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To evaluate the safety and effectiveness of the Pipeline
Embolization Device (PED; ev3/Covidien, Irvine, Calif) in
the treatment of complex intracranial aneurysms.

The Pipeline for Uncoilable or Failed Aneurysms is a
multicenter, prospective, interventional, single-arm trial
of PED for the treatment of uncoilable or failed aneu-
rysms of the internal carotid artery. Institutional review
board approval of the HIPAA-compliant study protocol
was obtained from each center. After providing informed
consent, 108 patients with recently unruptured large and
giant wide-necked aneurysms were enrolled in the study.
The primary effectiveness endpoint was angiographic eval-
uation that demonstrated complete aneurysm occlusion
and absence of major stenosis at 180 days. The primary
safety endpoint was occurrence of major ipsilateral stroke
or neurologic death at 180 days.

PED placement was technically successful in 107 of 108
patients (99.1%). Mean aneurysm size was 18.2 mm; 22
aneurysms (20.4%) were giant (>25 mm). Of the 106
aneurysms, 78 met the study’s primary effectiveness end-
point (73.6%; 95% posterior probability interval: 64.4%—
81.0%). Six of the 107 patients in the safety cohort ex-
perienced a major ipsilateral stroke or neurologic death
(5.6%; 95% posterior probability interval: 2.6%-11.7%).

PED offers a reasonably safe and effective treatment of
large or giant intracranial internal carotid artery aneu-
rysms, demonstrated by high rates of complete aneurysm
occlusion and low rates of adverse neurologic events; even
in aneurysms failing previous alternative treatments.

©RSNA, 2013
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arge and giant wide-necked aneu-

rysms are a challenge to treat. If

left untreated, lesions that involve
the intradural anterior cerebral circula-
tion (internal carotid artery distribution)
are associated with a 5-year cumulative
risk of rupture of 14.5%-40%, depend-
ing on location (1,2). Traditional endo-
vascular methods of treatment for these
aneurysms have included either a recon-
structive approach, where the aneurysm
sac is filled with an embolic material
(usually detachable platinum coils), or
parent artery occlusion. However, nei-
ther of these approaches addresses the
underlying pathology of the aneurysmal
parent artery segment (3-6).

Treatment of large and giant wide-
neck aneurysms with coils is associated
with low rates (~35%) of initial angio-
graphic occlusion (7) and high rates
(>50%) of recurrence (3,5-10). Even
with the use of advanced coiling tech-
niques (including adjunctive balloons,
stents, and complex-shaped and biologi-
cally enhanced coils), improved outcomes
remain elusive (11-14). It is conceivable
that the failure to achieve definitive,
complete, and durable exclusion of such

Advances in Knowledge

B The treatment of large and giant
cerebral aneurysms with low po-
rosity endoluminal sleeves is fea-
sible and effective, with a reason-
able margin of safety.

B Branch vessels, such as the oph-
thalmic artery, can be covered by
the device with a reasonable
margin of safety.

B [ow porosity self-expanding
endoluminal sleeves can be used
in the treatment of intracranial
aneurysms with a low rate of in-
construct stenosis.

B Braided implants can conform
well to tortuous vascular
anatomy.

® Endoluminal reconstruction of
the parent artery is achievable,
and leads to occlusion of the
aneurysm and anatomic resolu-
tion of mass effect.

aneurysms may leave patients vulnerable
to aneurysm growth or rupture.

Recently, an alternative endolumi-
nal approach to aneurysm treatment
has emerged. This novel approach uses
flexible low-porosity endoluminal sleeves
that enable direct reconstruction of the
affected parent artery (15,16). These
devices have been designed to reduce
hemodynamic exchange between the
aneurysm and parent artery (17-19),
which promotes thrombosis within the
aneurysm sac, and to provide scaffolding
for neointimal overgrowth of the aneu-
rysm neck (20,21). The incorporation of
the endoluminal device into the vessel
wall creates a more anatomically defini-
tive and durable treatment of the aneu-
rysm (15,16).

