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Abstract

During intracranial aneurysm embolization with the Pipeline embolization device (PED), ischemic and hemorrhagic complications
have been observed in cases among Western populations. The postmarket multicenter registry study on the embolization of
intracranial aneurysms with the PED in China, i.e., the PLUS study, was performed to assess real-world predictors of complications
and functional outcomes in patients treated with the PED in a Chinese population. All patients with intracranial aneurysms who
underwent embolization using the PED between November 2014 and October 2019 across 14 centers in China were included. The
study endpoints included preoperative and early postoperative (<30 days) functional outcomes (modified Rankin scale [mRS]
scores) and complications related to PED treatment at early postoperative and follow-up time points (3—36 months). Multivariate
analysis was performed to identify risk factors for complications. A total of 1171 consecutive patients (mean age, 53.9+11.4;
female, 69.6% [813/1171]) with 1322 aneurysms were included in the study. Hypertension, basilar artery aneurysms, and successful
deployment after adjustment or unsuccessful device deployment were found to be independent predictors of ischemic stroke, while
the use of the Flex PED and incomplete occlusion immediately after treatment were protective factors. An aneurysm size > 10 mm,
distal anterior circulation aneurysms, and adjunctive coiling were found to be independent predictors of delayed aneurysm rupture,
distal intraparenchymal hemorrhage, and neurological compression symptoms, respectively. The rate of PED-related complications
in the PLUS study was similar to that in Western populations. The PLUS study identified successful deployment after adjustment or
unsuccessful device deployment and the degree of immediate postoperative occlusion as novel independent predictors of PED-
related ischemic stroke in a Chinese population. ClinicalTrial.gov Identifier: NCT03831672
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Abbreviations

PED  Pipeline embolization device

PLUS Postmarket multicenter retrospective research on em-
bolization of intracranial aneurysms with Pipeline
embolization devices in China

DAR  Delayed aneurysm rupture

DICH Distal intraparenchymal hemorrhage

TIA Transient ischemic attack

SAH  Subarachnoid hemorrhage
DSA  Digital subtraction angiography
EDC  Electronic data capture

mRS  Modified Rankin scale

OR Odds ratio

Introduction

The Pipeline embolization device (PED, Covidien/Medtronic)
is widely used to treat patients with intracranial aneurysms and
has demonstrated high rates of occlusion in large cohort stud-
ies [1-4]. However, the safety of the PED remains a concern,
with a non-negligible risk of postoperative hemorrhage
(2.4%) and ischemic stroke (4.7%) [5]. These complications
mostly occur in the early postoperative period and mainly
involve delayed aneurysm rupture (DAR) and distal
intraparenchymal hemorrhage (DIPH), as reported among
Western populations [3, 6, 7]. Importantly, Chinese popula-
tions differ from Western populations in the prevalence of
comorbidities such as intracerebral hemorrhage (ICH) and
intracranial atherosclerosis, which may influence the risk of
ischemic stroke [8, 9]. Large, multicenter studies describing
the incidence and risk factors for complications related to PED
use in Chinese populations are lacking. Thus, the purpose of
this postmarket multicenter registry study on the embolization
of intracranial aneurysms with the PED in China, i.e., the
PLUS study, was to assess the real-world predictors of com-
plications and functional outcomes in patients with intracrani-
al aneurysms treated with the PED in a Chinese population.

Methods

Ethics Approval

The study protocol was reviewed and approved by the ethics
committee of Beijing Tiantan Hospital, and the approval num-
ber given by the ethical board was KY 2018-098-02. All pa-
tients provided written informed consent.

Study Design and Participants

All patients with intracranial aneurysms who underwent em-
bolization using the PED between November 2014 and

October 2019 in 14 centers in China were included. This study
included patients with ruptured and unruptured aneurysms,
aneurysms of different morphologies, including saccular, dis-
secting, fusiform, and blister aneurysms, and aneurysms locat-
ed at different intracranial sites.

