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Abstract

Objectives We aim to investigate associations between different coil strategies and outcomes in the aneurysms treated by a

pipeline embolization device (PED).

Methods Patients with medium-to-giant-sized aneurysms treated by PED were included. The total cohort was divided into

PED-alone and PED-coiling groups, and the PED-coiling group was further divided into loose and dense packing subgroups.

Multivariate logistic analyses and stabilized inverse probability of treatment weighting (SIPTW) were performed to investigate

the relationships between coiling strategies and outcomes. Restricted cubic spline (RCS) curves were used to describe the

coiling degree and angiographic outcome relationship.

Results A total of 398 patients with 410 aneurysms were included. Aneurysms treated with PED coiling had a lower incom-

plete occlusion rate (15.3% vs. 30.3%, p=0.002), higher total perioperative complication rate (14.2% vs. 3.5%, p=0.001),

longer production time (142.14 min vs. 101.26 min, p <0.001), and higher total cost ($45,158.63 vs. $34,680.91, p <0.001)

than those treated with PED alone. There were no differences in outcomes between the loose and dense packing subgroups.

However, the total cost was higher in the dense packing group ($43,787.46 vs. $47,288.32, p=0.001) than in the loose pack-

ing group. The result was still robust in the multivariate and sIPTW analyses. The RCS curves showed “L-shape” relation-

ships between the coil degree and angiographic outcomes.

Conclusion Compared with PED alone, PED coiling could improve aneurysm occlusion. However, it could also increase the

total complication risk, prolong procedure time, and increase the total cost. Compared with loose packing, dense packing

did not enhance the treatment effectiveness but increased the treatment cost.

Clinical relevance statement The additional treatment effect from coiling embolization declines sharply after a certain point.

Specifically, the aneurysm occlusion rate is roughly stable when the coil number is greater than 3 or the total coil length is

longer than 150 cm.

Key Points

o Compared with pipeline embolization device (PED) alone, PED combined with coiling can improve aneurysm occlusion.

o Compared with PED alone, PED combined with coiling increases the total complication risk, cost, and prolongs procedure
time.

o Compared with loose packing, dense packing did not increase the treatment effectiveness but increased the cost.
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Abbreviations

CI Confidence interval
1A Intracranial aneurysm

OR QOdds ratio

PED Pipeline embolization device

RCS Restricted cubic spline

SAH Subarachnoid hemorrhage

sIPTW  Stabilize inverse probability of treatment
weighting

Introduction

Flow diversion devices, such as the pipeline embolization
device (PED; Covidien), have gained acceptance in the
treatment of intracranial aneurysms (IAs) because of the
higher occlusion rate without additional mortality and mor-
bidity compared to traditional coiling embolization [1-3].
Although the PED was designed as a novel independent
treatment modality for A, many operators still use coils dur-
ing PED placement. Compared with PED alone, an adjunc-
tion with coiling could provide immediate dome protection
and may decrease the risk of device prolapse [4]. Recent
studies have also reported a high occlusion rate and low
need for retreatment in aneurysms treated with PED-assisted
coiling [5-10]. Despite the benefits of coiling combined
with PED, several studies have reported increasing morbid-
ity from complications associated with this treatment. For
example, the IntrePED and PLUS studies reported that PED
with coiling could prolong the procedure time and result in
higher neurological or ischemic stroke morbidity [5, 11].
Moreover, adjunctive coiling may not be cost-effective.
Thus, the use of coils may still be a double-edged sword.
Considering the differences in PED and coil emboliza-
tion mechanisms, the relationship between PED and coil
embolization should be one of cooperation rather than
competition. Coil embolization used in the PED treatment
could be divided into loose and dense packing. Although
several studies suggest the loose packing of coils during
PED placement [6, 9, 12], few have evaluated the difference
between loose and dense packing to support this hypothesis.
In patients treated with PED assisted with coiling, an asso-
ciation between coiling degree and angiographic outcome,
clinical outcome, complication, and cost remains unclear.
Therefore, this study aimed to investigate the association
between different coil embolization strategies and patient/
aneurysm outcomes in medium-to-giant-sized aneurysms.
We used stabilized inverse probability of treatment weight-
ing (sIPTW) analysis by balancing differences in baseline
characteristics, mimicking a randomized controlled trial.
In addition, we used restricted cubic spline (RCS) curves
to describe the nonlinear relationship between the coiling
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degree and angiographic outcome to research the effect of
different coiling applications utilized in the clinical setting.