Herein we present results of the
Pipeline for Uncoilable or Failed An-
eurysms (PUFS) study, a multicenter,
prospective, single-arm clinical trial
of the Pipeline Embolization Device
(PED; ev3/Covidien, Irvine, Calif), for
the treatment of large and giant wide-
necked aneurysms of the internal carotid
artery. The purpose of this study was to
evaluate the safety and effectiveness of
the PED in the treatment of complex in-
tracranial aneurysms. The primary ef-
fectiveness endpoint was angiographic
evaluation that demonstrated complete

Implications for Patient Care

B The Pipeline Embolization Device
(PED) may offer clinicians the
option to treat complex internal
carotid artery aneurysms without
resorting to parent vessel
occlusion.

B Aneurysm occlusion with PED
appears to be maintained over
time with low rates of recurrence
and may decrease the need for
continuous radiographic surveil-
lance, potentially resulting in less
radiation exposure and cost
savings.

® PED has the potential to offer
faster, more effective, and lower
cost treatment of large and giant
aneurysms compared with coil-
based treatment.

aneurysm occlusion and absence of ma-
jor stenosis at 180 days. The primary
safety endpoint was the occurrence of
major ipsilateral stroke or neurologic
death at 180 days.

Materials and Methods

Industry Support

Our trial was supported by Chestnut
Medical and ev3 (Covidien). The fund-
ing source provided financial support to
the participating sites based on patient
enrollment in the trial. Additional sup-
port from the funding source included
frequent monitor visits to verify source
data and ensure compliance with proto-
col. Both the funding source and the two
largest enrolling U.S. clinical sites were
inspected and audited by the U.S. Food
and Drug Administration. Two of the au-
thors (D.J.C. and A.B.) were employees
of the sponsor at the time of the trial;
however, they are no longer employees
of the sponsor. With the exception of
one author (P.K.N.), who was a share-
holder in and advisor to the initial spon-
sor (Chestnut Medical), the investigators
had no financial conflict of interest during
enrollment. After completion of enroll-
ment, nine authors (T.B., C.J.M., D.FK.,
D.J.E, DK.L, Isil S., Istvan S., S.H.C.,
and E.I.L.) became clinical proctors and/
or consultants for ev3 (Covidien), either

Published online before print
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mRS = modified Rankin Scale

PED = Pipeline Embolization Device

PUFS = Pipeline for Uncoilable or Failed Aneurysms
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directly or indirectly through their re-
spective institutions. Those authors who
were not employees of or consultants for
Chestnut Medical, ev3, or Covidien had
control over inclusion of data and infor-
mation that might present a conflict of
interest for those authors who are em-
ployees or consultants.

Study Enroliment and Patient Selection

Between November 2008 and July 2009,
108 patients from 10 centers were pro-
spectively enrolled. The study was con-
ducted according to U.S. Food and Drug
Administration regulations regarding in-
vestigational device exemption. Written
informed consent was obtained from all
patients after the nature of the research
was explained. The institutional review
board or ethics committee of each insti-
tution approved the protocol and the in-
formed consent form. Patient inclusion
criteria was the presence of an aneurysm
arising from the internal carotid artery
(petrous through the superior hypophy-
seal segments) that measured at least
10 mm in maximum diameter and had a
neck of at least 4 mm. Aneurysm dimen-
sions were typically measured by using
three-dimensional reformatted images
that were derived from rotational cath-
eter angiograms acquired at the time of
device placement; in aneurysms with
partial thrombosis, maximum dimension
was estimated from cross-sectional im-
aging. Patients were excluded if they had
subarachnoid hemorrhage within the
previous 60 days, any intracranial hem-
orrhage or major surgery within the last
42 days, a history of bleeding disorder
or low platelet count, previously placed
stent at the target aneurysm, contrain-
dication to computed tomographic and
magnetic resonance (MR)
known allergy to platinum or cobalt and
chromium alloys, evidence of active in-
fection, or major stenosis of the ipsilat-
eral carotid artery. No patient who met
inclusion criteria was turned away at
any of the participating centers unless
the predetermined exclusion criteria
were simultaneously violated. Further-
more, during the study, there were no
parallel (nonenrolling) compassionate
use pathways available to patients who
were qualified. Patients with recurrent

imaging,

or incompletely occluded aneurysms af-
ter surgical or coil-endovascular therapy
were not excluded unless they had an
indwelling stent previously placed across
the neck of the target aneurysm.

Baseline Assessments

Prior to placement of the PED, patients
underwent a baseline neurologic exami-
nation and a detailed neuro-ophthalmo-
logic assessment to document the pres-
ence of oculomotor cranial neuropathy or
deficits in visual acuity and visual fields.