Aneurysms were classified based on the maximum diame-
ter (small [< 10 mm], large [10-25 mm], and giant [>
25 mm]), treatment modality (PED alone and PED plus
coiling), and location (anterior or posterior circulation). The
anterior circulation was divided into the proximal and distal
anterior circulation. The proximal anterior circulation was de-
fined as arteries from the beginning of the internal carotid
artery to the bifurcation of the internal carotid artery, including
the ophthalmic artery, arterial segment in the cavernous sinus,
posterior communicating artery, superior hypophyseal artery,
and posterior carotid wall. The distal anterior circulation was
defined as the arteries branching from the internal carotid ar-
tery, including the anterior and middle cerebral arteries.
Patient demographics, aneurysm characteristics, the antiplate-
let regimen after platelet function testing, and procedural de-
tails were recorded.

Procedural Details

Embolization procedures involved the use of the Classic or
Flex PED. The PED was delivered and deployed through a
Marksman microcatheter (Medtronic, Irvine, California).
Additional techniques, including the use of adjunctive coils,
overlapping PEDs, and balloon angioplasty, were applied ac-
cording to the operator’s preference and experience. Because
the study was conducted retrospectively, the protocol did not
specify the coiling methodology, and the decision to use coils
with the PED was left to the discretion of the treating physi-
cian. Patients were administered an antiplatelet regimen that
included a combination of aspirin (100-300 mg daily) and
clopidogrel (75 mg daily); however, patients who were iden-
tified as clopidogrel non-responders were administered aspirin
(100 mg daily) and ticagrelor (90 mg twice daily). The dose of
aspirin/clopidogrel was adjusted preoperatively after platelet
function testing. Platelet function testing was performed in the
same manner at all sites.

Study Outcomes

The study outcomes included complications related to PED
treatment, all of which were adjudicated by a central review
committee. Complications included the following: access site
complications; major ischemic stroke (defined as a change in
the National Institutes of Health Stroke Scale [NIHSS] score
of >4 lasting more than 7 days); minor neurological stroke
(defined as a change in the NIHSS score of <4 lasting fewer
than 7 days with corroborative imaging) and transient ische-
mic attack (TIA, defined as a transient neurological deficit
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without corroborative imaging [10]) analyzed as a combined
outcome; DAR; DIPH; neurological compression symptoms
(emergent or accentuated postoperatively); asymptomatic
ICH; parent artery stenosis; stent migration; mortality; and
preoperative and early postoperative (<30 days) functional
outcomes assessed using the modified Rankin scale (mRS).
Neurological compression symptoms were evaluated by ex-
perienced neurologists and were defined as cranial neuropathy
or brainstem symptoms caused by aneurysm compression.

Device deployment to the target site was considered unsuc-
cessful when PED opening failed or when the PED was de-
ployed inside the aneurysm. Successful device deployment to
the target site after adjustment was defined when the PED was
released successfully after technical adjustments. Device de-
ployment to the target site was considered successful when the
PED was released successfully at the target location without
technical adjustments.

Patient Follow-up

Early postoperative follow-up was performed at <30 days.
Follow-up patient imaging was performed at 3, 6, 12, 24,
and 36 months. Patients who underwent follow-up participat-
ed in at least one of these follow-up examinations. The data
from the last follow-up examination for each patient were
used for calculation. Aneurysm occlusion was determined
using digital subtraction angiography (DSA). New or recur-
rent subarachnoid hemorrhage (SAH) or intraparenchymal
hemorrhage (IPH) was evaluated on head computed tomogra-
phy (CT) in the case of clinical deterioration and adjudicated if
necessary. Clinical follow-up was performed for all patients,
regardless of imaging availability, and was conducted by tele-
phone or by email.

A central review committee consisted of 3 members, in-
cluding a neurointerventionist, a medical imaging doctor, and
a neurosurgeon, who reviewed all imaging data and endpoint
events. Each evaluation was performed independently by two
members; in cases of dispute, the team reached a consensus
after discussion. Electronic data capture (EDC) was used for
data collection.

