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Background: Coiling and stent-assisted coiling remain the first-line treatments for distal

cerebral circulation aneurysms (DCCAs). The off-label use of the pipeline embolization

device (PED) for these aneurysms has been explored recently but remains controversial.

Objective: To compare traditional endovascular therapeutic approaches (coiling and

stent-assisted coiling) and PED for DCCAs in a multicenter cohort of patients.

Methods: A multicenter, retrospective cohort comparison study was conducted that

included consecutive patients with unruptured DCCAs treated with either traditional

endovascular therapeutic approaches or PED placement at three centers between 2016

and 2020. Propensity score matching analysis was applied to adjust for baseline risk

factors between the PED and TET groups. Matching was based on age, sex, aneurysm

size, location, morphology, adjunctive coiling, treatment history, and preoperative

mRS score.

Results: In total, 209 patients with DCCAs treated with PED or traditional endovascular

therapeutic approaches were identified. Thirty-seven patients underwent PED treatment,

and 172 patients underwent traditional endovascular therapeutic approaches. After

propensity score matching, 37 aneurysm pairs were matched, and the baseline

characteristics of the patients were balanced between the groups. The complete

occlusion rate between PED and traditional endovascular therapeutic approach in both

matched cohorts (91.7 vs. 92.3%, p > 0.78) was similar. The rate of periprocedural

treatment-related complications in both the PED and traditional endovascular therapeutic

groups was 13.5%. Univariate analysis identified average parent vessel diameter as the

only predictor of complete occlusion (p = 0.038).

Conclusions: PED is a viable option for treating DCCAs by providing occlusion and

complication rates similar to those of traditional endovascular therapeutic approaches.

https://www.frontiersin.org/journals/neurology
https://www.frontiersin.org/journals/neurology#editorial-board
https://www.frontiersin.org/journals/neurology#editorial-board
https://www.frontiersin.org/journals/neurology#editorial-board
https://www.frontiersin.org/journals/neurology#editorial-board
https://doi.org/10.3389/fneur.2022.755122
http://crossmark.crossref.org/dialog/?doi=10.3389/fneur.2022.755122&domain=pdf&date_stamp=2022-05-18
https://www.frontiersin.org/journals/neurology
https://www.frontiersin.org
https://www.frontiersin.org/journals/neurology#articles
https://creativecommons.org/licenses/by/4.0/
mailto:jiangchuhan126@126.com
mailto:zhangyupeng1003@gmail.com
https://doi.org/10.3389/fneur.2022.755122
https://www.frontiersin.org/articles/10.3389/fneur.2022.755122/full


Ma et al. PED and Traditional Endovascular Therapy

A rigid patient selection procedure and proper planning should be undertaken to reduce

treatment-related complications.

Keywords: aneurysm, complication, flow diversion, coiling, embolization

INTRODUCTION

The pipeline embolization device (PED; Covidien, Irvine,
California) is a flow-diverting stent approved for treating large
or giant wide-neck proximal carotid aneurysms (1). Recently,
the off-label use of PED has been extended to almost all
types of cerebral aneurysms, including distal cerebral circulation
aneurysms (DCCAs) located at or beyond the M1 middle
cerebral artery (MCA), P1 posterior cerebral artery, and A1
anterior cerebral artery (ACA) (2). Coiling and stent-assisted
coiling as traditional endovascular therapeutic approaches
remain the first-line treatment for DCCAs, wherein aneurysms
at these locations remain a challenge for both microsurgical
and traditional endovascular therapeutic approaches (3, 4).
The promising performance of PED demonstrated earlier for
anatomically complex abnormalities offers a new treatment
option for refractory lesions (5). The luminal reconstruction
ability and avoidance of PED in jailing a microcatheter to coil
the aneurysmal sac further justifies its use (6). However, PED
application in these settings has particular concerns, such as the
narrow parent artery diameter and the mismatch in the distal–
proximal artery diameters complicating the placement of PED,
which may hamper the flow diversion effect of the stent.

Although several studies have compared the safety and
efficacy of the PED and traditional endovascular therapeutic
approaches, this study is the first to compare PED and traditional
endovascular therapeutic approaches in matched groups of
patients with DCCAs (7).

MATERIALS AND METHODS

Patient Selection
The studies involving human participants were reviewed
and approved by the ethical committee of Beijing Tiantan
Hospital. Written informed consent to participate in this
study was provided by the participants’ legal guardian/next of
kin. Consecutive series of patients with unruptured DCCAs
who underwent PED or traditional endovascular therapeutic
approaches at three Chinese centers between March 2016
and November 2020 were included in this study. The
indications for flow-diverting endovascular therapy or traditional
endovascular therapeutic approaches in each case were based
on medical comorbidities, complex geometrical morphology,
and patient preferences. Data regarding the patients’ general
information, presentation, aneurysm morphology, procedural
details, treatment outcomes, postoperative complications, and
aneurysm occlusion at follow-up imaging were collected. Based

Abbreviations: ACA, anterior cerebral artery; MCA, middle cerebral artery;

PED, pipeline embolization device; DCCAs, distal cerebral circulation aneurysms;

IQR, interquartile range; mRS, modified Rankin Scale; FD, flow diversion; TET,

traditional endovascular therapeutic.

on the outcome, every patient treated with PED was matched in
a 1:1 fashion with a patient treated with traditional endovascular
therapeutic approaches.

Procedural Details
All patients were premedicated with dual antiplatelet drugs that
consisted of a daily dose of 100mg aspirin and 75mg clopidogrel,
both administered at least 7 days before the procedure. We
used thromboelastography to discriminate hyporesponders to
clopidogrel. The subjects who displayed an inhibition rate under
30% were deemed hyporesponsive to clopidogrel. These patients
were administered a booster dose of 300mg clopidogrel. Aspirin
was continued for 12 months, and clopidogrel was discontinued
6 months after the procedure if no other coronary or cerebral
comorbidities necessitated the use of antiplatelet drugs.