Dual Antiplatelet Therapy

Patients were asked to take aspirin
(325 mg per day orally for 2 days) and
clopidogrel (75 mg per day for 7 days)
prior to PED placement. Alternatively,
a 600-mg loading dose of clopidogrel 1
day prior to the procedure was allowed.
After the procedure, patients were
asked to take 325 mg of aspirin daily
for at least 6 months, and 75 mg of
clopidogrel daily for at least 3 months
(most were maintained on combination
antiplatelet therapy for 6 months).

Description of Study Device and
Placement Procedure

PED has been previously described (22).
All procedures were performed under
general anesthesia by using standard
transfemoral approaches. Intravenous
heparin was typically administered at
50-100 U/kg to achieve an activated
clotting time of greater than 250 sec-
onds. A standard microcatheter with
a 0.027-inch internal diameter (Hi-Flo
Renegade; Boston Scientific, Fremont,
CA; or Marksman Catheter; ev3/Covi-
dien) was used. Additional PEDs were
deployed, as needed, through the same
delivery microcatheter to increase ei-
ther the length of the construct or the
mesh density. The decision to implant
multiple stents was made for a variety
of reasons, mostly having to do with cre-
ation of a stable endoluminal construct.
Multiple partially overlapping stents (up
to 15 in one patient) were sometimes
required to bridge many of the complex
aneurysms that were treated.

There was no roll-in period, but early
cases at each site were proctored by ex-
perienced operators (P.K.N., A.B.). All

operators underwent hands-on training
in an in vitro model prior to their first hu-
man use of the device to familiarize them
with the properties and behavior of the
device. The delivery microcatheters and
introductory handling of the device share
common features with precedent devices
familiar to the operators.

Follow-up Assessments

Patients underwent repeat neurologic
examinations at 30 and 180 days after
PED placement and had a follow-up
telephone call at 90 days. Further per-
iodic follow-ups are scheduled through
year 5. In addition, patients underwent
conventional angiography and a focused
neuro-opthalmologic examination at 180
days. Angiographic images in standard
and working views that corresponded
to the treatment angiograms were inter-
preted by an independent core radiology
laboratory. Each core radiology labora-
tory member (S.W., E.K., S.M.) inde-
pendently adjudicated aneurysms for de-
gree of occlusion according to the scale
of Roy (7) (complete occlusion, residual
neck, or residual aneurysm), the pres-
ence and degree of stenosis according to
the method of Samuels, et al (23), and
the occurrence of implant migration.

Safety Reporting

Investigators were asked to report as
adverse events all negative changes in
health. Investigators were also asked to
judge the relationship of the event to
both the PED and the PED placement
procedure. In addition, all serious ad-
verse events were reviewed and adjudi-
cated by an independent clinical events
committee (B.F.F., A.S.T., V.R.D.).

Study Endpoints

The primary effectiveness endpoint of
our study was complete occlusion (yes or
no) of the target aneurysm without major
(>50%) stenosis of the parent artery or
adjunctive use of a complementary em-
bolic agent as seen on the 180-day an-
giogram and judged by an independent
core laboratory of three interventional
neuroradiologists. A case was considered
successful if it was deemed to meet these
criteria by at least two of the three core
laboratory members. The primary safety
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Table 1

Baseline Characteristics (n = 108)

Characteristic Value
Mean age (y)* 57.0 (11.3,
30.2-75.1)
Female sex 96 (88.9)
Race
White 99 (91.7)
Black 6 (5.6)
Not reported 3(2.8)
Medical history
Remote subarachnoid 8(7.4)
hemorrhage
Stroke 7 (6.5)
Hypertension 60 (55.6)
History of smoking
Never a smoker 46 (42.6)
Current smoker 31 (28.7)
Previous smoker 31(28.7)
Prior treatments for
target aneurysm
Coil embolization 6(5.6
Surgery 1(0.9)
Other
mRS score
0 60 (55.6)
1 34 (31.5)
2 9(8.3)
3 2(1.9)
4 1(0.9)
Not performed 2(1.9)
Cranial neuropathy
CN 2 20 (18.5)
CN3 20 (18.5)
CN 4 3(2.8)
CN5 7 (6.5)
CN 6 21 (19.4)