Statistical Analysis

Data are presented as the mean and range for continuous var-
iables and as frequencies for categorical variables. The analy-
sis was carried out using unpaired ¢ tests (continuous vari-
ables), chi-square tests (categorical variables), and Fisher’s
exact tests. Univariate analysis was used to test covariates
predictive of the following dependent variables: ischemic
stroke (in the early postoperative period, the follow-up period,
and throughout the study duration), DAR, DIPH, neurological
compression symptoms, neurological mortality, and poor
functional outcomes in the early postoperative period.
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Interactions and confounding variables were assessed through
stratification and relevant expansion covariates. Factors pre-
dictive on univariate analysis were entered into a multivariate
logistic regression analysis [11]. P values of <0.05 were con-
sidered statistically significant. Statistical analysis was carried
out with SPSS version 25 (IBM Corp., Armonk, NY, USA).

Results
Baseline Characteristics

Demographic and baseline characteristics are presented in
Table 1. A total of 1171 patients with 1322 aneurysms were
treated using the PED at 14 centers in China. The mean age
was 53.9+11.4 years, and 69.4% (813/1171) of patients were
female. Comorbidities included hypertension (33.9% [397/
1171]), diabetes (5.4% [63/1171]), hyperlipidemia (3.6% [42/
1171]), cerebral infarction (4.6% [54/1171]), cardiac disease
(5.0% [58/1171]), and cerebral atherosclerosis (14.9% [174/
1171]). Aneurysms were symptomatic in 60.1% (704/1171) of
patients and incidental in 36.3% (425/1171) of patients, and 3.2%
(42/1171) of aneurysms involved SAH (SAH ictus to aneurysm
treatment: within 72 h in 6 cases, within 4-7 days in 18 cases,
within 8—15 days in § cases, and within 15-30 days in 10 cases).

Aneurysm Characteristics

Aneurysm characteristics are presented in Table 2. The mean
aneurysm size, neck size, and parent artery diameter was
12.79+£8.75 mm, 6.21+3.92 mm, and 3.88 +0.82 mm, re-
spectively. The morphology of aneurysms was saccular in
83.1% (1099/1322), fusiform in 8.2% (109/1322), dissecting
in 6.3% (83/1322), and blister in 2.3% (31/1322) of cases. The
majority of occlusions were located in the anterior circulation
(proximal, 83.6% [1105/1322]; distal, 3.6% [48/1322]), while
12.8% (169/1322) were located in the posterior circulation,
including 2.2% (29/1322) in the basilar artery and 10.6%
(140/1322) in the vertebral artery and other vessels in the
posterior circulation.

Procedural Details and Angiographic and Clinical
Outcomes

Treatment details and angiographic and clinical outcomes are
presented in Table 3. The Classic and Flex PEDs were used in
similar proportions (45.2% [596/1322] vs. 54.8% [723/1322],
respectively). The diameter and length of the device was 4.07
+0.53 mm and 25.37 +5.76 mm, respectively.

At the last follow-up for each patient, the total occlusion
rate was 81.4% (787/967), 91.6% (1211/1322) of parent arter-
ies were patent, 7.0% (93/1322) of parent arteries were stenot-
ic, and 1.4% (18/1322) of parent arteries were occluded. A
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Table 1 Baseline characteristics of 1171 patients treated with the PED

Table 2  Aneurysm characteristics

Characteristic Frequency
(N=1171)
Total number of aneurysms treated with the PED 1322
Patients with multiple aneurysms 260 (22.2%)
Female 813 (69.4%)
Age 539+114
Family history of aneurysm 18 (1.5%)
Comorbidities
Hypertension 397 (33.9%)
Diabetes 63 (5.4%)
Hyperlipidemia 42 (3.6%)
Cerebral infarction 54 (4.6%)
Cardiac disease 58 (5.0%)
Cerebral atherosclerosis 174 (14.9%)
Alcohol abuse
Never 1027 (87.7%)
Previous 118 (10.1%)
Current 26 (2.2%)
Smoking
Never 863 (73.7%)
Previous 91 (7.8%)
Current 217 (18.5%)
Presentation
Incidental 425 (36.3%)
Symptomatic 704 (60.1%)
Current SAH 42 (3.2%)

Characteristic

Frequency (N=1322)