Materials and methods
Study population

The Beijing Tiantan Hospital institutional research ethics
boards approved this study; however, informed consent was
not required because of the study’s retrospective nature.
This retrospective study was conducted at Beijing Tiantan
Hospital. All aneurysms treated with PED between Janu-
ary 1, 2015, and December 31, 2020, were reviewed. The
exclusion criteria were as follows: (1) aneurysms treated
with multiple stents (including PED or other stents), (2)
patients with arteriovenous malformations and fistulas, (3)
aneurysms with evidence of parent artery occlusion at final
follow-up, (4) ruptured aneurysms, and (5) aneurysm size
(defined as the maximum diameter of any two points on the
aneurysm) <7 mm.

We collected information on the patients’ characteristics,
including the modified Rankin Scale (mRS; range, O to 6,
where a score of 0 indicates no disability, 1 indicates no
clinically significant disability, 2 indicates slight disabil-
ity, 3 indicates moderate disability but with an ability to
walk unassisted, 4 indicates moderately severe disability,
5 indicates severe disability, and 6 indicates death) in addi-
tion to age, sex, comorbidities, cigarette smoking history,
and alcohol consumption. Two authors measured aneurysm
characteristics, including location, size, neck (maximum
diameter of any two points on the neck section), and parent
artery diameter (mean diameter of the artery at the proximal
and distal ends of the aneurysms). Two neurosurgeons with
more than 15 years of experience supervised these measure-
ments. Aneurysm size was categorized into three groups as
follows: medium (>7 mm and < 15 mm), large (> 15 mm
and <25 mm), and giant (> 25 mm). Treatment details were
collected from the medical records, including the PED diam-
eter, PED length, coil numbers, total coil length, and balloon
application. Each case’s procedure time and total cost (con-
verted to US dollars at the 2021 average exchange rate) were
also collected. The total cost was calculated as the sum of
all types of costs incurred during hospitalization, including
surgery treatment, complication treatment (if needed), and
other expenses incurred during hospitalization.

The supporting data of this study are available from the
corresponding author upon reasonable request.

Procedural details

All procedures were performed under dual antiplatelet
therapy (100 mg/d aspirin and 75 mg/d clopidogrel) at least
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3-5 days before, and general anesthesia was administered
to all patients during the procedure. During the procedure,
patients received heparin as a bolus (3000 IU) followed by
an infusion (1000 IU per h). After the procedure, clopi-
dogrel (75 mg/d) and aspirin (100 mg/d) were continued
for 8—12 weeks and at least 6 months, respectively. Stand-
ard light transmittance aggregometry was used to measure
platelet aggregation and evaluate platelet function (AG800;
Techlink Biomedical, Inc.). Patients identified as clopidogrel
nonresponders were recommended aspirin (100 mg/d) and
ticagrelor (90 mg twice daily). A suitable working projection
was performed according to three-dimensional rotational
angiography. Adjunct coiling was used for large aneurysms
or those with a high risk of rupture (such as irregularly
shaped aneurysms or those in patients with a history of senti-
nel headache). Generally, based on the size of the aneurysm,
the first coil is as large as possible. Then, the latter coils are
selected according to the previous coil’s packing effect; the
subsequent coil size gradually decreases. A panel of neuro-
interventionalists with more than 15 years of aneurysm treat-
ment experience determined the number and size of coils.
When encountering severe poor wall apposition, we usually
corrected it using balloon angioplasty.

Study exposures and outcomes

The coiling use and coiling degree were set as the primary
exposures. Raymond—Roy’s class score was used to assess
the degree of coiling immediately following the procedure.
We defined Raymond—Roy class III as loose packing and
Raymond-Roy class I/IT as dense packing [13]. The coil
number and total coil length also represented the degree of
coiling.