Table 1 (continues)

endpoint was the incidence of major ip-
silateral stroke (increase of four or more
points according to the National Institute
of Health Stroke Scale Score), which was
adjudicated by the clinical events commit-
tee, or neurologic death within 180 days
after PED placement. Prespecified sub-
group analyses for both the primary ef-
fectiveness and safety endpoints included
the following four subgroups: aneurysm
maximum dimension of 25 mm or larger
versus less than 25 mm; neck size 6 mm
or larger versus less than 6 mm; aneu-
rysm partially thrombosed at baseline
or not; and current or former smoker
versus a patient who never smoked. The

Table 1 (continued)

Baseline Characteristics (n = 108)

Characteristic Value
Location
Petrous 4(3.7)
Cavernous 44 (40.7)
Carotid cave 2(1.9
Superior hypophyseal 10 (9.3
Lateral clinoidal 2(1.9
Paraophthalmic 35(32.4)
Supraclinoid 10 (9.2
Posterior communicating 1(0.9
Mean maximum fundus 18.2 (6.4,
diameter (mm)* 6.27-36.1)
Small: <10 mm 17(0.9)
Large: 10 to <25 mm 85 (78.7)
Giant: = 25 mm 22 (20.4)
Mean neck size (mm)* 8.8 (4.3,
4.1-36.1)
No. with neck measurement 85 (78.7)
=6mm
No. with neck measurement 22(204)
<6 mm
Mean dome size (mm)* 14.6 (5.5,
4.4-29.5)
No. of target aneurysms 17 (15.7)

partially thrombosed

Note.—Numbers in parentheses are percentages unless
otherwise noted.

*Numbers in parentheses are standard deviation and range.

T Patient with 6.2-mm aneurysm excluded from effectiveness
cohort.

major secondary endpoints of our study
included complete occlusion of the tar-
get aneurysm at 1, 3, and 5 years, and
change in modified Rankin Scale (mRS)
score of more than 2 points at 180 days.

Statistical Analysis

Effectiveness analysis focused on the rate
of complete occlusion of the target aneu-
rysm, and the goal was to show that the
rate statistically exceeded 50%. Safety
analysis focused on the rate of major ip-
silateral stroke or neurologic death, and
the goal was to show that the rate was
statistically lower than 20%. The poste-
rior Bayesian distribution of the rate of
complete target aneurysm occlusion was
calculated by wusing a noninformative
beta prior (1, 1) distribution. The pos-
terior probability that the effectiveness
rate exceeded the study’s predetermined

effectiveness success threshold of 50%
was calculated. The 50% threshold was
an upper limit of effectiveness success
based on a comprehensive prestudy lit-
erature review that summarized the rate
of complete intracranial aneurysm occlu-
sion in cohorts of 10 or more patients
undergoing coil embolization for large or
giant intracranial aneurysms. Our study’s
primary endpoint safety rate was ana-
lyzed similarly, including a calculation of
the probability that the safety rate was
at most 20%. The 20% threshold was
based on the same review of literature
regarding major neurologic complications
and death that occurred after both coil
embolization and surgical treatments of
patients with large and giant intracranial
aneurysms. The effectiveness cohort was
composed of patients with qualifying an-
eurysms in which the physician was able
to pass an access microcatheter into the
distal parent artery. The safety cohort
was all patients in which PEDs were
deployed. Our study was considered an
overall success if the posterior probabil-
ities for both primary endpoints were
greater than 0.975. Both Bayesian and
standard frequentist approaches were
used. Analyses were performed by using
statistical analysis software (R Project
for Statistical Computing, www.r-project
.org; and SAS version 9.0, SAS Institute,
Cary, NC).

Patient and Aneurysm Characteristics

Of the 108 enrolled patients, 96 (88.9%)
were women, and their mean age was
57 years (Table 1). Hypertension was
present in 60 of 108 patients (55.6%),
and 62 patients (57.4%) were current
or former smokers. Mean aneurysm
size was 18.2 mm; 22 of 108 aneurysms
(20.4%) were larger than 25 mm in
maximum dimension. Most aneurysms
involved the cavernous or paraophthal-
mic segments of the internal carotid
artery. Eight patients underwent prior
failed treatment of their index aneu-
rysm, primarily coil embolization.