Aneurysm size (maximum aneurysm length) 12.79+£8.75
<10 mm 630 (47.7%)
10-25 mm 555 (42.0%)
>25 mm 137 (10.4%)

Average neck size 621+3.92

Average parent artery diameter 3.88+0.82

Aneurysm form

Saccular 1099 (83.1%)

Fusiform 109 (8.2%)

Dissecting 83 (6.3%)

Blister 31 (2.3%)
Location

Anterior circulation

Anterior circulation proximal

1105 (83.6%)

Anterior circulation distal 48 (3.6%)
Posterior circulation 169 (12.8%)
Basilar 29 (2.2%)
Vertebral artery and other vessels in the 140 (10.6%)

posterior circulation*

Data are shown as n (%) or the mean + SD

*Other vessels in the posterior circulation include the posterior cerebral

artery and posterior inferior cerebellar artery

Data are shown as n (%) or the mean + SD

total of 93.9% (1241/1322) of PEDs were successfully de-
ployed to the target site, and the rate of complete occlusion
immediately after the operation was 14.6%.

The mRS score was 0-2 and 3—6 before PED treatment in
1060 (90.5%) and 111 (9.5%) cases, respectively. The mRS
score was 0-2 and 3-6 in the early postoperative in 1094
(93.4%) and 77 (6.6%) cases, respectively. The mRS score
was 0-2 and 3-6 at follow-up in 1111 (94.9%) and 60
(5.1%) cases, respectively. The mean imaging follow-up time
was 8.96 +7.50 months (median, 6 months; range, 3—
36 months). In, 26.6% (313/1171) of cases, the patient did
not reach the follow-up time or was lost to imaging follow-
up; no patients were lost to clinical follow-up.

Morbidity, Mortality, Complications, and Functional
Outcomes

Table 4 presents the study outcomes. Major ischemic stroke
occurred in 3.8% (44/1171) of patients in the early postopera-
tive period and 0.6% (7/1171) in the follow-up period. Minor
stroke and/or TIA occurred in 2.6% (30/1171) of patients in the

early postoperative period and 0.3% (4/1171) in the follow-up
period. DAR occurred in 2.0% (23/1171) of patients in the early
postoperative period and 0.1% (1/1171) in the follow-up peri-
od. The rate of DIPH was 2.0% (23/1171) in the early postop-
erative period and 0% during the follow-up period. Access site
complications occurred in 3.5% (41/1171) of patients using
femoral access. Stent migration in the early postoperative peri-
od occurred in 0.8% (9/1171) of cases versus 0.0% at the fol-
low-up. Cranial neuropathy or brainstem symptoms caused by
aneurysm compression occurred in 3.8% (44/1171) of patients
in the early postoperative period and 0.6% (7/1171) in the
follow-up period. The mortality rate was 1.3% (15/1171) in
the early postoperative period and 0.2% (2/1171) in the
follow-up period. Poor functional outcomes were observed in
6.6% (77/1171) and 5.1% (60/1171) of patients in the early
postoperative and follow-up periods, respectively.

Predictors of Stroke

The results of multivariate analysis for predictors of ischemic
stroke, TIA, and minor stroke in the early postoperative peri-
od, follow-up period, and throughout the study duration are
presented in Supplementary Table 1. In the early postopera-
tive period, hypertension (OR =1.743, P=0.017), basilar ar-
tery aneurysm location (OR =3.705, P=0.012), and
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Table 3  Treatment details and angiography follow-up outcomes of

1322 aneurysms

Procedural characteristics

Frequency (N =1322
aneurysms)

PED type”
Classic PED
Flex PED
PED size
Diameter (mm)
Length (mm)
PED + coiling
Loose packing
Dense packing
Balloon angioplasty
Multiple PEDs used
Single PED used
Blood thinners
PrePED aspirin/clopidogrel >3 days
PostPED aspirin/clopidogrel > 6 months
Previous treatment
Coiling
Stent-assisted coiling
Clipping
Angiographic outcomes
Number of covered collateral arteries
Status of covered collateral artery
Patent
Stenotic
Occluded