Clinical and Imaging Follow-Up
Modified Rankin scores (mRS) were evaluated before treatment,
on discharge, and at the last follow-up. Patient and aneurysm
characteristics, procedural details, and treatment-related
complications were recorded. All patients were followed up
with digital subtraction angiography or computed tomography
angiography, and aneurysm occlusion was graded using the
3-point modified Raymond scale.

Statistical Analyses
Continuous variables were expressed as the mean ± standard
deviation and compared using the t-test or Mann–Whitney
U-test. Categorical variables were compared using the χ

2

test or Fisher’s exact test. Statistical significance was set at
p < 0.05. Additionally, propensity score matching (PSM)
was used to balance the patients’ backgrounds between the
PED and traditional endovascular therapeutic groups. PSM
was based on age, sex, aneurysm size, location, morphology,
adjunctive coiling, previous treatment history, and preoperative
mRS. We conducted a one-to-one matched analysis without
replacement based on the estimated propensity score. One-
to-one matched analysis used the nearest-neighbor method
without replacement with the closest estimated propensity score.
According to PED use and traditional endovascular therapeutic
approaches followed, baseline characteristics, and operative
outcomes were compared in both propensity score-matched and
unmatched cohorts, respectively. Univariate analysis was used to
test covariates predictive of the following dependent variables:
periprocedural treatment-related complications and complete
occlusion. Predictive factors found in the univariate analysis (p
< 0.05) were entered into a multivariate conditional logistic
regression analysis. Statistical analyses were performed using R
3.6.1 (Vienna, Austria; http://www.R-project.org/).
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RESULTS

Baseline Characteristics
The baseline characteristics and operative data for patients
undergoing PED or traditional endovascular therapeutic
approaches are summarized in Table 1. In all, 299 patients with
209 unruptured aneurysms were included in our study. The
baseline sample included 37 consecutive patients in the PED
group and 172 cases in the unmatched traditional endovascular
therapeutic group.

In the PED group, most aneurysms (29/37, 78.4%) were non-
saccular. MCA aneurysms were the most commonly treated
lesions (27/37, 72.9%), 22 of them located on the M1 segment
and five on the M2 segment. ACA and PCA aneurysms
were the second most common type (5/37, 13.5%). Two were
located in segment A1 and three in segment A2 for ACA
aneurysms. As for PCA aneurysms, three were located in the
P1 segment and two in the P2 segment. Six (16.2%) patients
had recurrent aneurysms, of whom four were previously treated
with primary coil embolization and two were treated with
clip reconstruction. The mean maximal aneurysm diameter
was 12.3mm (± 5.5). The majority of aneurysms found had
a maximum diameter of 5.0–14.9mm (25/37, 67.5%); more
giant aneurysms (15.0–24.5mm) comprised the second largest
group at 21.6%. The average parent vessel diameter was 2.3mm
(± 0.4).

In the unmatched traditional endovascular therapeutic group,
most aneurysms (126/181, 69.6%) had non-saccular morphology
and a maximum diameter of 5.0–14.9mm (101/172, 57.8%).
Smaller aneurysms (<5mm) comprised the second largest group
at 34.3%. Most of the aneurysms (106/172, 61.6%) were located
in the MCA segment. Three (1.7%) patients had recurrent
aneurysms, of whomonewas previously treated with primary coil
embolization and two were treated with clip reconstruction.

In the unmatched cohort, most of the baseline characteristic
variables were significantly different. Aneurysms treated with
PED occurred in younger patients [53 years (interquartile
range, IQR 39–59) vs. 57 years (IQR 49–63), p = 0.004] and
were larger in maximum diameter (12.3 ± 5.5mm vs. 7.6
± 4.8mm, p < 0.001). No significant difference was found
in non-saccular aneurysm morphology between the PED and
traditional endovascular therapeutic groups (29/37, 78.4% vs.
119/172, 69.2%). No significant differences were observed for
patients’ sex, aneurysm location, and pretreatment-mRS.

After PSM, 37 aneurysm pairs were matched, and the baseline

characteristics were well-balanced between the two groups. The

average diameter of proximal and distal parent vessel showed a

significant difference in the unmatched cohort (2.3 ± 0.4mm

with PED vs. 2.6 ± 0.6mm with traditional endovascular

therapeutic approaches, p = 0.025); however, after PSM, there

was no significant difference in the matched cohort (2.3 ±

0.4mm with PED vs. 2.3± 0.4mm with traditional endovascular

therapeutic approaches, p = 0.936). The aneurysm diameters
of the PED and matched traditional endovascular therapeutic
groups were still different (12.3 ± 5.5mm vs. 9.2 ± 6.3mm,
respectively; p < 0.005); however, there was no statistical
difference between the subgroups.

Procedural Results and Angiographic
Follow-Up
The applied procedures were successful in all patients in
both the PED and traditional endovascular therapeutic groups,
and the operative outcomes are summarized in Table 2. In
the PED group, treatment with a single PED was performed
in 30 cases (81.1%). Multiple devices were used in 7 cases
(18.9%). Adjunctive coil placement was performed in 9 cases
(24.3%). In the matched traditional endovascular therapeutic
group, treatment with simple coiling was performed in 28
cases (75.7%). Stent-assisted coiling was performed in 9 cases
(24.4%), and in 1 case (2.7%) two stents were used in one
aneurysm. In the unmatched cohort, patients who underwent
traditional endovascular therapeutic approaches experienced
more adjunctive coiling treatment than those in the PED group
(24.3% vs. 56.4%, p < 0.001) and had more previously treated
aneurysms (16.2% vs. 1.7%, p= 0.001).