Patient Disposition

Patient disposition in the PUFS trial is
depicted in Figure 1. Of 108 patients
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i
treatment <
108

h 4

not met 3

Catheterization
failure, patient
untreated: 1

S
h 2

Received PED
treatment 107

¥

Discharge
Assessment 107

Excluded from

Safety Arm 107

Effectiveness

I’) Armm 3

FS

V¥

M Deaths 3

Y

Effectiveness Arm
104 patients/

30 day clinic
visit 101

106 aneurysms

Refused

v

90 day phone

angiography 4 |\

call 104

¥

180 day clinic
visit* 100

Figure 1:

Y
180 day angiography:
97 patients/
99 aneurysms

Patient disposition in the PUFS trial. * = Four

patients who did not return for 180-day follow-up remained in
telephone contact with an investigator.

assigned to treatment, 107 patients un-
derwent PED treatment and completed
discharge evaluation. PED placement
was not attempted in one patient be-
cause the parent artery could not be
catheterized. Three patients died on
postoperative days 4, 11, and 14. Of the
104 patients who were alive at 180 days
after successful PED placement, com-
plete scheduled clinical follow-up was
performed in 100 patients (96.2%), and
180-day catheter angiography was per-
formed in 97 patients (93.3%) with 99
treated aneurysms.

Device Placement

PED was successfully placed in 99.1%
(107 of 108) of the patients. Of the treat-
ed patients, 98.1% (105 of 107) received
more than one PED, with a median

average of three PEDs (range, one to
15) per target aneurysm. Two patients
underwent PED treatment of both the
target aneurysm and a qualifying contra-
lateral aneurysm. Procedure time aver-
aged 124 minutes, and fluoroscopy time
averaged 48 minutes. Adjunctive balloon
angioplasties were used in 18 patients.
In the vast majority of cases, the goal
was to dilate compressed perianeuris-
mal segments of the parent artery prior
to device delivery, particularly where the
constrained native vessel diameter may
have complicated deployment. In other
cases, a balloon was used to facilitate
microcatheterization of the parent ves-
sel distal to the aneurysm. There were
a few instances where a balloon was
used to secondarily dilate a subopti-
mally expanded device, typically under

Primary Effectiveness Endpoint

Evaluation at Day 180
Met Primary Effectiveness Aneurysms (1=
Outcome 106)
Yes 78 (73.6)
No 28 (26.4)
Reason for effectiveness
failure
Residual neck 8(7.5)
Residual aneurysm filling 6 (5.7)
Death 3(2.8)
Carotid occlusion 3(2.8)
Withdrawn from study 2(1.8)
Refused angiogram 2(1.8)
Parent artery 2(1.8)
stenosis > 50%
Adjunctive coils used 1(0.9)
in aneurysm fundus
Carotid-cavernous fistula 1 (0.9)

Note.—Numbers in parentheses are percentages.

circumstances where the device was de-
ployed with excessive traction through
excessively tortuous anatomy.

Primary Effectiveness Endpoint

Four of the 108 enrolled patients were
excluded from the effectiveness cohort:
in two patients, the target aneurysms in-
volved nonqualifying segments of the in-
ternal carotid artery (posterior commu-
nicating segment and cervical internal
carotid artery, respectively). In one pa-
tient, the aneurysm size was determined
at treatment angiography to be too small
(6 mm), and in another patient, the dis-
tal parent vessel could not be catheter-
ized and the aneurysm was not treated.
Two additional qualifying contralateral
aneurysms were treated with PED,
which made the effectiveness cohort
106 aneurysms in 104 patients. Of the
aneurysms, 73.6% (78 of 106) met the
study’s combined primary effectiveness
endpoint of complete occlusion at day
180 without major stenosis or use of ad-
Jjunctive coils (95% posterior probability
interval: 64.4%, 81.0%; P < .001 versus
fixed rate of 50%). The posterior prob-
ability that the primary effectiveness
endpoint exceeded the predetermined
success threshold of 50% was 0.999999
(Table 2). The reasons that patients did
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Figure 2

not meet the primary effectiveness At the 1-year follow-up, 89 pa-
endpoint at day 180 are given in Table tients with 91 treated aneurysms had
2. An example of complete aneurysm catheter angiography. Complete oc-
occlusion is shown in Figure 2. clusion was seen in 79 of 91 (86.8%)

