
(n = 55)

Anterior
(n = 738)

Posterior
(n = 55)

Anterior
(n = 738)

Posterior
(n = 55)

Spontaneous rupture 1 (0.1%) 0 (0%) 3 (0.4%) 0 (0%) 1 (0.1%) 0 (0%) 5 (0.6%) .51
Intraparenchymal hemorrhage 3 (0.4%) 1 (1.8%) 11 (1.5%) 0 (0%) 4 (0.5%) 0 (0%) 19 (2.4%) .83
Ischemic stroke 17 (2.3%) 2 (3.6%) 7 (0.9%) 0 (0%) 9 (1.2%) 2 (3.6%) 37 (4.7%) .58
Parent artery stenosis 0 (0%) 0 (0%) 1 (0.1%) 0 (0%) 1 (0.1%) 0 (0%) 2 (0.3%) .63
Cranial neuropathy 0 (0%) 0 (0%) 2 (0.3%) 0 (0%) 0 (0%) 0 (0%) 2 (0.3%) .58
Neurologic morbidity 20 (2.7%) 3 (5.5%) 21 (2.8%) 0 (0%) 13 (1.8%) 2 (3.6%) 59 (7.4%) .56
Neurologic mortality 4 (0.5%) 1 (1.8%) 13 (1.8%) 2 (3.6%) 7 (0.9%) 3 (5.5%) 30 (3.8%) �.01
Neurologic morbidity and mortality

(all patients)
23 (3.1%) 3 (5.5%) 22 (3.0%) 2 (3.6%) 13 (1.8%) 4 (7.3%) 67 (8.4%) �.01

Neurologic morbidity and mortality
(patients with unruptured aneurysms)

19/664 (2.9%) 3/51 (5.9%) 16/664 (2.4%) 1/51 (2.0%) 11/664 (1.7%) 3/51 (5.9%) 53/717 (7.4%) .08

Neurologic morbidity and mortality
(patients with ruptured aneurysms)

4/70 (5.7%) 0/4 (0%) 6/70 (8.6%) 1/4 (25.0%) 2/70 (2.9%) 1/4 (25.0%) 14/76 (18.4%) .17

Neurologic morbidity and mortality
(excluding ruptured, dissecting, or
fusiform aneurysms)

13/549 (2.4%) 1/25 (4.0%) 12/549 (2.2%) 0/25 (0%) 5/549 (0.9%) 2/25 (8.0%) 33/575 (5.7%) .41

Note:—n indicates the number of patients.
a Numbers do not sum across categories and subcategories because some patients experienced �1 event.
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pared with small, anterior circulation aneurysms. Spontaneous

aneurysm rupture was rare, occurring in 0.6% of patients, with

3/5 events occurring within giant aneurysms. Intraparenchymal

hemorrhage, unrelated to rupture of the target aneurysm but re-

sulting in major neurologic deficit, was noted in 2.4% of patients.

These results are important because they provide clarity regarding

the previously noted severe and unexpected adverse events asso-

ciated with flow-diversion therapy in a real-world setting. Our

data suggest strongly that spontaneous aneurysm rupture is not of

clinical concern in non-giant aneurysms. Parenchymal hemor-

rhage remains of concern, especially because its etiology is

unclear.

Our findings corroborate those of numerous previously pub-

lished smaller studies and meta-analyses. Previously published

studies have demonstrated morbidity and mortality rates ranging

from 0%–12% and 0%–7%, respectively.30-32 Two large meta-

analyses of flow-diverter treatment demonstrated morbidity rates

of 5.0%–7.3% and mortality rates of 2.8%– 4.0%.1,3 Our study,

which is the largest clinical study of PED to date to our knowledge,

demonstrated a 30-day morbidity rate of 5.5% (44/793) and a

30-day mortality rate of 2.5% (20/793).

Posttreatment aneurysm rupture is a serious concern of flow-

diverter therapy. Concerns for postoperative aneurysm rupture

with flow diverters are so serious that Balt Extrusion issued a

medical device alert instructing practitioners not to use the Silk

flow diverter (Balt Extrusion, Montmorency, France) without

coils due to the “potential for patient death.”13 In their meta-

analysis of flow-diverter treatment, which included the PED and

Silk flow-diverter devices, Brinjikji et al3 found an overall postop-

erative rupture rate of 4%, with an early rupture rate of 3% with a

significantly higher rupture rate in large and giant aneurysms.