The study’s set outcomes were angiographic follow-up,
clinical follow-up, perioperative complications, procedure
time, and total cost. The occlusion rate was determined dur-
ing the angiographic follow-up. For aneurysms treated with
PED assisted with coiling, we defined Raymond—Roy class
I as complete occlusion and Raymond-Roy class II/III as
incomplete occlusion [13]. According to the Byrne grad-
ing scale, grade 4 was defined as complete occlusion for
aneurysms treated with PED alone, and grades 0-3 were
defined as incomplete occlusion [14]. The first angiographic
assessments were performed 3—6 months after PED place-
ment, and later angiographic follow-ups were performed at
6 or 12 months. Treatment failure was defined as incomplete
occlusion following at least 24 months of observation. An
independent panel of neurosurgeons and radiologists ana-
lyzed all angiographic imaging. The clinical follow-up was
represented by the mRS score; scores of 0-2 were consid-
ered a good outcome and 3-5, a poor outcome.

We also collected information on intraoperative hem-
orrhagic complications, intraoperative thrombosis,

postoperative subarachnoid hemorrhage (SAH), postopera-
tive hemorrhage, major postoperative stroke (a change in the
National Institutes of Health Stroke Scale score of >4 last-
ing > 7 days), minor postoperative stroke (a change in score
of <4 lasting < 7 days or a transient neurological deficit with
or without corroborative imaging), transient ischemic attack
(a transient neurological deficit without corroborative imag-
ing), and mortality. Considering the relatively low rates of
each complication, we defined the major complications as
the overall rates of intraoperative hemorrhage, intraoperative
thrombosis, postoperative SAH, postoperative hemorrhage,
major postoperative stroke, and mortality. Likewise, we
defined total complications as the overall rate of all compli-
cations. We did not double-count cases with multiple com-
plications (i.e., we only recorded them once).

Statistical analysis

Continuous variables are expressed as means + standard
deviations and were tested using a 7-test or Wilcoxon rank
sum test. Categoric variables are expressed as the number
of events and percentage and were analyzed using y* or
Fisher’s exact test. Multivariate logistic regression analy-
ses were performed to identify whether the exposures were
independent predictors of study outcomes. All variables with
a p value <0.20 in the univariate analysis were enrolled in
the multivariate logistic regression models as confounders.
The associations between the extent of coiling and occlusion
rate were evaluated on a continuous scale with RCS curves
based on the same multivariate logistic regression model
with three knots at the 10™, 50", and 90™ percentiles of
coil numbers and total coil length. The sIPTW estimated the
sensitivity analysis. Weights were calculated based on the
propensity score, which considered patient age, sex, aneu-
rysm location, size, neck, type, and parent artery diameter.
p-values < 0.05 were considered statistically significant. R
software (R Foundation for Statistical Computing) was used
for all calculations.

Results
Baseline characteristics

A total of 798 patients with 904 aneurysms were reviewed.
We excluded 39 aneurysms treated with multiple stents, 15
aneurysms combining with arteriovenous malformations
or fistulas, 19 aneurysms with parent artery occlusion at
the follow-up, 27 ruptured aneurysms, and 394 aneurysms
with a size of <7 mm. Thus, our final analysis included
398 patients with 410 aneurysms (Supplement Fig. 1). In
the total cohort, 170 (41.5%) aneurysms were treated with
PED alone, and 240 (58.5%) aneurysms were treated with
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PED coiling. Most of the patients were women (68.5%),
and the mean age of patients was 54.63 + 11.21 years, while
125.33 +55.83 min was the mean procedure time. The
mean total cost was $40,814.21 + $8802.77. The total treat-
ment cost was higher in patients with complications than
in those without complications ($45,396.24 + $10,665.73
vs. $40,332.54 + $8457.40, p=0.001). Aneurysms treated
with PED coiling were more likely to be located at the
internal carotid artery (ICA; 88.3% vs. 52.9%, p <0.001),
be saccular type (95.0% vs. 69.4%, p <0.001), and be larger
(16.61 +£7.13 mm vs. 11.79+5.34 mm, p <0.001) than the
aneurysms treated with PED alone. In the PED-coiling
group, most aneurysms (60.8%) were loosely packed. The

location and type of aneurysm were similar between the
loose and dense packing groups. However, the size of aneu-
rysms in the loose packing group was larger than those in the
dense packing group (17.92+7.25 mm vs. 14.58 +6.47 mm,
p<0.001). Details of the differences among groups with dif-
ferent degrees of coiling are given in Table 1.