Figure 2:  (a—d) Pretreatment images from a

49-year-old woman with left abducens palsy and
a giant cavernous aneurysm in the (a) frontal and
(b) lateral projections. (c) Three-dimensional recon-
struction shows near circumferential involvement
of the internal carotid artery at the aneurysm neck.
(d) Axial T2-weighted MR image demonstrates
aneurysm adjacent to the medial aspect of the
temporal lobe (arrow). (e~g) Follow-up images
180 days after treatment with PED demonstrated
that the aneurysm no longer filled on angiography.
(h) Involution of the aneurysm is confirmed on MR
image. The patient’s symptoms resolved.

of the treated aneurysms. Reasons for
observed lack of complete occlusion
are listed in Table 3.

Primary Safety Endpoint

Six of the 107 patients (5.6%) in the
safety cohort (95% posterior prob-
ability interval: 2.6%, 11.7%; P < .001

Radiology: \/olume 267: Number 3—June 2013 = radiology.rsna.org
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Table 3 Table 4

Aneurysm Occlusion Rates at 1-year
Angiographic Follow-up

Occlusion Type* Rate (%)"

Complete occlusion 86.8 (79 of 91)

Residual neck 5.5 (5 of 91)

Residual aneurysm 5.5 (50f 91)

Carotid occlusion not seen 2.2 (2 0of 91)
at 180 days

* Data are for 91 aneurysms in 89 patients.
T Numbers in parentheses were used to calculate the
occlusion rate.

Primary Safety Endpoint Data by Day 180

Patient No. Event Description Results (%)
1 Ischemic stroke (perioperative) related to PED-associated 2.8 (3 0f 107)*
thrombosis (patient later experienced delayed fatal
hemorrhage after traumatic fall in rehabilitation facility)
2 Ischemic stroke (delayed) secondary to major
in-construct (PED) stenosis
3 Ischemic stroke (delayed) from noncompliance with the
required oral antiplatelet regimen
4 Ipsilateral intraparenchymal hemorrhage (perioperative) 1.9 (2 of 107)t
5 Ipsilateral intraparenchymal hemorrhage (delayed) on day 14 (fatal)
6 Rapidly fatal event possibly neurologic in origin 0.9 (1 of 107)

Table 5

Serious Adverse Events in PUFS

Event Type No. of Patients
Amaurosis fugax 5(4.7)
Headache 5(4.7)
Intracranial hemorrhage 5(4.7)
Nonneurologic bleeding 5(4.)
Ischemic stroke 4(3.7)
Cardiac arrhythmia 3(2.8)
Dizziness or tinnitus 2(1.9
Carotid cavernous fistula 2(1.9)
Carotid occlusion; patientalso 1 (0.9)

counted as ischemic stroke
Cilioretinal artery embolism 1(0.9
Diplopia 1(0.9
Possible intracranial 1(0.9)

hemorrhage
Colitis 1(0.9
Deep venous thrombosis 1(0.9)
Lightheadedness or palpitations 1 (0.9)
Lung cancer 1(0.9)
Pulmonary embolism 1(0.9)
Rectovaginal fistula 1(0.9)
Recurrent breast cancer 1(0.9)
Pneumonia or urinary tract 1(0.9)

infection
Visual field worsened 1(0.9)
Total no. of patients 44

Note.—Numbers in parentheses are percentages.

versus fixed rate of 20%) were judged
by the clinical events committee to
have had major ipsilateral stroke or
neurologic death (Table 4), which was
the study’s primary safety endpoint.
The posterior probability that the ma-

jor safety endpoint rate was less than

Note.—Data relates to the 5.6% (six of 107) of patients who had major ipsilateral stroke or neurologic death by day 180.

Numbers in parentheses were used to calculate percentages.

* Results data apply to patients 1, 2, and 3.
T Results data apply to patients 4 and 5.

20% (the predetermined safety suc-
cess threshold) was 0.999979.

Other Safety Outcomes

All adverse events that occurred before
180 days were adjudicated according to
the International Organization for Stan-
dardization definition of a serious ad-
verse event. Thirty-eight additional non-
qualifying serious adverse events were
encountered. The causes of these events,
together with those of the six qualifying
events captured by the primary safety
endpoints, are listed in Table 5 . Twen-
ty-one of these events were judged as be-
ing definitely (six events) or probably (15
events) device related. Further details
on the five intracranial hemorrhages are
provided in Table 6.