Our study demonstrated a posttreatment rupture rate of �1%,

3/5 occurring among patients with giant aneurysms. While post-

operative rupture rates are minimal in patients with small and

large aneurysms, postoperative rupture remains a real and signif-

icant complication of Pipeline treatment in patients with giant

aneurysms.

Spontaneous IPH is a poorly understood complication of

flow-diverter treatment. Hemorrhagic transformation of isch-

emic stroke, hemodynamic alteration from flow-diverter place-

ment, dual antiplatelet therapy, potential association with intrap-

rocedural foreign body emboli, and the significant role of P2Y12

receptor overinhibition are proposed mechanisms.8,14,15,33 Prior

studies have reported rates ranging from 0% to 10% for this com-

plication.8,30,34,35 In their meta-analysis, Brinjikji et al3 found an

IPH rate of 3.0%. Arrese et al1 found a postoperative hemorrhage

rate of 1.8%, not stratifying by SAH and IPH. Our study found an

IPH rate of 2.4%. Similar to prior studies, our study found no

difference in IPH rates by aneurysm size or location.3

Ischemic strokes due to thromboembolism and perforator in-

farctions are well-described complications of flow-diverter treat-

ment. Ischemic stroke may result from stent wall thrombus

formation and occlusion, parent artery occlusion, or distal

thromboembolic events. Our study found an ischemic stroke

rate of 4.7%, with higher rates in posterior circulation aneu-

rysms compared with the ICA aneurysm �10-mm group

(7.3% versus 2.7%).1,3,9,36 Similar to Brinjikji et al,3 we also

found that the stroke rate increased with aneurysm size as pa-

tients with large and giant aneurysms had higher stroke rates

than those with small aneurysms. Intraoperatively, acute

thrombus formation can be mitigated by prompt injection of

glycoprotein IIb/IIIa platelet inhibitors; however, it is difficult to

reduce the long-term risk of thromboembolic events associated with

flow-diverter treatment.37

Endosaccular coiling (with or without stent assistance) is an

alternative to flow-diverter therapy. A systematic review of stent-

assisted coiling by McLaughlin et al38 found an intraprocedural

complication rate of 4.0%, a postprocedural thromboembolic

event rate of 4.3%, and a delayed in-stent stenosis rate of 5.3%.

These complication rates are similar to the findings of our study

on the PED. In a study of stent-assisted coiling in patients with

subarachnoid hemorrhage, Bodily et al39 found a clinically signif-

icant thromboembolic event rate of 6%. A meta-analysis by Sha-

piro et al40 found that the overall procedural complication rate

associated with stent coiling was 19%, the thromboembolic com-

plication rate was 10%, and the periprocedural mortality was

Table 4: Complications by aneurysm size

Complications

Small (n = 386) (N = 473) Large (n = 339) (N = 357) Giant (n = 62) (N = 66)

Total (n = 793)a,b

(N = 906)
P

Value
Anterior
(n = 372)

Posterior
(n = 14)

Anterior
(n = 309)

Posterior
(n = 30)

Anterior
(n = 52)

Posterior
(n = 10)

Mean aneurysm size (mm) 5.1 � 2.2 6.0 � 2.6 14.8 � 4.0 15.0 � 4.3 28.8 � 5.3 29.1 � 7.2 10.7 � 7.7 �.001
Spontaneous rupture 0 (0%) 0 (0%) 2 (0.5%) 0 (0%) 3 (5.8%) 0 (0%) 5 (0.6%) �.01
Intraparenchymal hemorrhage 7 (1.9%) 0 (0%) 8 (2.6%) 0 (0%) 3 (5.8%) 1 (10.0%) 19 (2.4%) .24
Ischemic stroke 10 (2.7%) 1 (7.1%) 16 (5.2%) 1 (3.3%) 7 (13.5%) 2 (20.0%) 37 (4.7%) �.01
Parent artery stenosis 1 (0.3%) 0 (0%) 1 (0.3%) 0 (0%) 0 (0%) 0 (0%) 2 (0.3%) 1.0
Cranial neuropathy 0 (0%) 0 (0%) 2 (0.6%) 0 (0%) 0 (0%) 0 (0%) 2 (0.3%) .41
Neurologic morbidity 18 (4.8%) 1 (7.1%) 24 (7.8%) 1 (3.3%) 12 (23.1%) 3 (30.0%) 59 (7.4%) �.01
Neurologic mortality 6 (1.6%) 1 (7.1%) 15 (4.9%) 2 (6.7%) 3 (5.8%) 3 (30.0%) 30 (3.8%) �.01
Neurologic morbidity and mortalitya