100% aneurysm occlusion at last follow-up*

Parent artery status
Patent
Stenotic
Occluded

Device deployment to the target site
Successful
Successful after stent adjustment
Unsuccessful

¥

Satisfactory occlusion immediately after PED treatment

Complete occlusion
Incomplete occlusion
Clinical outcomes
mRS score
PrePED mRS score
0-2
3-6
PostPED mRS score (< 30 days)
0-2
3-6
mRS score at follow-up
0-2
3-6
Mean imaging follow-up time (months)

Imaging follow-up distribution (no. of patients)*

3 months

6 months

12 months

24 months

36 months
Imaging loss to follow-up
Clinical loss to follow-up

596 (45.1%)
723 (54.7%)

4.07+0.53
2537+5.76
637 (48.2%)
504 (38.1%)
133 (10.1%)
31 (2.3%)
75 (5.7%)
178 (13.5%)

915/1171 (78.1%)
676/1171 (57.7%)
33/1171 (2.8%)
11/33 (33.3%)
22/33 (66.7%)
2/33 (6.1%)

927 (70.1%)

627 (47.4%)
54 (4.1%)
26 (2.0%)
787 (81.4%)

1211 (91.6%)
93 (7.0%)
18 (1.4%)

1241 (93.9%)
68 (5.1%)
10 (0.8%)

193 (14.6%)
1129 (85.4%)

1060 (90.5%)
111 (9.5%)

1094 (93.4%)
77 (6.6%)

1111 (94.9%)
60 (5.1%)
8.96+7.50

250 (18.9%)
629 (47.6%)
211 (16.0%)
73 (5.5%)
44 (3.3%)
313 (23.7%)
0 (0.0%)

Data are shown as n (%), n/N (%), or the mean + SD
*A total of 858 patients with 967 aneurysms underwent angiography

follow-up

T The total number of PEDs used was 1319

¥ There was more than one follow-up visit for the same patient
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successful device deployment after adjustment or unsuccess-
ful device deployment (OR =2.833, P <0.001) were indepen-
dent predictors of ischemic stroke, while Flex PED use (OR =
0.458, P=0.001) and incomplete occlusion immediately after
the operation (OR =0.546, P=0.029) were protective factors
for ischemic stroke.

In the follow-up period, predictors of ischemic stroke were
a history of cerebral infarction (OR =7.024, P =0.006), suc-
cessful device deployment after adjustment or unsuccessful
deployment to the target site (OR =6.944, P=0.007), and
distal anterior circulation aneurysm location (OR =6.950,
P =0.022). Hypertension (OR = 1.793, P =0.009), basilar ar-
tery aneurysm location (OR =4.384, P=0.002), and success-
ful deployment with adjustment or unsuccessful device de-
ployment to the target site (OR =3.968, P <0.0001) were in-
dependent predictors of ischemic stroke, while Flex PED use
(OR =0.464, P=0.001) and incomplete occlusion immedi-
ately after the operation (OR =0.524, P=0.015) were protec-
tive factors for ischemic stroke.

Predictors of DAR in the Early Postoperative Period

On multivariate analysis, a large aneurysm size, especially
sizes >10 mm, was an independent predictor of DAR in the
early postoperative period (OR =5.446, P=0.008)
(Supplementary Table 2).

Predictors of DIPH in the Early Postoperative Period

On multivariate analysis, a distal anterior circulation aneu-
rysm location was an independent predictor of DIPH (OR =
5.129, P=0.005) (Supplementary Table 3).

Predictors of Neurological Compression Symptoms

On multivariate analysis, adjunctive coiling was an indepen-
dent predictor of neurological compression symptoms (OR =
3.105, P<0.0001) (Supplementary Table 4).

Predictors of Mortality

On univariate and multivariate analyses, an aneurysm size
>10 mm (OR=4.914, P=0.013) and a basilar artery aneu-
rysm location (OR =9.582, P=0.001) were independent pre-
dictors of morbidity (Supplementary Table 5).