At 180 days, mRS scores were avail-
able in 101 patients. The mRS scores were
improved at 180 days in 21 of 107 pa-
tients (19.6%), unchanged in 70 patients
(65.4%), worse in 10 patients (9.3%),
and not available (due to incomplete
study participation) in 6 patients (5.6%).
Ninety-four of 107 patients (87.9%) had
a mRS score of 1 or less at 180 days.
Causes for worsened mRS scores were
death (three patients), chronic headache
(two patients), residual symptoms from
stroke (two patients), diplopia (one pa-
tient), ptosis (one patient) and tinnitus
(one patient).

Subgroup Analysis
Subgroup analysis of the primary effec-
tiveness and safety endpoints showed
that no preplanned subgroup had a sta-
tistically increased rate of either effec-
tiveness or safety.

Our PUFS trial demonstrated a high
complete occlusion rate of large or
giant wide-necked internal carotid
artery aneurysms that were recently
unruptured and treated with PED.
The safety profile is encouraging, es-
pecially given the challenging nature
of the enrolled aneurysms and the
outcomes typically associated with
this population. Taken together, the
data indicated that PED is safe and
effective for the target population of
large and giant wide-necked internal
carotid artery aneurysms.

The gender bias was evident in our
study and may have been enhanced by
selection of aneurysms that involved
proximal internal carotid artery loca-
tions as the target population, many of
which were cavernous or paraophthal-
mic sites known to have pronounced
gender asymmetry (24). However, while
there was no deliberate gender dis-
crimination during patient selection,
a component of referral bias from the
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Table 6

Description of Patients with Intracranial Hemorrhage

Patient No. Description Associated Risk Factors Clinical Outcome
1 Intracranial hemorrhage after Postoperative thrombotic stroke, witnessed fall in Death
head trauma rehabilitation facility; patient no. 1 in Table 4
2 Intracranial hemorrhage, Occurred after administration of lib/llla inhibitor Major hemorrhagic stroke (change > 4 in NIHSS Score)
postprocedure with full recovery by 30 days
3 Intracranial hemorrhage on History of alcohol use, hypertension, and head Death
postoperative day 14 trauma; patient no. 5 in Table 4
4 Intracranial hemorrhage on Factor V Leiden, on warfarin sodium with elevated Minor hemorrhagic stroke (change < 4 in NIHSS score)
postoperative day 3 prothrombin time at time of bleeding event
5 Intracranial hemorrhage on Postoperative diffusion-weighted MR imaging Minor hemorrhagic stroke (change < 4 in NIHSS score);

postoperative day 6

showed small areas of restricted diffusion at
site of hemorrhage

returned to normal neurologic function by day 10

Note.—NIHSS = National Institute of Health Stroke Scale.

referring community of physicians can-
not be ruled out.

Previous studies (16,22,25-27)
have evaluated the use of flow diver-
sion devices in intracranial aneurysms.
These prior reports, as in this series,
targeted sidewall aneurysms of the in-
ternal carotid artery, but had fewer pa-
tients (30-60 patients), and included
smaller aneurysms than those in our
study. PUFS provided additional value
to existing literature because of the
prospective study design, high rate of
patient follow-up, independent mon-
itoring and source verification of all
case report form data fields, and in-
dependent adjudication of both safety
and effectiveness outcomes.

The safety and efficacy observed
in PUFS compare favorably with those
of prior studies that used reconstruc-
tive coil-endosaccular treatment (28-
33). Adverse events in our study are
as low as or lower than most studies
(28) that focused on endosaccular
treatment of large and giant internal
carotid artery aneurysms. Moreover,
rates of complete aneurysm oblitera-
tion at follow-up are substantially high-
er with the PED than those that were
observed after coiling, with or without
the adjunctive use of higher porosity
stents (13). Compared with decon-
structive therapies, treatment with the
PED may offer a similar safety profile
with the advantage of parent artery
preservation, particularly for those