In the unmatched cohort, the proportion of patients
undergoing imaging follow-up in the PED group was
significantly higher than in the traditional endovascular
therapeutic group (36/37, 97.4% vs. 132/172, 76.7%, p = 0.004),
while after PSM, there was a significant difference in the matched
cohort (36/37, 97.4% vs. 26/37, 70.3%, p = 0.002). In both the
unmatched and matched cohorts, there was no difference in
median angiographic follow-up time between the PED and
traditional endovascular therapeutic groups [median (IQR):
12 (6–12) vs. 8 (6–15) months, p = 0.692; and median (IQR):
12 (6–12) vs. 8 (6–28) months, respectively; p = 0.586]. In the
PED group, 33 cases (91.7%) showed complete obliteration
with O’Kelly–Marotta scale D, and 3 out of 33 (8.3%) showed
near-complete occlusion with O’Kelly–Marotta scale C. In the
matched traditional endovascular therapeutic group, 32/33
(92.3%) showed complete occlusion, 1/26 (3.8%) showed
near-complete occlusion, and 3.8% of cases showed incomplete
occlusion at the last follow-up. The complete occlusion status was
similar between PED and traditional endovascular therapeutic
groups in both the matched (p > 0.777) and unmatched cohorts
(p= 1).

Treatment-Related Complications and
Clinical Follow-Up
Clinical data were available for all patients in both the
matched groups. Treatment-related complication rates in the
unmatched cohort were similar between the PED and traditional
endovascular therapeutic groups (5/37, 13.5% vs. 20/172, 11.6%,
p = 0.967), while after PSM, the complication rate was more
similar (5/37, 13.5% vs. 5/37, 13.5%). Good clinical outcome
(mRS = 0–2) rate at the latest follow-up did not differ between
the cohorts.

In the PED group, 91.9% of patients (34/37) had good clinical
outcomes at the last follow-up. Three patients experienced
immediate post-procedural complications associated with a
perforation infarction. The first patient experienced Heubner’s
perforator-territory stroke with an infarct in the left basal
ganglia and centrum semiovale, presenting with mixed aphasia
and right limb movement disorder. The symptoms slightly
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TABLE 1 | Baseline characteristics and operative data for patients undergoing PED or TET approaches.

Unmatched cohort p-value Matched cohort p-value

PED (n = 37) TET (n = 172) PED (n = 37) TET (n = 37)

Age in years (IQR)+ 53 (39–59) 57 (49–63) 0.004* 53 (39–59) 56 (50–61) 0.108

Male sex+ 21 (56.7%) 69 (40.1%) 0.064 21 (56.7%) 18 (48.6%) 0.485

Location of aneurysm+

ACA 5 (13.5%) 40 (23.3%) 0.191 5 (13.5%) 6 (16.2%) 0.744

MCA 27 (72.9%) 106 (61.6%) 0.193 27 (72.9%) 24 (64.9%) 0.451

PCA 5 (13.5%) 26 (15.1%) 0.804 5 (13.5%) 7 (18.9%) 0.528

Maximal AN diameter+ (mean ± SD) 12.3 (± 5.5) 7.6 (± 4.8) <0.001* 12.3 (± 5.5) 9.2 (± 6.3) 0.005*

<5mm 3 (8.1%) 59 (34.3%) 0.002* 3 (8.1%) 9 (24.3%) 0.058

5–14.9mm 25 (67.5%) 101 (58.7%) 0.318 25 (67.5%) 22 (59.5%) 0.469

15–24.9mm 8 (21.6%) 11 (6.4%) 0.009* 8 (21.6%) 5 (13.5%) 0.359

≥25mm 1 (2.7%) 1 (0.6%) 0.323 1 (2.7%) 1 (2.7%) 1

Previous treatment+ 6 (16.2%) 3 (1.7%) <0.001* 6 (16.2%) 3 (8.1%) 0.477

Endovascular 4 (66.7%) 1 (33.3%) 0.524 4 (66.7%) 1 (33.3%) 0.524

Microsurgical clipping 2 (33.3%) 2 (66.7%) 0.524 2 (33.3%) 2 (66.7%) 0.524

Morphology+

Non-saccular 29 (78.4%) 119 (69.2%) 0.265 29 (78.4%) 27 (73%) 0.588

Saccular 8 (21.6%) 53 (30.8%) 0.265 8 (21.6%) 10 (27%) 0.588

Pretreatment-mRS+

Good (mRS = 0–2) 37 (100.0%) 170 (98.8%) 1 37 (100.0%) 37 (100.0%) 1

Poor (mRS = 3–5) 0 (0%) 2 (1.2%) 1 0 (0%) 0 (0%) 1

Average parent vessel diameter (mean ± SD) 2.3 (± 0.4) 2.6 (± 0.6) 0.025* 2.3 (± 0.4) 2.3 (± 0.4) 0.936

Adjunctive coil placement+ 9 (24.3%) 97 (56.4%) <0.001* 9 (24.3%) 9 (24.3%) 1

Multiple stent placement 7 (18.9%) 9 (5.2%) 0.012* 7 (18.9%) 1 (2.7%) 0.061

Data are reported for the overall series and the propensity score-matched groups. PED, pipeline embolization device; TET, traditional endovascular therapeutic; IQR, interquartile range;

ACA, anterior cerebral artery; MCA, middle cerebral artery; PCA, posterior cerebral artery; mRS, modified Rankin Scale; SD, standard deviation; *, significant result; +, baseline factors

used for propensity score matching.

TABLE 2 | Operative outcomes for patients undergoing PED or TET approaches.