Association between coiling and study outcomes

The mean coiling number in the total PED-coiling group
was 4.86+3.15, and the mean total coil length was
162.28 +129.33 cm. There was no statistical significance
between the PED-coiling and PED-alone groups for the

Table 1 Differences in patients’ and aneurysms’ characteristics between the pipeline embolization device (PED)-alone and PED-coiling groups

and between the loose and dense packing groups

PED alone PED coiling p value Loose packing Dense packing p value
(n=170) (n=240) (n=146) (n=94)
Patients’ characteristics

Female (%) 85 (50.0) 196 (81.7) <0.001 119 (81.5) 77 (81.9) >0.999
Age (mean (SD)) 53.84 (10.74) 55.20 (11.52) 0.225 54.48 (12.09) 56.32 (10.52) 0.228
SAH history (%) 1(0.6) 3(1.2) 0.872 1(0.7) 2(2.1) 0.699
Hypertension (%) 71 (41.8) 108 (45.0) 0.583 65 (44.5) 43 (45.7) 0.958
Hyperlipidemia (%) 11 (6.5) 8(3.3) 0.211 3(2.1) 5(5.3) 0.314
Diabetes (%) 10 (5.9) 20 (8.3) 0.455 12 (8.2) 8 (8.5) >0.999
Coronary heart disease (%) 10(5.9) 15 (6.2) >0.999 534 10 (10.6) 0.048
Hemorrhage stroke history (%) 1(0.6) 2(0.8) >0.999 1(0.7) 1(1.1) >0.999
Ischemic stroke history (%) 8 (4.7) 9(3.8) 0.821 7(4.8) 2(2.1) 0.476
Smoking (%) 35 (20.6) 21(8.8) 0.001 17 (11.6) 4(4.3) 0.081
Drinking (%) 21 (12.4) 12 (5.0) 0.012 7 (4.8) 5(5.3) >0.999
mRS at admission (%) 0.418 0.677
0 86 (50.6) 133 (55.4) 82 (56.2) 51(54.3)

1 75 (44.1) 88 (36.7) 51(34.9) 37 (39.4)

2 74.1) 15(6.2) 11(7.5) 4(4.3)

3 2(1.2) 4(1.7) 2(1.4) 2(2.1)

Aneurysms’ characteristics

Aneurysm location (%) <0.001 0.076
ICA 90 (52.9) 212 (88.3) 128 (87.7) 84 (89.4)

BA/VA 71 (41.8) 21(8.8) 16 (11.0) 5(5.3)

ACA/MCA/PCA 9(5.3) 7(2.9) 2(1.4) 5(5.3)
Aneurysm type (%) <0.001 0.509
Saccular 118 (69.4) 228 (95.0) 137 (93.8) 91 (96.8)

Dissection 33(19.4) 11 (4.6) 8 (5.5) 3(3.2)

Fusiform 19 (11.2) 1(0.4) 1(0.7) 0(0.0)
Size (mean (SD)) 11.79 (5.34) 16.61 (7.13) <0.001 17.92 (7.25) 14.58 (6.47) <0.001
Size group (%) <0.001 0.009

7-15 mm 138 (81.2) 122 (50.8) 63 (43.2) 59 (62.8)

15-25 mm 26 (15.3) 81 (33.8) 55 (37.7) 26 (27.7)

>25 mm 6 (3.5) 37 (15.4) 28 (19.2) 9 (9.6)
Neck (mean (SD)) 9.22 (4.22) 8.32(3.72) 0.023 8.76 (3.68) 7.64 (3.71) 0.023
PA diameter (mean (SD)) 3.57 (0.85) 3.59 (0.70) 0.845 3.63 (0.68) 3.52(0.73) 0.235
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Table 2 Differences of treatment details between the pipeline embolization device (PED)-alone and PED-coiling groups and between the loose

and dense packing groups

PED alone PED coiling p value Loose packing Dense packing p value
(n=170) (n=240) (n=146) (n=94)
Tandem treatment (%) 24 (14.1) 16 (6.7) 0.019 10 (6.8) 6(6.4) >0.999
PED type (%) 0.616 0.222
Classic 38 (22.4) 60 (25.0) 41 (28.1) 19 (20.2)
Flex 132 (77.6) 180 (75.0) 105 (71.9) 75 (79.8)
Coil number (mean (SD)) - 4.86 (3.15) - 4.01 (2.29) 6.22 (3.80) <0.001
Total coil length (mean (SD)) - 162.28 (129.33) - 143.23 (102.66) 192.97 (159.32) 0.004
Balloon (%) 8 (4.7) 15(6.2) 0.652 13 (8.9) 2(2.1) 0.065
PED diameter (mean (SD)) 4.05 (0.57) 4.15 (0.50) 0.075 4.21 (0.50) 4.05 (0.48) 0.020
PED length (mean (SD)) 26.96 (5.95) 25.44 (5.95) 0.011 26.52 (5.82) 23.76 (5.78) <0.001