patients lacking adequate collateral
support who would require a surgical
bypass prior to parent vessel sacrifice.
A series of 13 patients (34) who
underwent delayed rupture of aneu-
rysms treated with flow diversion de-
vices raised questions as to the point
in time after treatment and degree to
which aneurysms treated in this fash-
ion were protected against rupture.
While no patient treated with PED in
PUFS experienced aneurysm rupture
that resulted in subarachnoid hemor-
rhage to date, one patient developed
a subacute carotid cavernous fistula
after PED treatment of a cavernous
segment aneurysm—an untoward out-
come also infrequently known to com-
plicate stent-assisted coil treatment of
cavernous segment aneurysms (35).
Rupture of previously unruptured
intradural aneurysms has also been
described (31,36,37) after treatment
with parent vessel occlusion and coil
placement, however, as with endolu-
minal devices such as PED, the causa-
tive mechanism of this adverse occur-
rence remains obscure.
Intraparenchymal hemorrhage dis-
tant from the aneurysm has been noted
previously after treatment with flow di-
version devices (38) and stent-assisted
coil treatments that use other (higher
porosity) intracranial stents (29). In
our series, this type of hemorrhage
was seen in five patients. We believe
that the most likely cause for ipsilateral

hemispheric intracranial hemorrhage is
intraprocedural embolization of some
type of material—thrombus, air bub-
bles, catheter coating that results in mi-
crovascular damage, transient occlusion
with microinfarction, or hemorrhagic
reperfusion. An alternative possibility
of post-flow-diversion hyperperfusion
or enhanced pressure transmission
phenomenon has been proposed; how-
ever, to the authors’ knowledge, none of
these hypotheses have been validated.

Finally, late stenothrombotic oc-
clusion that is device associated has
been noted in other series with stent-
assisted coil placement, sometimes re-
lated to noncompliance or resistance to
antiplatelet therapy (39) or by develop-
ing as a consequence of severe in-stent
stenosis. Five delayed parent vessel
occlusions were observed in our series
through 1-year follow-up, and one de-
layed parent vessel occlusion was de-
finitively related to noncompliance with
antiplatelet medication. The degree of
antiplatelet effectiveness was not rou-
tinely evaluated during this study, but,
such monitoring could be useful to re-
duce this complication.

Overall, the data from our study
provided evidence that supported endo-
luminal-focused treatment of large and
giant aneurysms with PED. However,
our study had some limitations.

One limitation was that PUFS did
not include a concurrent control group,
and, thus, direct comparisons with other
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aneurysm therapies were not possible.
The lack of a clearly acceptable endo-
vascular or neurosurgical alternative
that is likely to provide safe, definitive,
vessel-sparing treatment for aneurysms
targeted in PUFS made randomization
impractical. By considering the morpho-
logic features of the targeted aneurysms,
randomization against aneurysm coils
would likely have required an unaccept-
able degree of crossover from the control
arm, which would have exposed patients
to additional risk when securing final
treatment of their aneurysms. Medical
management of these complex cases re-
mains heterogeneous and unoptimized,
so it was not examined in our study.

Another limitation was that the an-
eurysms treated in PUFS represented
a limited anatomic distribution. There-
fore, the safety and effectiveness out-
comes may not be generalizable to all
cerebral aneurysms. Specifically, the
risk of perforator injury was not explic-
itly addressed by our study. Moreover,
the low numbers of intradural aneu-
rysms (64 intradural aneurysms) make
it difficult to assess the true frequency
of posttreatment delayed aneurysmal
subarachnoid hemorrhage.

A final limitation was that the
number of devices used to treat each
aneurysm was not standardized, and
it incorporated a variety of strategies
that made it difficult to draw any con-
clusions regarding the number of PEDs
necessary to effectively treat PUFS-like
aneurysms. The per-aneurysm device
use in our trial was higher than pre-
viously reported in other PED experi-
ences. This was likely due to the unique
complexity of aneurysms in the study
population, which included only lesions
that were both large or giant and wide-
necked. Additionally, our study sought
to determine the effectiveness of PED
as a stand-alone device (by penalizing
adjunctive use of coils) and may have
biased practice in our trial toward the
use of multiple PEDs to achieve higher
degrees of aneurysm coverage.

In summary, PUFS demonstrated
a high rate (78 of 108, 73.6%) of
complete occlusion of large and giant
wide-necked aneurysms of the internal
carotid artery and a reasonably low

rate of major safety events (six of 107,
5.6% rate of major stroke or neurologic
death). Continued study of PED to re-
fine therapy and further understand
certain complications that occur infre-
quently is warranted.
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