Unmatched cohort p-value Matched cohort p-value

PED (n = 37) TET (n = 172) PED (n = 37) TET (n = 37)

Last angiographic follow-up 36 (97.4%) 132 (76.7%) 0.004* 36 (97.4%) 26 (70.3%) 0.002*

Follow-up in months, median (IQR) 12.0 (6.0–12.0) 8.0 (6.0–15.0) 0.692 12.0 (6.0–12.0) 8.0 (6.0–28.0) 0.586

Occlusion status in last follow-up -

Completely occluded 33 (91.7%) 125 (94.7%) 0.777 33 (91.7%) 24 (92.3%) 1

Near completely occluded with neck remnant 3 (8.3%) 5 (3.8%) 0.488 3 (8.3%) 1 (3.8%) 0.853

Incompletely occluded 0 (0%) 2 (1.5%) 1 0 1 (3.8%) 0.419

Treatment-related complications 5 (13.5%) 20 (11.6%) 0.967 5 (13.5%) 5 (13.5%) 1

Clinical follow-up - -

Good (mRS = 0–2) 35 (94.6%) 167 (97.1%) 0.306 35 (94.6%) 36 (97.3%) 0.607

Poor (mRS = 3–5) 2 (5.4%) 5 (2.9%) 0.793 2 (5.4%) 1 (2.7%) 1

Death (mRS = 6) 0 (0%) 0 (0%) 1 0 (0%) 0 (0%) 1

Data are reported for the overall series and the propensity score-matched groups. PED, pipeline embolization device; TET, traditional endovascular therapeutic; *, significant result; IQR,

interquartile range; mRS, modified Rankin Scale.

improved with intravenous administration of tirofiban; however,
residual symptoms with mRS of 3 were observed at 6
months follow-up. The second patient, who had a right
MCA M1 aneurysm, presented with aphasia, left central

facial paralysis, and left limb hemiplegia. Digital subtraction
angiography showed a diminished internal lenticulostriate artery,
and computed tomography revealed new infarct in the right
temporal island and basal ganglia 3 days after the procedure.

Frontiers in Neurology | www.frontiersin.org 4 May 2022 | Volume 13 | Article 755122

https://www.frontiersin.org/journals/neurology
https://www.frontiersin.org
https://www.frontiersin.org/journals/neurology#articles


Ma et al. PED and Traditional Endovascular Therapy

TABLE 3 | Treatment-related complications in the propensity score-matched

groups.

PED TET p-value

Perforation 3 (8.1%) 1 (2.7%) 0.607

Thrombus formation 1 (2.7%) 4 (10.8%) 0.354

In-stent stenosis 1 (2.7%) 0 0.419

SAH 0 0 1

PED, pipeline embolization device; TET, traditional endovascular therapeutic; SAH,

subarachnoid hemorrhage.

The patient was discharged with central facial paralysis and
severe hemiparesis (mRS 4). The third patient presented with
aphasia and hemiparesis; symptoms improved with intravenous
administration of tirofiban, and mRS was 1 at follow-up. One
patient developed severe right hemiplegia due to acute in-
stent stenosis, and the blood flow recovered after tirofiban
treatment. One patient developed severe right hemiparesis due to
acute parent artery thrombosis that completely recanalized after
systemic tirofiban injection. The patient was discharged with
mild right limb weakness and a mRS of 1 at the 6-month follow-
up.

In the matched traditional endovascular therapeutic group,
97.4% of patients (36/37) had good clinical outcomes (mRS 0–2)
at the last follow-up. Overall, five patients (13.5%) experienced
immediate postprocedural treatment-related complications
associated with cerebral infarction. Four patients experienced
thrombus formation, resulting in aphasia and hemiparesis.
One patient presented with small perforator occlusion that
manifested as severe hemiplegia and aphasia and was left with
severe dysfunction with an mRS of 3 at the 8-month follow-up.
Complications in both matched groups are listed in Table 3.

Predictors of Aneurysm Occlusion Status
and Complications
The following factors were tested as predictors of periprocedural
treatment-related complications or complete occlusion:
age, aneurysm size, aneurysm location, previous treatment,
adjunctive coil placement, multiple stent placement, and average
parent artery diameter. In the PED group, the univariate analysis
revealed the average parent artery diameter as the only predictor
of complete occlusion (odds ratio, 0.02; 95% CI, 0–0.79; p =

0.038). Multivariate logistic regression analysis did not reveal
any significant factors.

DISCUSSION

In this retrospective matched-pair analysis, we found no
significant differences in complete occlusion at follow-up
and treatment-related complication rates between PED and
traditional endovascular therapeutic approaches in the treatment
of unruptured DCCAs.

Angiographic Outcome
Our study demonstrated a complete occlusion rate of 89.7% and
a near-complete occlusion rate of 100%, which was comparable
with the results of a meta-analysis of distal anterior circulation
aneurysms with a median follow-up of 6 months by Cagnazzo
et al. (8). This rate also appears higher than the general occlusion
rate of 80% that was reported in other studies and a meta-
analysis of flow diversion (FD) (9). Extensive studies have shown
a high complete occlusion rate in patients with DCCAs after
off-label use of PED (9). Atallah et al. (10), retrospectively
reviewed 23 DCCAs treated with PED. At the last follow-up,
78.3% of patients manifested complete occlusion, and 95% had
a good clinical outcome (mRS 0–2). Bender et al. (11) reviewed
67 patients with DCCAs treated with PED and reported a
complete occlusion rate of 88% at 6 months, and almost 94%
of patients showed a good clinical outcome. Similarly, Primiani
et al. (12) found 83% complete aneurysm occlusion and 95%
of patients achieving good clinical outcomes after treating 65
aneurysms at or beyond the A2, M2, and P2 segments using
PED. Although traditional endovascular therapeutic approaches
and PED achieved similar rates of complete occlusion in this
study, there were limitations to the treatment with traditional
endovascular therapeutic approaches in distal vessels. Regardless
of whether simple coiling or stent-assisted coiling is used, it is
not easy to deploy a catheter in a stable position at such a distal
location (13). In most cases, PED avoids manipulation of the
aneurysmal lumen. For example, in this study, there was an ACA
segment A2 aneurysm treated with PED, which avoided unstable
manipulation in the aneursymal lumen (Figures 1A,B). We also
had an aneurysm in the A1 segment of the ACA that was treated
with stent assisted coiling due to its relatively ideal location for
catheter placement (Figures 1C,D).