(all patients)
19 (5.1%) 2 (14.3%) 27 (8.7%) 3 (10.0%) 12 (23.1%) 4 (40.0%) 67 (8.4%) �.01

Neurologic morbidity and mortality
(patients with unruptured aneurysms)

11/321 (3.4%) 1/12 (8.3%) 23/291 (7.9%) 3/29 (10.3%) 12/51 (23.5%) 3/9 (33.3%) 53/717 (7.4%) �.01

Neurologic morbidity and mortality
(patients with ruptured aneurysms)

8/51 (15.7%) 1/2 (50.0%) 4/18 (22.2%) 0/1 (0%) 0/1 (0%) 1/1 (100%) 14/76 (18.4%) .23

Neurologic morbidity and mortality
(excluding ruptured, dissecting, or
fusiform aneurysms)

11/294 (3.7%) 0/7 (0%) 12/217 (5.5%) 2/13 (15.4%) 7/37 (18.9%) 1/5 (20.0%) 33/574 (5.7%) �.01

Note:—n indicates the number of patients; N, number of aneurysms.
a Six patients did not have aneurysm size reported.
b Numbers do not sum across categories because some patients experienced �1 event.
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2.1%. In the Neuroform stent (Stryker Neurovascular, Kalama-

zoo, Michigan) experience in 284 patients, Fiorella et al41 re-

ported a cumulative ischemic stroke rate of 8.8% and a 2.8%

neurovascular death rate. They also reported that 15.1% of the

cases had major recanalization requiring retreatment. Piotin et

al42 reported results on the treatment of aneurysms with coils,

with and without stents, in 1137 patients. The rate of permanent

neurologic procedure-related complications was 7.4% of the

procedures with stents versus 3.8% in the procedures without

stents (P � .64). Procedure-induced mortality occurred in

4.6% of the procedures with stents versus 1.2% in the proce-

dures without stents (P � .006). The rate of thrombotic com-

plications in the stent group was 14.8%, accounting for 11.1%

of mortalities.42 Retrospective studies comparing flow diver-

sion with the PED with coiling (with and without stent assis-

tance) have demonstrated that the PED provides higher aneu-

rysm occlusion rates with similar morbidity and mortality

rates.23,43 In our study, anterior circulation aneurysms mea-

suring �10 mm had the lowest neurologic morbidity and mor-

tality rates (4.8%). These findings corroborate those of a pre-

vious study comparing the PED with stent-assisted coiling of

patients with small, unruptured anterior circulation aneu-

rysms, which demonstrated a complication rate of 5% in the

PED group and 3% in the stent-assisted coiling group.43 Given

the wide range of treatment options available for the endovas-

cular treatment of intracranial aneurysms, careful study and

stratification of outcomes by aneurysm location and size are

recommended to determine the best treatment for each pa-

tient. Ultimately, further comparative studies, especially in the

case of small ICA aneurysms, are needed to determine which

subsets of intracranial aneurysms would benefit most from

PED placement compared with endosaccular coiling.

Limitations
Our study has limitations. It was a retrospective study in which

sites followed their standard of practice for treating aneurysms

with PED, and there was a wide range of treatment regimens (eg,

antiplatelet therapy) among centers. However, all study adverse

events collected were prespecified in the study protocol and were

adjudicated by the Adverse Events Review Committee to main-

tain consistency in the study results. Patients who underwent

failed embolization or who did not have follow-up were excluded

per the study design. There was no systematic imaging of patients

required in this study because sites were required to follow their

standard procedures. There was no protocol regarding the mini-

mum duration of follow-up, and follow-up timing was per stan-

dard of care for the treating physician and institution. Another

limitation of the study is that the reporting of major and minor

complications was based on the duration of symptoms, not their

severity or degree of disability. Information regarding manage-

ment of the major and minor complications was not collected. A

broad range of aneurysm types and sizes was included in this

registry (ie, saccular/blister/ruptured/fusiform/dissecting), and

subgroup analyses were not performed for the subset of blister/

fusiform/dissecting aneurysms in this study. Last, 38% of these

patients had been included in prior publications.