PED, pipeline embolization device; SD, standard deviation; mRS, modified Rankin scale

poor clinical outcome in either univariate (5.3% vs. 3.1%,
p=0.414; Table 1) or multivariate analysis (odds ratio [OR]:
1.96, 95% confidence interval [CI]: 0.42-10.1, p=0.401,
Table 2). Aneurysms treated with PED coiling had a signifi-
cantly lower incomplete occlusion rate (15.3% vs. 30.3%,
p=0.002) and significantly higher total perioperative com-
plications (14.2% vs. 3.5%, p=0.001) than the aneurysms
treated with PED alone. After adjusting for confounders,
these trends were still significant, with an OR of 0.28 (95%

CI: 0.14-0.56, p <0.001) for incomplete occlusion and an
OR of 4.54 (95% CI: 1.67-15.00, p=0.0006) for total periop-
erative complications. In the analysis of major perioperative
complications, although the rate was slightly higher in the
PED-coiling group, the difference was not statistically signif-
icant in either univariate (5.0% vs. 1.8%, p=0.146) or mul-
tivariate analysis (OR: 2.72,95% CI: 0.61-19.7, p=0.307).
After sSIPTW, the results remained robust (Table 3). Details
of baseline information on the PED-alone and PED-coiling

Table 3 Differences of outcomes and complications between the pipeline embolization device (PED)-alone and PED-coiling groups and

between the loose and dense packing groups

PED alone PED coiling p value Loose packing Dense packing p value
(n=170) (n=240) (n=146) (n=94)
Procedure time (mean (SD)) 101.26 (41.01) 142.14 (58.67) <0.001 139.01 (54.68) 146.90 (64.28) 0.331
Total cost (mean (SD)) 34,680.91 (5768.02) 45,158.63 (7960.55) <0.001 43,787.46 (6791.19) 47,288.32 (9132.98)  0.001
Major complications (%) 2(1.2) 12 (5.0) 0.146 7 (4.8) 5(5.3) >0.999
Total complications (%) 5(3.4) 34 (14.2) 0.001 18 (12.3) 16 (17.0) 0.408
Intraoperative thrombosis (%) 1(0.6) 0 0.862 0 0 -
Intraoperative rupture (%) 0 2(0.8) 0.636 0 22.1) 0.297
Postoperative SAH (%) 0 5(2.1) 0.151 3(2.1) 2(2.1) >0.999
Postoperative hemorrhage (%) 0 1(04.) >0.999 0 1(1.1) 0.824
Postoperative total ischemic stroke 4 (2.4) 26 (10.8) 0.002 14 (9.6) 12 (12.8) 0.575
(%)
Postoperative major ischemic 1 (0.6) 3(1.2) 0.872 2(1.4) 1(1.1) >0.999
stroke (%)
In hospital mortality (%) 0 2(0.8) 0.636 2(1.4) 0 0.680
Clinical follow-up month (mean 38.06 (18.36) 41.11 (18.84) 0.112 43.88 (19.76) 36.76 (16.48) 0.005
(SD))
Poor clinical outcome (%) 5@3.1) 12 (5.3) 0414 7(5.1) 5(.7) >0.999
Angiographic follow-up month 13.57 (10.54) 12.68 (11.05) 0.461 13.22(12.37) 11.87 (8.65) 0.412
(mean (SD))
Incomplete occlusion at follow-up 43 (30.3) 29 (15.3) 0.002 21 (18.3) 8 (10.7) 0.224
(%)

SD, standard deviation; SAH, subarachnoid hemorrhage
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groups after sSIPTW are shown in Supplementary Table 1.
In addition, the procedure time (137.55+55.06 min vs.
107.93 +40.66 min, p <0.001) and total cost ($43,614.16
+ $8141.77 vs. $35,118.07 + $5006.45, p <0.001) were
significantly higher in aneurysms treated with PED coiling