As for predictors of aneurysm occlusion, Cagnazzo et al.
(8) demonstrated different occlusion rates depending on the
artery involved. MCA location was an independent factor for
incomplete occlusion. Similarly, of the three aneurysms that were
not completely occluded in our series, all were located in the M1
segment. The diameter of the MCA M1 segment was relatively
larger than that of the distal artery, which may explain why only
a smaller average parent artery diameter was associated with a
higher complete occlusion rate in our univariate analysis.

The significant rate of recurrence treated with
traditional endovascular therapeutic approaches justifies
the implementation of PED for the treatment of DCCAs (14).
Lin et al. (15), reviewed nine recurrent aneurysms that were
subsequently retreated with PED and showed 83% complete
aneurysm occlusion. Our study demonstrated comparable
results, wherein 83% (5/6) of recurrent aneurysms achieved
satisfactory results in the PED group. Henkes et al. (16), reported
that complete occlusion was achieved in only 46.9% of retreated
aneurysms after the first recoiling attempt and 35.2% after the
second retreatment. Tahtinen et al. (17), focusing on the role of
stent-assisted coil embolization for recurrent aneurysms, found
that only 59% of aneurysms achieved complete occlusion, and
16% of patients required additional endovascular treatment.
In a study by Daou et al. (18) of PED for previously coiled
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FIGURE 1 | (A) Digital subtraction angiogram (DSA) in working position views

immediately after flow diversion shows diminished filling of the aneurysms

(arrow) on the ACA A2 segment. (B) Twelve-month DSA follow-up shows

aneurysm complete occlusion. (C) DSA showing the ACA A1 aneurysm

(arrow). (D) 6-month DSA follow-up shows aneurysm complete occlusion after

Stent assisted coiling treatment.

aneurysms, in 25% of patients, coiling was attempted twice
before resorting to PED placement, which was the definitive
and final treatment. The complication rates observed in these
studies were comparable to those observed with the recoiling of
previously coiled aneurysms. Renowden et al. (19) reported a
complication rate of 3% after recoiling of recurrent aneurysms.
Ringer et al. (20) reported that the total risk of retreatment
mortality was 1.28% per patient. These complication rates are
similar and even lower with coiling than with PED; however,
in cases with multiple retreatments, the complication risk of
conventional endovascular techniques may heighten with the
number of reinterventions required. Overall, higher recurrence
rates for previously coiled aneurysms are found with recoiling
than with PED treatment, which justifies PED implementation
for the treatment of previously coiled aneurysms. FD via PED
can be positively considered as a management alternative for
recurrent distal cerebral aneurysms.

The risk of in-stent stenosis (acute or chronic) must be
considered when using PED in DCCAs. Two patients (7.1%,
2/28) were found to have chronic asymptomatic in-stent stenosis
in our study, with 50% and 100% in-stent stenosis, respectively,
at the imaging follow-up. This is comparable to the 5–10% risk
in the general PED population and the 4.8% chronic in-stent
stenosis rate reported by Cagnazzo et al. (8), Ravindran et al. (21)
reported a rate of chronic in-stent stenosis of 7.1% after reviewing

162 intracranial aneurysms, and all these patients remained
asymptomatic. Selecting a proper PED size is essential to ensure
adequate FD and to limit the risk of ischemic complications. This
phenomenon is common in the basilar and posterior cerebral
arteries because the significant change in vascular diameter
from the basilar artery to the posterior cerebral artery makes it
challenging to completely open the distal end of the PED. To
resolve this problem, we suggest using two PEDs of different sizes
to treat fusiform or dissecting aneurysms with a wide aneurysm
sac neck. However, multiple stents increase the metal coverage,
which mitigates FD while also increasing the risk of in-stent
stenosis (22). Therefore, it is imperative to recognize the native
anatomy of the distal vessel to select an appropriately sized PED.

Treatment-Related Complications
The effectiveness of PED must be weighed against the risk. Our
study showed relatively higher treatment-related complication
rates of 13.5% (5/37) compared with other reports of DCCAs,
with 5.4% (2/37) morbidity. Five patients presented with
immediate post-procedural cerebral infarction. Most symptoms
had improved at discharge or clinical follow-up, with mRS scores
of 0–1. In both the matched groups, we did not observe any new
permanent neurological deficits at follow-up.

Regarding potential ischemic complications for ACA A1
segment aneurysms, we should consider the perforating medial
lenticulostriate vessels. We found one ACA A1 aneurysm in
which the recurrent artery of Heubner was jailed, and the
patient experienced permanent symptomatic perforator-territory
ischemia. However, some studies have indicated that the diameter
of the recurrent artery of Heubner approximates to that of the
ophthalmic artery and anterior choroidal artery, vessels that can
be safely jailed when PED is used in patients with distal ICA
aneurysms (22). PED used in ACA aneurysms may also induce
perforator occlusion, especially at the A1-A2 junction (23, 24).

Our study, which included 27MCA aneurysms, demonstrated
a perforator-territory ischemia rate of 7.4% (2/27 patients) after
the coverage of lenticulostriate vessels in the M1 segments.
Kathryn et al. (25) reported a similar rate of 9.6% (5/52 patients)
after the coverage of MCA M1 segments by flow diverters, but
none had radiographic infarcts in the lenticulostriate territory. A
study also focused on the covered perforator vessels of circle of
Willis aneurysms treated by a flow diverter and showed a rate
of temporary ischemic complications of 17.6% (3/17 patients)
(26). Branching vessels and perforators arising from aneurysms
are abundant at the level of the A1 segment and the M1 segment
of the ACA and MCA, respectively, thereby increasing the risk
of perforator stroke when they are covered with PED (27).
Regarding non-perforator areas, Primiani et al. (12) analyzed 65
patients with A2, M2, P2, and distal aneurysms treated with PED.
In their study, the overall complication rate was 7.7%, which was
significantly lower than that found in our study. Furthermore,
only one patient (1.5%) with an M2 aneurysm showed ischemic
stroke and slow filling of the side branch, which resolved after
administration of a IIb/IIIa inhibitor.