CONCLUSIONS
Our study suggests that the treatment of intracranial aneurysms

with PED is associated with the lowest complication rates when

used to treat small aneurysms of the ICA. The rates of procedural-

related morbidity and mortality are not negligible. Patients with

posterior circulation aneurysms and giant aneurysms are at

higher risk of ischemic stroke. Patients with large or giant aneu-

rysms are at higher risk of ischemic stroke and SAH compared

with small aneurysms. The neurologic morbidity and mortality

rate drops when patients with difficult-to-treat aneurysms (rup-

tured, dissecting, or fusiform) are excluded. The complication

rates with PED are comparable with those of other endovascular

treatment options such as stent-assisted coiling. These findings

should be considered when selecting the best therapeutic option

for intracranial aneurysms.
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ERRATUM

The original versions of Tables 1–4 that were contained in the article “International Retrospective Study of the Pipeline Embolization Device:

A Multicenter Aneurysm Treatment Study” by D.F. Kallmes, R. Hanel, D. Lopes et al (AJNR Am J Neuroradiol 2015;36:108–15, originally

published on-line on October 29, 2014, 10.3174/ajnr.A4111) contained errors. Due to a coding problem, 36 PICA and vertebral artery

aneurysms were changed from “anterior” to “posterior.” In addition, 17 ICA aneurysms were changed from “other anterior” to “ICA.” The

authors state that these changes do not affect the conclusions or clinical implications of their paper. The only outcome that changed in statistical

significance was the comparison of the rates of neurologic mortality and neurologic morbidity � mortality between anterior and posterior

circulation aneurysms at �30 days (Table 3). These are the corrected tables.

http://dx.doi.org/10.3174/ajnr.A4307

Table 1: Aneurysm characteristics

Aneurysm Characteristics
Anterior

ICA ≥10 mm
Anterior

ICA <10 mm Posterior
Other

Anterior P Value Total
Aneurysm size (mm) �.0001

Mean � SD (n) 16.8 � 6.3 (317) 5.2 � 2.2 (360) 13.8 � 8.4 (93) 9.2 � 8.0 (126) 10.7 � 7.7 (896)
Median, range 15.0, 10.0–42.0 5.0, 1.0–10.0 11.6, 1.5–45.0 6.7, 1.0–55.0 9.0, 1.0–55.0

Aneurysm type �.0001
Small 0.0% (0/317) 100.0% (360/360) 35.5% (33/93) 63.5% (80/126) 52.8% (473/896)
Large 85.8% (272/317) 0.0% (0/360) 49.5% (46/93) 31.0% (39/126) 39.8% (357/896)
Giant 14.2% (45/317) 0.0% (0/360) 15.1% (14/93) 5.6% (7/126) 7.4% (66/896)

Aneurysm neck (mm) �.0001
Mean � SD (n) 8.5 � 5.0 (297) 4.1 � 2.2 (335) 8.7 � 7.5 (70) 4.8 � 5.1 (110) 6.2 � 4.9 (812)
Median, range 7.6, 0.9–50.0 3.9, 0.8–22.0 6.6, 1.7–53.0 3.9, 1.0–50.0 5.0, 0.8–53.0

Aneurysm shape �.0001
Saccular 77.3% (245/317) 87.8% (316/360) 35.8% (34/95) 71.7% (91/127) 76.0% (689/906)
Fusiform 15.5% (49/317) 4.7% (17/360) 29.5% (28/95) 15.0% (19/127) 12.8% (116/906)
Dissecting 3.2% (10/317) 2.2% (8/360) 28.4% (27/95) 7.1% (9/127) 6.0% (54/906)
Other 4.1% (13/317) 5.3% (19/360) 6.3% (6/95) 6.3% (8/127) 5.2% (47/906)

Aneurysm location �.0001
Internal carotid artery 100.0% (317/317) 100.0% (360/360) 0.0% (0/95) 0.0% (0/127) 75.5% (684/906)
Middle cerebral artery 0.0% (0/317) 0.0% (0/360) 0.0% (0/95) 33.9% (43/127) 4.7% (43/906)
Posterior cerebral artery 0.0% (0/317) 0.0% (0/360) 15.8% (15/95) 0.0% (0/127) 1.7% (15/906)
Basilar artery 0.0% (0/317) 0.0% (0/360) 46.3% (44/95) 0.0% (0/127) 4.9% (44/906)
Other 0.0% (0/317) 0.0% (0/360) 37.9% (36/95) 66.1% (84/127) 13.2% (120/906)

Presented with ruptured
aneurysm

3.8% (12/317) 6.7% (24/360) 7.4% (7/95) 25.2% (32/127) �.0001 8.4% (76/906)