(Fig. 1).
Association between coiling degree and study outcomes

The mean coiling number (4.01 +2.29 vs. 6.22 +3.80,
p<0.001) and total coil length (143.23+102.66 cm vs.
192.97 +159.32 cm, p=0.004) were smaller in the loose
packing group than in the dense packing group (Table 1).
However, there were no differences identified in the incom-
plete occlusion rate (18.3% vs. 10.7%, p=0.224), poor clini-
cal outcome (5.1% vs. 5.7%, p>0.999), and total (12.3% vs.
17.0%, p=0.408) or major (4.8% vs. 5.3%, p>0.999) perio-
perative complications between the loose and dense pack-
ing groups (Table 1). Similar results were also found in the
multivariate (Table 2) and sIPTW (Table 3) analyses. After
sIPTW, although no difference was found in procedure time
(136.76 +£53.93 min vs. 152.09 +67.17 min, p=0.111); how-
ever, the loose packing group had a significantly lower total
cost ($43,454.28 + $6827.66 vs. $48,535.47 + $9404.29,
p <0.001; than the dense packing group Fig. 1). In the total
cohort, we constructed two RCS curves (Fig. 2) to investigate
the association between the degree of coiling (coiling number
and total coiling length) and aneurysm occlusion rate. After

Fig. 1 Images of a 47-year-old
woman with a right internal
carotid artery aneurysm treated
by pipeline embolization device
alone. The size of the aneurysm
is 16.7 mm. Images A and B
show the immediate postopera-
tive results and C and D show
the last-time follow-up results

@ Springer

adjusting for hypertension, diabetes, ischemic stroke history,
mRS score at admission, aneurysm type, size groups, neck,
balloon, PED diameter, PED length, and angiographic fol-
low-up time, the incomplete occlusion risk decreased as the
coiling number or the total coiling length increased. When
the coiling number was greater than 3 or the total coiling
length was larger than 150 cm, the incomplete occlusion risk
reached a trough, remaining stable as the coiling number or
total coiling length increased (Fig. 2).

Discussion

The primary purpose of this study was to investigate the
association between different coil embolization applica-
tion strategies, complications, and angiographic as well as
clinical outcomes. We found that the aneurysm occlusion
rates improved when PED insertion was combined with coil-
ing (Fig. 3); however, it also increased total perioperative
complication risk, prolonged the procedure time (Fig. 4),
and increased the total cost. Compared with loose packing,
although the dense packing did not further increase com-
plication risk, poor clinical outcome, and procedure time,
it did not enhance the treatment effectiveness but increased
the cost of treatment. Additionally, the RCS curves (Fig. 5)
showed “L-shaped” relationships between the coil number
or total coil length and angiographic outcomes. The occlu-
sion rate began to remain roughly stable when the coil
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Fig.2 Images of a 42-year-

old woman with a left internal
carotid artery aneurysm treated
by a pipeline embolization
device combined with loose
packing of coils. The size of
the aneurysm is 17.3 mm.

Four coils, totaling 161 cm,
were placed into the aneurysm.
Images A and B show the
immediate postoperative results
and C and D show the last-time
follow-up results

number was greater than 3 or the total coil length was longer
than 150 cm; this was used to illustrate that the additional
treatment effect from coiling embolization declines sharply

Fig.3 Images of a 66-year-

old woman with a left internal
carotid artery aneurysm treated
by pipeline embolization device
combined with dense packing of
coils. The size of the aneurysm
is 15.8 mm. Six coils, totaling
191 cm, were placed into the
aneurysm. Images A and B
show the immediate postopera-
tive results and C and D show
the last-time follow-up results

after reaching a certain degree of coiling. These results were
highly consistent in univariate, multivariate, and sensitivity
analyses (sIPTW analysis), enhancing our study’s reliability.