Asymptomatic occlusion of covered cortical branches appears
universal, yet, ischemic complications are preferably linked to
lenticulostriate territory occlusions. The fact that in our study,
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three of these events led to patient neurological deficits highlights
the importance of awareness that these complications can occur
at any time during the endovascular procedure, especially in the
MCA M1 and ACA A1 segments. It is important to know how
to respond in every possible situation and to be prepared. The
overall complication rates with PED were similar to those found
in the traditional endovascular therapeutic group. However, there
were some differences in the types of complications between
the two groups. Perforator-territory ischemic events were more
common in the PED group, whereas thrombus formation was
more common in the traditional endovascular therapeutic group
(Table 3).

Several studies have also reported low hemorrhagic
complication rates in PED for intracranial aneurysms (28).
However, delayed aneurysm rupture has been reported after
treatment with PED, and this is one of the major concerns.
Brinjikji et al. (29) reported that the incidence of delayed
aneurysmal subarachnoid hemorrhage after PED was ∼4%.
Some hemodynamic studies have attempted to explore the
mechanism of delayed aneurysm rupture. Hassan et al. (30)
found that a slow blood flow jet still exists inside the aneurysm
at the end of the procedure. Cebral et al. (31) reported that PED
placement could increase intra-aneurysmal pressure. Similarly,
Li et al. (32) found that the luminal flow velocity was decreased
in aneurysms with delayed rupture, while the pressure was
increased. These factors may be related to delayed aneurysm
rupture after treatment. For some large or huge aneurysms, a
combination treatment of PED placement and coil embolization
of the aneurysm has been recommended to promote intraluminal
thrombosis and the transition from an unstable thrombus to a
stabilized, organized thrombus (33).

Limitations
This study has several limitations, including those inherent to a
retrospective observational series, such as the limited number of

cases and the relatively short follow-up period. While both PED
and traditional endovascular therapeutic cohorts constituted
consecutive cases, data collection and analysis were performed
retrospectively and, as such, were subject to incomplete datasets.
Extensive studies with long-term follow-up are needed to confirm
the safety and efficacy of PED in DCCAs.

CONCLUSIONS

PED treatment is a reliable and safe alternative for the treatment
of DCCAs, especially in the case of recurrent aneurysms or those
that are not amenable to traditional surgical or endovascular
modalities. Proper planning and stringent patient selection may
lead to better clinical outcomes.

DATA AVAILABILITY STATEMENT

The raw data supporting the conclusions of this article will be
made available by the authors, without undue reservation.

AUTHOR CONTRIBUTIONS

CM and HZ acquired most of the data, analyzed and interpreted
the data, and drafted the article. SL, FL, and JS participated in
the interventional procedures as assistants and helped to analyze
the data. CJ and YZ participated in the interventional procedures
as primary surgeons and made substantial contributions to the
design of the work. All authors contributed to the article and
approved the submitted version.

FUNDING

This work was supported by the National Natural Science
Foundation of Beijing Grant Number 7212007.

REFERENCES

1. Cohen JE, Gomori JM, Rajz G, Itshayek E, Eichel R, Leker RR, et al.

Urgent off-label use of the pipeline flow diverter stent in selected

ischemic cerebrovascular conditions: thrombotic segments and tortuous

arteries. J Neurointerv Surg. (2015) 7:671–5. doi: 10.1136/neurintsurg-2014-

011227

2. Patel PD, Chalouhi N, Atallah E, Tjoumakaris S, Hasan D, Zarzour H, et al.

Off-label uses of the Pipeline embolization device: a review of the literature.

Neurosurg Focus. (2017) 42:E4. doi: 10.3171/2017.3.FOCUS1742

3. Rodriguez-Hernandez A, Zador Z, Rodriguez-Mena R, Lawton MT. Distal

aneurysms of intracranial arteries: application of numerical nomenclature,

predilection for cerebellar arteries, and results of surgical management.World

Neurosurg. (2013) 80:103–12. doi: 10.1016/j.wneu.2012.09.010

4. Chalouhi N, Jabbour P, Starke RM, Tjoumakaris SI, Gonzalez LF,

Witte S, et al. Endovascular treatment of proximal and distal

posterior inferior cerebellar artery aneurysms. J Neurosurg. (2013)

118:991–9. doi: 10.3171/2012.12.JNS121240

5. Saleme S, Iosif C, Ponomarjova S, Mendes G, Camilleri Y,

Caire F, et al. Flow-diverting stents for intracranial bifurcation

aneurysm treatment. Neurosurgery. (2014) 75:623–31; quiz

31. doi: 10.1227/NEU.0000000000000522

6. Becske T, PottsMB, ShapiroM, Kallmes DF, BrinjikjiW, Saatci I, et al. Pipeline

for uncoilable or failed aneurysms: 3-year follow-up results. J Neurosurg.

(2017) 127:81–8. doi: 10.3171/2015.6.JNS15311

7. Sweid A, Atallah E, Herial N, SaadH,Mouchtouris N, Barros G, et al. Pipeline-

assisted coiling versus pipeline in flow diversion treatment of intracranial

aneurysms. J Clin Neurosci. (2018) 58:20–4. doi: 10.1016/j.jocn.2018.10.081

8. Cagnazzo F, Perrini P, Dargazanli C, Lefevre PH, Gascou G, Morganti R,

et al. Treatment of unruptured distal anterior circulation aneurysms with

flow-diverter stents: a meta-analysis. Am J Neuroradiol. (2019) 40:687–

93. doi: 10.3174/ajnr.A6002

9. Brinjikji W, Murad MH, Lanzino G, Cloft HJ, Kallmes DF. Endovascular

treatment of intracranial aneurysms with flow diverters: a meta-analysis.