Predictors of Poor Functional Outcomes

On multivariate analysis, independent predictors of poor func-
tional outcomes included a large aneurysm size (OR =1.789,
P =0.020) and adjunctive coiling (OR =2.026, P=0.005)
(Supplementary Table 6).
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Table 4 Morbidity, mortality,
complications, and functional
outcomes in the early

Variable

Early postoperative
period (<30 days) (N=1171)

Postoperative follow-up
period (3—36 months) (N=1171)

postoperative period and follow-

up period Major ischemic stroke 44 (3.8%) 7 (0.6%)
TIA/minor stroke 30 (2.6%) 4 (0.3%)
DAR 23 (2.0%) 1 (0.1%)
DIPH 23 (2.0%) 0 (0%)
Stent migration 9 (0.8%) 0 (0%)
Access site complications 41 (3.5%) 0 (0%)
Neurological compressive symptoms 44 (3.8%) 7 (0.6%)
Mortality 15 (1.3%) 2 (0.2%)
Poor functional outcome, mRS score 3-6 77 (6.6%) 60 (5.1%)
Data are shown as n (%)

Discussion patients with posterior circulation aneurysms (7.3%, 4/55) [5].

The PLUS study demonstrated low rates of complications and
mortality related to PED use in the treatment of patients with
intracranial aneurysms in China, and these rates are compara-
ble to those in studies using the PED in Western populations
[5, 12]. Importantly, this study identified novel risk factors for
ischemic stroke (i.e., successful device deployment after ad-
justment or unsuccessful deployment to the target site and
degree of postoperative occlusion immediately after the oper-
ation) and showed that these risk factors vary between the
early postoperative period and the longer-term follow-up
period.

The cohort in the PLUS study was comparable in size to
that in large Western studies. In a pooled analysis of three
Western studies—IntrePED (International Retrospective
Study of the Pipeline Embolization Device), PUFS (Pipeline
for Uncoilable or Failed Aneurysms Study), and ASPIRe
(Aneurysm Study of Pipeline in an Observational
Registry)—Kallmes et al. reported an average age of
57.4 years, a female proportion of 81.3%, and an average
aneurysm size of 12.0 mm, with 85.3% of the aneurysms
located in the proximal anterior circulation [12]. The PLUS
cohort was similar in terms of the average size and percentage
of proximal anterior circulation aneurysms; however, it in-
cluded a younger population with a greater proportion of
males. Additionally, the percentage (48.3%) of patients treat-
ed with the PED combined with coiling was higher than the
6.9% of aneurysms treated as such by Sweid et al. in a retro-
spective cohort of 598 aneurysms [13].

Ischemic Stroke Complications

The rate of ischemic stroke complications in the PLUS study
was comparable to the major ipsilateral ischemic stroke rate of
3.7% reported for a pooled cohort by Kallmes et al. [12]. In the
IntrePED study, the majority of strokes occurred within
30 days of treatment (26/793, 3.3%), with the highest rate in

Similarly, a systematic review and meta-analysis of 29 studies
including 1451 patients with 1654 aneurysms found that pa-
tients with anterior circulation aneurysms were at a lower risk
of ischemic stroke (OR=0.15, P<0.0001), particularly of
perforator infarction [14]. However, in the PLUS study, the
majority of major ischemic strokes occurred within the early
postoperative period; basilar aneurysms were an independent
risk predictor for ischemic stroke in the early postoperative
period, and distal anterior circulation aneurysms carried a
higher risk of ischemic stroke in the follow-up period.

Other reported predictors of major complications include
Classic PED use as opposed to Flex PED use (OR=3.7, P=
0.008), in situ thrombosis (OR =4.3, P=0.006), and device
deployment in the anterior cerebral artery or middle cerebral
artery, as opposed to the internal carotid artery (OR =3.5, P=
0.034) [10]. In the DIVERSION prospective cohort study in
France, a high baseline blood pressure was associated with the
occurrence of a neurological deficit [15]. Our data show that
hypertension was an independent risk predictor for ischemic
stroke in the early postoperative period, a history of cerebral
infarction was an independent risk predictor for ischemic
stroke in the follow-up period, and successful deployment
with adjustment or unsuccessful device deployment to the
target site was an independent risk predictor for ischemic
stroke throughout the study duration, while Flex PED use
was associated with a reduced incidence of ischemic stroke
in the early postoperative period and throughout the duration
of the study.