@ Springer
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Fig.4 Comparison of the total cost (A) and procedure time (B)
between different groups. The difference in total cost (dollars) (A)
and procedure time (min) (B) between the pipeline embolization

Compared with PED alone, adjunctive coiling has a series
of benefits. First, PED coiling may increase the complete
occlusion rate compared with PED alone [5-9]. These find-
ings were in line with our results. Previous hemodynamic
studies have reported that adjunctive coiling with flow
diversion device placement may significantly reduce intra-
aneurysmal flow velocity and wall shear stress on the top
of flow diversion placement. Therefore, it promotes throm-
bosis formation and aneurysm occlusion [15, 16]. Second,
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assisted coiling usage may decrease the need for multiple
PED placements. Previous studies have found that multiple
PEDs may further increase the risk of branch occlusion, pro-
long antiplatelet drug use, and increase thrombotic events [9,
17]. Third, adjunct coiling may reduce the need for aneurysm
retreatment, which has limited options such as placement of
another PED. Finally, coiling embolization could provide
immediate protection from aneurysm rupture. The rate of
aneurysm rupture or re-rupture after PED treatment is about

o
©
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coil number

Fig.5 Restricted cubic spline (RCS) curves of coiling number (A)
or total coiling length (B) and study outcomes. Solid black lines
represent multivariate-adjusted odds ratios (ORs), with gray scales
showing 95% confidence intervals derived from RCS regressions
with three knots. The dashed lines indicate the reference lines for no
association at an OR of 1.0. After adjusting for hypertension, diabe-
tes, ischemic stroke history, modified Rankin Scale score at admis-
sion, aneurysm type, size groups, neck, balloon, pipeline emboliza-
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tion device (PED) diameter, PED length, and angiographic follow-up
time, the risk of incomplete occlusion decreased as the coiling num-
ber (A), or total coiling length (cm) (B) increased; when the coil-
ing number was greater than 3 or total coiling length was larger
than 150 cm, the risk of incomplete occlusion reached the lowest
and remained stable as the coiling number or total coiling length
increased
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4% [18, 19]. The mechanism of this phenomenon remains
unclear. Previous studies have shown that a postoperative
aneurysm rupture after PED placement may be associated
with acute thrombosis within the aneurysm [20]. Although
PED reduces aneurysm inflow, static intra-aneurysmal pres-
sure is unaffected [21, 22]. Coil placement does not affect
mean aneurysm pressures but dampens the pressure ampli-
tude during locally induced hypertension [23]. Despite no
difference in postoperative SAH rates between the PED-alone
and PED-coiling groups in this study, an adjunct coil could
theoretically provide immediate dome protection, decreasing
the risk of postoperative aneurysm rupture [4, 24].

There are also potential risks with adjunctive coiling in
association with PED treatment. First, this study found that
total perioperative complications were higher in aneurysms
treated with PED coiling. The rate was still slightly higher
in the PED-coiling group, though the major perioperative
complications were not significantly different. This study
is not the first to report this phenomenon. According to an
IntrePED Registry study, higher neurological morbidity was
associated with PED coiling [11]. Siddiqui et al described a
patient with a giant middle cerebral artery aneurysm treated
using PED with coiling and identified acute thrombosis after
placement of the PED [12]. Second, the procedure time for
PED-coiling-treated aneurysms was longer, and this result
was also in line with the published literature [11]. Finally,
Tan et al found that longer procedure times for PED treat-
ment were associated with higher thromboembolic event
risks [17].

Meanwhile, a longer procedure could also confer pro-
longed surgical anesthesia time and more radiation expo-
sure, leading to anesthesia and radiation complications.
Third, adjunctive coiling could increase a hospital’s total
cost by 30%. Previous studies found that PED treatment was
a cost-effective strategy for small or larger and giant aneu-
rysms than traditional stent-assisted or single coiling [25,
26]. However, whether the use of coiling is cost-effective
compared to PED alone remains unclear.

In this study, we grouped complications into major and
total complications. Regarding major complications, no

significant difference was found between the PED-coiling
and PED-alone groups in the original and sSIPTW cohorts.
However, the total complication rate was significantly higher
in the PED-coiling group compared with the PED-alone
group in both the original and sIPTW cohorts; this may be
owing to a higher rate of minor complications in the PED-
coiling group.

Perioperative complications include intraoperative and
postoperative complications. Owing to the study’s retrospec-
tive design, we could only determine whether an intraop-
erative complication was directly caused by additional coil-
ing. However, we did not find intraoperative complications
resulting from additional coiling. Among the postoperative
complications, the major difference between the PED-coil-
ing and PED-alone groups was the minor ischemic stroke
complications. Most patients had only transient ischemic
symptoms without any angiographic evidence of pathology;
therefore, we could not prove whether coiling is directly
related to this type of complication. In the sSIPTW cohort,
complications differed significantly even after adjusting for
confounding factors such as aneurysm size, which indicates
that coiling may be related to postoperative complications.
Therefore, further randomized controlled trials are needed
to address this issue.