Stroke. (2013) 44:442–7. doi: 10.1161/STROKEAHA.112.678151

10. Atallah E, Saad H, Mouchtouris N, Bekelis K, Walker J, Chalouhi N,

et al. Pipeline for distal cerebral circulation aneurysms. Neurosurgery. (2019)

85:E477–84. doi: 10.1093/neuros/nyz038

11. Bender MT, Zarrin DA, Campos JK, Lin LM, Huang J, Caplan JM.

et al. Tiny pipes: 67 cases of flow diversion for aneurysms in distal

vessels measuring less than 20mm. World Neurosurg. (2019) 127:e193–

201. doi: 10.1016/j.wneu.2019.02.204

12. Primiani CT, Ren Z, Kan P, Hanel R, Mendes Pereira V, Lui WM, et al.

A2, M2, P2 aneurysms and beyond: results of treatment with pipeline

Frontiers in Neurology | www.frontiersin.org 7 May 2022 | Volume 13 | Article 755122

https://doi.org/10.1136/neurintsurg-2014-011227
https://doi.org/10.3171/2017.3.FOCUS1742
https://doi.org/10.1016/j.wneu.2012.09.010
https://doi.org/10.3171/2012.12.JNS121240
https://doi.org/10.1227/NEU.0000000000000522
https://doi.org/10.3171/2015.6.JNS15311
https://doi.org/10.1016/j.jocn.2018.10.081
https://doi.org/10.3174/ajnr.A6002
https://doi.org/10.1161/STROKEAHA.112.678151
https://doi.org/10.1093/neuros/nyz038
https://doi.org/10.1016/j.wneu.2019.02.204
https://www.frontiersin.org/journals/neurology
https://www.frontiersin.org
https://www.frontiersin.org/journals/neurology#articles


Ma et al. PED and Traditional Endovascular Therapy

embolization device in 65 patients. J Neurointerv Surg. (2019) 11:903–

7. doi: 10.1136/neurintsurg-2018-014631

13. Liu A, Huang J. Treatment of intracranial aneurysms: clipping versus coiling.

Curr Cardiol Rep. (2015) 17:628. doi: 10.1007/s11886-015-0628-2

14. Szikora I, Berentei Z, Kulcsar Z, Marosfoi M, Vajda ZS, Lee W, et al.

Treatment of intracranial aneurysms by functional reconstruction of the

parent artery: the budapest experience with the pipeline embolization device.

Am J Neuroradiol. (2010) 31:1139–47. doi: 10.3174/ajnr.A2023

15. Lin LM, Iyer RR, Bender MT, Monarch T, Colby GP, Huang J, et al. Rescue

treatment with pipeline embolization for postsurgical clipping recurrences

of anterior communicating artery region aneurysms. Interv Neurol. (2017)

6:135–46. doi: 10.1159/000460264

16. Henkes H, Fischer S, Liebig T, Weber W, Reinartz J, Miloslavski E,

et al. Repeated endovascular coil occlusion in 350 of 2759 intracranial

aneurysms: safety and effectiveness aspects. Neurosurgery. (2006) 58:224–

32. doi: 10.1227/01.NEU.0000194831.54183.3F

17. Tahtinen OI, Manninen HI, Vanninen RL, Rautio R, Haapanen

A, Seppänen J, et al. Stent-Assisted embolization of recurrent

or residual intracranial aneurysms. Neuroradiology. (2013)

55:1221–31. doi: 10.1007/s00234-013-1234-x

18. Daou B, Starke RM, Chalouhi N, Tjoumakaris S, Khoury J, Hasan D,

et al. The use of the pipeline embolization device in the management of

recurrent previously coiled cerebral aneurysms. Neurosurgery. (2015) 77:692–

7; discussion 97. doi: 10.1227/NEU.0000000000000901

19. Renowden SA, Koumellis P, Benes V, Mukonoweshuro W, Molyneux

AJ, McConachie NS, et al. Retreatment of previously embolized cerebral

aneurysms: the risk of further coil embolization does not negate the

advantage of the initial embolization. Am J Neuroradiol. (2008) 29:1401–

4. doi: 10.3174/ajnr.A1098

20. Ringer AJ, Rodriguez-Mercado R, Veznedaroglu E, Levy EI, Hanel

RA, Mericle RA, et al. Defining the risk of retreatment for aneurysm

recurrence or residual after initial treatment by endovascular coiling:

a multicenter study. Neurosurgery. (2009) 65:311–5; discussion

315. doi: 10.1227/01.NEU.0000349922.05350.96

21. Ravindran K, Salem MM, Enriquez-Marulanda A, Alturki AY, Moore

JM, Thomas AJ, et al. Quantitative assessment of in-stent stenosis after

pipeline embolization device treatment of intracranial aneurysms: a single-

institution series and systematic review.World Neurosurg. (2018) 120:e1031–

40. doi: 10.1016/j.wneu.2018.08.225

22. Shapiro M, Raz E, Becske T, Nelson PK. Variable porosity of the

pipeline embolization device in straight and curved vessels: a guide

for optimal deployment strategy. Am J Neuroradiol. (2014) 35:727–

33. doi: 10.3174/ajnr.A3742

23. Raz E, Shapiro M, Becske T, Zumofen DW, Tanweer O, Potts MB, et al.

Anterior choroidal artery patency and clinical follow-up after coverage

with the pipeline embolization device. Am J Neuroradiol. (2015) 36:937–

42. doi: 10.3174/ajnr.A4217

24. Martinez-Galdamez M, Romance A, Vega P, Vega A, Caniego JL, Paul L, et al.

Pipeline endovascular device for the treatment of intracranial aneurysms

at the level of the circle of Willis and beyond: multicenter experience.