Our study also identified incomplete occlusion compared
with complete occlusion immediately after the operation as a
factor associated with a reduced incidence of ischemic stroke
in the early postoperative period, which has not been previ-
ously reported. The higher rate of combined coiling in
Chinese patients helped us to identify this novel independent
predictor, in that the degree of occlusion immediately postop-
eratively was related to ischemic stroke in the Chinese popu-
lation. The exact mechanism for these results is still unknown.

@ Springer



1204

H.Kang et al.

A reasonable explanation is that the complete embolization of
aneurysms requires a longer operation and more operative
procedures, which may increase the ischemic stroke risk.
The PLUS study suggests that successful deployment with
adjustment or unsuccessful device deployment plays a role
in the occurrence of ischemic complications. This may be
explained by the endothelial damage resulting from repeated
adjustment of the stent(s) after failure of the PED to open,
leading to ischemia.

DAR and DIPH

Rouchaud et al. reported that approximately 80% of DARs
occurred within 30 days of the procedure, 45% of which in-
volved giant aneurysms [16]. In a retrospective study, the
frequency of DAR was 1.2%, 88% of aneurysms re-ruptured
during the first month, and a previous SAH, a large aneurysm
size, and a posterior circulation aneurysm location were pre-
dictors of DAR [13]. Comparatively, the PLUS cohort
showed a slightly higher rate of DAR, with 95% of DARs
occurring in the early postoperative period, and a large aneu-
rysm size, especially sizes >10 mm, was an independent pre-
dictor of DAR in the early postoperative period. Our results
are similar to the overall postoperative rupture rate of 4%,
early rupture rate of 3%, and significantly higher rupture rate
in large and giant aneurysms reported in the meta-analysis by
Brinjikji et al. [14]. Computational fluid dynamic studies have
demonstrated that an increase in intra-aneurysmal pressure
may lead to rupture [17]. Although we found no association
between the use of antiplatelet drugs and the risk of hemor-
rhagic complications in our study, DIPH has also been
thought to be related to antiplatelet regimens, according to
previous studies [7, 13]. One may speculate that the increased
metal surface area to which the platelets are exposed may
result in activation through increased shear, despite antiplate-
let therapy. This may cause activated platelet plug emboliza-
tion distally, with secondary hemorrhagic transformation of
the resulting ischemic infarction [7].

The incidence of DIPH in the PLUS study was within the
range of the reported incidence of DIPH from 0% to 10% [3,
13, 14, 18-22] Sweid et al. reported that 55% of DIPHs oc-
curred within the first week and that the use of >1 PEDs and
the baseline P2Y 12 value were predictors of DIPH [13]. Cruz
et al. reported that DIPH occurred within the ipsilateral cere-
bral hemisphere, which is anatomically remote from the treat-
ed aneurysms [21]. The IntrePED study reported an IPH rate
0f2.4%, which did not vary by aneurysm size or location [5].
In the PLUS cohort, all DIPH events occurred in the early
postoperative period, and a location in the distal anterior cir-
culation was an independent predictor of DIPH. PED use may
cause hemodynamic alterations or the formation of
microemboli, causing DIPH in distal anterior circulation an-
eurysms; in fact, the flow and wall shear stress are higher in
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the ipsilateral middle cerebral artery than in the contralateral
middle cerebral artery in patients with hemorrhage after PED
placement [23].