Multiple PEDs utilized 45.4% (144/317) 27.4% (98/358) 37.9% (36/95) 22.8% (29/127) �.0001 34.1% (308/904)

Table 2: Complications by aneurysm location and size subgroups

Patient Characteristics
Anterior

ICA ≥10 mm
Anterior

ICA <10 mm Posterior
Other

Anterior P Value Total 95% CI
Aneurysm size (mm) �.0001 (10.7–11.8)

Mean � SD (n) 16.8 � 6.3 (296) 5.3 � 2.2 (291) 14.2 � 8.5 (88) 9.7 � 8.3 (112) 11.2 � 7.8 (787)
Median, range 15.0, 10.0–42.0 5.0, 1.2–10.0 12.0, 1.5–45.0 7.1, 1.0–55.0 10.0, 1.0–55.0

Spontaneous rupture 1.4% (4/296) 0.0% (0/291) 1.1% (1/90) 0.0% (0/112) .1657 0.6% (5/793) (0.2%–1.5%)
Intracranial hemorrhage 2.7% (8/296) 1.4% (4/291) 2.2% (2/90) 5.4% (6/112) .2299 2.5% (20/793) (1.6%–3.9%)
Ischemic stroke 5.4% (16/296) 2.4% (7/291) 6.7% (6/90) 6.3% (7/112) .1726 4.5% (36/793) (3.2%–6.2%)
Parent artery stenosis 0.3% (1/296) 0.3% (1/291) 0.0% (0/90) 0.0% (0/112) 1.0000 0.3% (2/793) (0.0%–0.9%)
Cranial neuropathy 0.7% (2/296) 0.0% (0/291) 0.0% (0/90) 0.0% (0/112) .7257 0.3% (2/793) (0.0%–0.9%)
Neurologic morbidity 8.8% (26/296) 4.1% (12/291) 8.9% (8/90) 11.6% (13/112) .0496 7.4% (59/793) (5.7%–9.5%)
Neurologic mortality 3.7% (11/296) 1.4% (4/291) 7.8% (7/90) 7.1% (8/112) .0108 3.8% (30/793) (2.6%–5.4%)
Neurologic morbidity and

mortality (all patients)
9.5% (28/296) 4.1% (12/291) 13.3% (12/90) 13.4% (15/112) .0046 8.4% (67/793) (6.6%–10.6%)

Neurologic morbidity and
mortality (patients with
unruptured aneurysms)

9.5% (27/285) 3.4% (9/268) 12.0% (10/83) 9.9% (8/81) .0104 7.5% (54/720) (5.7%–9.7%)

Neurologic morbidity and
mortality (patients with
ruptured aneurysms)

16.7% (2/12) 12.5% (3/24) 28.6% (2/7) 21.9% (7/32) .7639 18.4% (14/76) (10.5%–29.0%)

Neurologic morbidity and
mortality (excluding
ruptured, dissecting, or
fusiform aneurysms)

7.7% (18/233) 3.6% (9/253) 8.6% (3/35) 9.7% (6/62) .1343 6.2% (36/585) (4.4%–8.4%)
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Table 3: Occurrence of complication by time

Major Complications

<72 Hours 72 Hours–30 Days >30 Days

Anterior Posterior Anterior Posterior Anterior Posterior P Value Total
Spontaneous rupture 0.1% (1/703) 0.0% (0/90) 0.3% (2/703) 1.1% (1/90) 0.1% (1/703) 0.0% (0/90) .6290 0.6% (5/793)
Intracranial hemorrhage 0.4% (3/703) 2.2% (2/90) 1.6% (11/703) 0.0% (0/90) 0.6% (4/703) 0.0% (0/90) .1363 2.5% (20/793)
Ischemic stroke 2.1% (15/703) 3.3% (3/90) 0.9% (6/703) 2.2% (2/90) 1.3% (9/703) 1.1% (1/90) .1102 4.5% (36/793)
Parent artery stenosis 0.0% (0/703) 0.0% (0/90) 0.1% (1/703) 0.0% (0/90) 0.1% (1/703) 0.0% (0/90) 1.0000 0.3% (2/793)
Cranial neuropathy 0.0% (0/703) 0.0% (0/90) 0.3% (2/703) 0.0% (0/90) 0.0% (0/703) 0.0% (0/90) .3331 0.3% (2/793)
Neurologic morbidity 2.6% (18/703) 5.6% (5/90) 2.8% (20/703) 2.2% (2/90) 1.8% (13/703) 1.1% (1/90) .2757 7.4% (59/793)
Neurologic mortality 1.0% (7/703) 3.3% (3/90) 1.4% (10/703) 2.2% (2/90) 0.9% (6/703) 2.2% (2/90) .7014 3.8% (30/793)
Neurologic morbidity and

mortality (all patients)
2.8% (20/703) 5.6% (5/90) 3.1% (22/703) 4.4% (4/90) 1.8% (13/703) 3.3% (3/90) .2543 8.4% (67/793)