In the aneurysms treated with PED coiling, we found that
the complications and angiographic and clinical outcomes
were similar to those undergoing loose and dense packing.
Dense packing, however, resulted in a 7% total cost increase.
Similar results were also observed in the sSIPTW analysis.
These results demonstrated that loose packing is sufficient
when coiling is used for PED treatment. However, dense
packing should also be avoided to reduce the possibility of
thrombosis and mass effects in the treatment of large IAs
[12].

Furthermore, Nossek et al reported that loose packing
achieved early complete occlusion of aneurysms compared
with dense packing, without inducing any mass effect [9].
From a hemodynamic viewpoint, intra-aneurysmal hemody-
namics tend to stabilize beyond a packing density of 7.06%
or the use of two coils [15]. In our study, we first investigated

Table 4 Multivariate logistic

! e o Coiling ? Coiling degree b
analysis of coiling/coiling
degree and each outcome OR (95% CI) p-value OR (95% CI) p-value
Incomplete occlusion 0.28 (0.14-0.56) <0.001 0.70 (0.26-1.78) 0.468
Poor clinical outcome 1.96 (0.42-10.1) 0.401 1.60 (0.42-6.00) 0.479
Total complications 4.54 (1.67-15.0) 0.006 1.54 (0.71-3.31) 0.267
Major complications 2.72 (0.61-19.7) 0.307 1.25 (0.34-4.20) 0.718

“Reference set as PED alone

PReference set as loose packing

OR, odds ratio; CI, confidence interval
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Table 5 Study outcomes between pipeline embolization device (PED)-alone and PED-coiling groups and between loose and dense packing

groups after stabilized inverse probability of treatment weighting

PED alone PED coiling p value Loose packing Dense packing p value
Incomplete occlusion (%) 41 (31.4) 30 (13.8) 0.003 19 (16.9) 11 (14.4) 0.696
Poor outcomes (%) 25(1.7) 11.3 (4.5) 0.067 6.8 (4.9) 7.2(8.3) 0.387
Major complications (%) 2 (1.4) 11 (4.0) 0.118 7 (4.5) 5(5.2) 0.805
Total complications (%) 5(@3.2) 33 (12.2) 0.002 18 (12.6) 17 (18.1) 0.271

PED, pipeline embolization device

the association between the coiling number and angio-
graphic outcome and presented it in the RSC curve from a
larger clinical setting. We found an “L-shaped” relationship
between them across the entire cohort. When the coiling
number is larger than approximately 3, the risk of incom-
plete occlusion is lowest and stable, indicating that excessive
packing of the aneurysm sac is futile and could increase the
total hospital cost. This population analysis result is highly
consistent with previous hemodynamic results. Our results
from a population analysis viewpoint could help surgeons
treating IAs with PED to determine how many coils can
achieve the best treatment effect.

Limitations

Our study has some limitations. Although we introduced our
experience of coiling utilization in PED treatment in a large
cohort, the single-center and retrospective design may still
affect the generalizability of the results. Additionally, differ-
ent centers may differ in the specific details of PED treatment.
Prospective research is needed to further investigate the use
of coiling embolization in aneurysms with PED treatment. A
calculation error could be introduced since we only used coil
numbers and total coil length to represent the degree of coiling.
Although we performed multivariate analyses (Tables 4 and 5)
to adjust for possible confounding factors and applied sSIPTW
to ensure the stability of the results among different aneurysms,
factors including aneurysm size, location, and morphology can
influence the choice regarding the degree of coiling pursued.

Conclusion

Assisted coiling may improve the aneurysm occlusion. How-
ever, it could also increase the total perioperative complica-
tion risk, prolong the procedure time, and increase the total
treatment cost. Compared with loose packing, dense packing
did not enhance the treatment effectiveness but increased
the treatment cost. Our RCS curves showed “L-shape” rela-
tionships between the coil number or total coil length and
angiographic outcomes. When the coil number was greater
than 3 or the total coil length was longer than 150 cm, the

@ Springer

incomplete occlusion risk reached a trough and began to
remain stable.
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