Predictors of Neurological Compression Symptoms
and Mortality

In the PLUS study, the rate of cranial neuropathy or brainstem
symptoms caused by aneurysm compression was higher in the
early postoperative period than during later follow-up, and
adjunctive coiling was an independent predictor of neurolog-
ical compression symptoms. In the IntrePED study, adjunctive
coiling resulted in a higher neurological morbidity rate than
PED treatment alone (12.5% vs 7.8%; p = 0.13) [24]. Siddiqui
et al. described a patient who experienced acute thrombosis of
the PED after the procedure, which was likely related to the
mass effect and thrombogenicity of the dense coil mass [25].
Together, these data suggest that adjunctive coiling can in-
crease or aggravate the compression effect by transforming a
soft, pulsating mass into a hard volume that occludes the an-
eurysm while shifting the pulsation of the parent artery to the
surrounding tissue to enhance or provoke compression symp-
toms [26]. Compared to the above studies, the PLUS study
analyzed cranial neuropathy or brainstem symptoms caused
by aneurysm compression due to the PED after the procedure.

Previously published studies have reported mortality rates
ranging from 0 to 7% during the early postoperative period;
similarly, the mortality rate in the PLUS cohort was within this
range, with > 80% of cases of mortality occurring in the early
postoperative period [14, 18, 27, 28]. In the IntrePED study,
the rate of neurologic mortality was 3.8%, highest in the pos-
terior circulation group (10.9%) and lowest in the anterior
circulation ICA < 10 mm group (1.4%) [5]. The risk factors
for neurologic mortality have not been reported; however, the
PLUS study identified an aneurysm size > 10 mm and basilar
artery aneurysms as independent predictors of mortality. Most
of the cases of mortality in the PLUS cohort were related to
postoperative DAR/DIPH or major ischemic stroke, which, in
turn, were independently predicted by the aneurysm size and
location in the basilar artery.

Functional Outcomes

In the IntrePED study, PED treatment with coiling required a
significantly longer procedure and resulted in higher neuro-
logical morbidity than PED treatment alone (12.5% vs. 7.8%,
respectively). However, Lin et al. reported that the rates of
neurological complications and favorable outcomes were sim-
ilar for PED plus coiling and PED alone (complications:
10.3% vs 8.0%; mRS score 0-2: 93.1% vs 94.7%, respective-
ly) [29]. Sweid et al. reported that 92.4% of patients achieved
a good functional outcome (mRS score <2) with flow
diverters and increasing age (especially ages > 75 years);
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however, a large aneurysm size, posterior circulation aneu-
rysms, and acute SAH were independent predictors of an un-
favorable outcome [13]. Posterior circulation aneurysms are
associated with lower odds of good functional outcomes be-
cause impairment of the critical functions of the brainstem
causes severe effects compared to the effects of aneurysms
in the anterior circulation. The rate of good functional out-
comes in the PLUS study is similar to those reported by
Sweid et al. [13]. and Beydoun et al. [30]. Moreover, adjunc-
tive coiling can increase or aggravate compression symptoms,
affecting functional outcomes.

Overall, the PLUS study showed that the risk factors relat-
ed to ischemic stroke complications of PED treatment differ
between the early postoperative period and later follow-up
periods, with a greater likelihood of ischemic stroke in the
basilar artery during the early postoperative period than in
the distal anterior circulation during later follow-up.
Additionally, we identified previously unreported indepen-
dent predictors of ischemic stroke, which include successful
adjustment or unsuccessful device deployment and the degree
of postoperative occlusion immediately following the proce-
dure. Furthermore, predictors of DAR, DIPH, mortality, and
neurological compression symptoms identified in the PLUS
cohort in a Chinese population are similar to those identified
in large studies in Western populations [3, 6, 7]. Finally, the
PLUS study provides predictive factors to assess the risk of
complications in Chinese patients with intracranial aneurysms
treated with a PED.

Limitations

The limitations of this study include the biases inherent to the
retrospective design of this study and variations in PED treat-
ment and management among different centers.

Conclusion

The PLUS study demonstrated low rates of complications and
mortality in patients with intracranial aneurysms treated with
the PED in China. Moreover, the PLUS study identified novel
independent predictors of ischemic stroke complications relat-
ed to PED treatment, including success with adjustment or
unsuccessful device deployment and the degree of postopera-
tive occlusion immediately after the procedure. Additionally,
this study identified that the risk factors for PED-related is-
chemic stroke complications differed between the early post-
operative period and later follow-up. Together, these factors
can predict the risk of complications related to PED use in
Chinese patients with intracranial aneurysms.
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