J Neurointerv Surg. (2015) 7:816–23. doi: 10.1136/neurintsurg-2014-

011355

25. Wagner KM, Srinivasan VM, Srivatsan A, Ghali MGZ, Thomas AJ, Enriquez-

Marulanda A, et al. Outcomes after coverage of lenticulostriate vessels

by flow diverters: a multicenter experience. J Neurosurg. (2019) 132:473–

80. doi: 10.3171/2018.8.JNS18755

26. Gawlitza M, Januel AC, Tall P, Bonneville F, Cognard C. Flow

diversion treatment of complex bifurcation aneurysms beyond the

circle of Willis: a single-center series with special emphasis on covered

cortical branches and perforating arteries. J Neurointerv Surg. (2016)

8:481–7. doi: 10.1136/neurintsurg-2015-011682

27. Lin N, Lanzino G, Lopes DK, Arthur AS, Ogilvy CS, Ecker RD, et al.

Treatment of distal anterior circulation aneurysms with the pipeline

embolization device: a US multicenter experience. Neurosurgery. (2016)

79:14–22. doi: 10.1227/NEU.0000000000001117

28. Clarencon F, Di Maria F, Gabrieli J, Shotar E, Zeghal C, Nouet A,

et al. Flow diverter stents for the treatment of anterior cerebral artery

aneurysms: safety and effectiveness. Clin Neuroradiol. (2017) 27:51–

6. doi: 10.1007/s00062-015-0441-8

29. Joshi MD, O’Kelly CJ, Krings T, Fiorella D, Marotta TR. Observer variability

of an angiographic grading scale used for the assessment of intracranial

aneurysms treated with flow-diverting stents. Am J Neuroradiol. (2013)

34:1589–92. doi: 10.3174/ajnr.A3431

30. Hassan T, Ahmed YM, Hassan AA. The adverse effects of flow-diverter stent-

like devices on the flow pattern of saccular intracranial aneurysm models:

computational fluid dynamics study. Acta Neurochir. (2011) 153:1633–

40. doi: 10.1007/s00701-011-1055-9

31. Cebral JR, Mut F, Raschi M, Scrivano E, Ceratto R, Lylyk P, et al. Aneurysm

rupture following treatment with flow-diverting stents: computational

hemodynamics analysis of treatment. Am J Neuroradiol. (2011) 32:27–

33. doi: 10.3174/ajnr.A2398

32. Li W, Tian Z, Zhu W, Zhang YS, Wang K, Zhang Y, et al. Hemodynamic

analysis of postoperative rupture of unruptured intracranial aneurysms after

placement of flow-diverting stents: a matched case-control study. Am J

Neuroradiol. (2019) 40:1916–23. doi: 10.3174/ajnr.A6256

33. Abla AA, Lawton MT. Anterior cerebral artery bypass for

complex aneurysms: an experience with intracranial-intracranial

reconstruction and review of bypass options. J Neurosurg. (2014)

120:1364–77. doi: 10.3171/2014.3.JNS132219

Conflict of Interest: The authors declare that the research was conducted in the

absence of any commercial or financial relationships that could be construed as a

potential conflict of interest.

Publisher’s Note: All claims expressed in this article are solely those of the authors

and do not necessarily represent those of their affiliated organizations, or those of

the publisher, the editors and the reviewers. Any product that may be evaluated in

this article, or claim that may be made by its manufacturer, is not guaranteed or

endorsed by the publisher.

Copyright © 2022 Ma, Zhu, Liang, Liang, Sun, Zhang and Jiang. This is an open-

access article distributed under the terms of the Creative Commons Attribution

License (CC BY). The use, distribution or reproduction in other forums is permitted,

provided the original author(s) and the copyright owner(s) are credited and that the

original publication in this journal is cited, in accordance with accepted academic

practice. No use, distribution or reproduction is permitted which does not comply

with these terms.

Frontiers in Neurology | www.frontiersin.org 8 May 2022 | Volume 13 | Article 755122

https://doi.org/10.1136/neurintsurg-2018-014631
https://doi.org/10.1007/s11886-015-0628-2
https://doi.org/10.3174/ajnr.A2023
https://doi.org/10.1159/000460264
https://doi.org/10.1227/01.NEU.0000194831.54183.3F
https://doi.org/10.1007/s00234-013-1234-x
https://doi.org/10.1227/NEU.0000000000000901
https://doi.org/10.3174/ajnr.A1098
https://doi.org/10.1227/01.NEU.0000349922.05350.96
https://doi.org/10.1016/j.wneu.2018.08.225
https://doi.org/10.3174/ajnr.A3742
https://doi.org/10.3174/ajnr.A4217
https://doi.org/10.1136/neurintsurg-2014-011355
https://doi.org/10.3171/2018.8.JNS18755
https://doi.org/10.1136/neurintsurg-2015-011682
https://doi.org/10.1227/NEU.0000000000001117
https://doi.org/10.1007/s00062-015-0441-8
https://doi.org/10.3174/ajnr.A3431
https://doi.org/10.1007/s00701-011-1055-9
https://doi.org/10.3174/ajnr.A2398
https://doi.org/10.3174/ajnr.A6256
https://doi.org/10.3171/2014.3.JNS132219
http://creativecommons.org/licenses/by/4.0/
http://creativecommons.org/licenses/by/4.0/
http://creativecommons.org/licenses/by/4.0/
http://creativecommons.org/licenses/by/4.0/
http://creativecommons.org/licenses/by/4.0/
https://www.frontiersin.org/journals/neurology
https://www.frontiersin.org
https://www.frontiersin.org/journals/neurology#articles

	Comparison of Pipeline Embolization Device and Traditional Endovascular Therapeutic Approaches in Distal Cerebral Circulation Aneurysms Using Propensity Score Matching Analysis
	Introduction
	Materials and Methods
	Patient Selection
	Procedural Details
	Clinical and Imaging Follow-Up
	Statistical Analyses

	Results
	Baseline Characteristics
	Procedural Results and Angiographic Follow-Up
	Treatment-Related Complications and Clinical Follow-Up
	Predictors of Aneurysm Occlusion Status and Complications

	Discussion
	Angiographic Outcome
	Treatment-Related Complications
	Limitations

	Conclusions
	Data Availability Statement
	Author Contributions
	Funding
	References