Neurologic morbidity and
mortality (patients with
unruptured aneurysms)

2.5% (16/637) 6.0% (5/83) 2.7% (17/637) 3.6% (3/83) 1.7% (11/637) 2.4% (2/83) .3511 7.5% (54/720)

Neurologic morbidity and
mortality (patients with
ruptured aneurysms)

5.8% (4/69) 0.0% (0/7) 8.7% (6/69) 14.3% (1/7) 2.9% (2/69) 14.3% (1/7) .4768 18.4% (14/76)

Neurologic morbidity and
mortality (excluding
ruptured, dissecting, or
fusiform aneurysms)

2.5% (14/550) 2.9% (1/35) 2.5% (14/550) 2.9% (1/35) 0.9% (5/550) 2.9% (1/35) .0934 6.2% (36/585)

Table 4: Complication by aneurysm size

Major Complications

Small Large Giant

Anterior Posterior Anterior Posterior Anterior Posterior P Value Total
Aneurysm size (mm) �.0001

Mean � SD (n) 5.3 � 2.2 (360) 6.1 � 2.5 (27) 14.8 � 4.1 (292) 14.8 � 4.1 (46) 29.2 � 5.6 (49) 28.5 � 6.2 (14) 11.3 � 7.7 (788)
Median, range 5.0, 1.0–10.0 6.3, 1.5–9.4 14.0, 10.0–24.5 14.3, 10.0–23.0 27.0, 25.0–55.0 26.0, 25.0–45.0 10.0, 1.0–55.0

Spontaneous rupture 0.0% (0/360) 0.0% (0/27) 0.7% (2/292) 0.0% (0/46) 4.1% (2/49) 7.1% (1/14) .0011 0.6% (5/793)
Intracranial hemorrhage 1.9% (7/360) 0.0% (0/27) 2.7% (8/292) 2.2% (1/46) 6.1% (3/49) 7.1% (1/14) .0901 2.5% (20/793)
Ischemic stroke 2.8% (10/360) 0.0% (0/27) 4.8% (14/292) 4.3% (2/46) 12.2% (6/49) 21.4% (3/14) .0008 4.5% (36/793)
Parent artery stenosis 0.3% (1/360) 0.0% (0/27) 0.3% (1/292) 0.0% (0/46) 0.0% (0/49) 0.0% (0/14) 1.0000 0.3% (2/793)
Cranial neuropathy 0.0% (0/360) 0.0% (0/27) 0.7% (2/292) 0.0% (0/46) 0.0% (0/49) 0.0% (0/14) .3373 0.3% (2/793)
Neurologic morbidity 5.0% (18/360) 0.0% (0/27) 7.5% (22/292) 6.5% (3/46) 22.4% (11/49) 28.6% (4/14) �.0001 7.4% (59/793)
Neurologic mortality 1.7% (6/360) 3.7% (1/27) 4.8% (14/292) 6.5% (3/46) 6.1% (3/49) 21.4% (3/14) .0033 3.8% (30/793)
Neurologic morbidity and

mortality (all patients)
5.3% (19/360) 3.7% (1/27) 8.6% (25/292) 10.9% (5/46) 22.4% (11/49) 35.7% (5/14) �.0001 8.4% (67/793)

Neurologic morbidity and
mortality (patients with
unruptured aneurysms)

3.5% (11/311) 0.0% (0/24) 7.9% (22/277) 11.4% (5/44) 22.9% (11/48) 30.8% (4/13) �.0001 7.5% (54/720)

Neurologic morbidity and
mortality (patients with
ruptured aneurysms)

16.0% (8/50) 33.3% (1/3) 18.8% (3/16) 0.0% (0/2) 50.0% (1/2) 100.0% (1/1) .1385 18.4% (14/76)

Neurologic morbidity and
mortality (excluding
ruptured, dissecting, or
fusiform aneurysms)

3.8% (11/293) 0.0% (0/12) 6.4% (14/218) 11.8% (2/17) 20.5% (8/39) 20.0% (1/5) .0005 6.2% (36/585)
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