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Predictors of In-Stent Stenosis Following the Implantation of
Pipeline Embolization Devices for the Treatment of
Aneurysms Located at or beyond the Circle of Willis in the
Anterior Circulation

Yajing Ma, “#Xin Deng, ““Junfan Chen, Feng Fan, Kaihao Han, “*’Sheng Guan, and "' Xinbin Guo

ABSTRACT

BACKGROUND AND PURPOSE: In-stent stenosis is commonly observed after stent implantation. There is no consensus on the con-
tributing factors for in-stent stenosis, especially for aneurysms located at or beyond the circle of Willis in the anterior circulation.
This study aimed to investigate the morbidity and determinants of in-stent stenosis in distal anterior circulation aneurysms follow-
ing the implantation of Pipeline Embolization Devices.

MATERIALS AND METHODS: Patients who underwent Pipeline Embolization Device treatment at our center between January 1,
2018, and June 15, 2023, were enrolled. Distal anterior circulation aneurysms were defined as those occurring at or beyond the circle
of Willis, including anterior communicating artery aneurysms, anterior cerebral artery aneurysms, and MCA aneurysms. Baseline
information, aneurysm characteristics, and follow-up data of patients were analyzed. Patients were divided into 2 groups: the in-stent
stenosis group (patients with a loss of >25% of the lumen diameter of the parent artery) and the non-in-stent stenosis group. Binary
logistic regression and restricted cubic spline curves were used to explore risk factors.

RESULTS: We included 85 cases of 1213 patients treated with flow-diverter devices at our hospital. During an average follow-up
period of 9.07 months, the complete occlusion rate was 77.64%. The overall incidence of in-stent stenosis was 36.47% (31/85), of
which moderate stenosis accounted for 9.41% (8/85), and severe stenosis, 5.88% (5/85) (triglyceride-glucose index = 8.95; OR=
6.883, P=.006). The difference in diameters between the stent and parent artery of =0.09 mm (OR= 6.534, P=.015) and
55 years of age or older (OR= 3.507, P=.036) were risk factors for in-stent stenosis. The restricted cubic spline curves indicated that
the risk of in-stent stenosis increased as the difference in diameter between stent and parent artery and the triglyceride-glucose
index increased.

CONCLUSIONS: Compared with the on-label use of Pipeline Embolization Devices, the rate of in-stent stenosis did not obviously
increase when treating distal anterior circulation aneurysms with these devices. The incidence of in-stent stenosis was 36.47% when
defined as a lumen diameter loss of >25%, and 15.2% when defined as a lumen diameter loss of >50%. Stent-size selection and
biochemical indicators can potentially impact the incidence of in-stent stenosis.

ABBREVIATIONS: d = parent artery diameter; Dd = difference in diameter between stent and parent artery; ISS = in-stent stenosis; PED = Pipeline
Embolization Device; TyG = triglyceride-glucose

ositive outcomes have been reported for Pipeline Embolization
Device (PED; Medtronic) treatment for appropriately selected
patients with intracranial aneurysms."” Recently, there have also
been several studies investigating the safety and efficacy of the off-
label uses of the PED, one of which is in the treatment of distal
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circulation aneurysms,’” referring to aneurysms occurring at the
circle of Willis or beyond.

Distal circulating aneurysms are difficult to treat due to several
factors, such as the small diameter of the parent artery (d),
increased vascular curvature, and the presence of perforating
arteries, which also increase the risk of clinical complications. The
use of small devices (=3 mm in diameter) in the treatment of these
aneurysms is safe and does not increase the incidence of in-stent
stenosis (ISS) or other clinical complications.8 However, Liou and
Li’ suggested that ISS may be more noteworthy in smaller PEDs
because there is less room for stenosis to occur. Although most ISS
stenoses are reported to be asymptomatic, studies have shown an
increased incidence of long-term complications in patients with
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1213 aneurysms treated with flow diverters in our center
during 2018.1.1-2023.6.15

—

follows: [fasting triglyceride (mg/dL) x
fasting glucose (mg/dL) /2)]."* The par-
ent artery diameter (d) was defined as

628 aneurysms treated with the average diameter of the arteries on
non-PED flow diverters

both sides of the aneurysm neck. The

284 aneurysms meet the
exclusion criteria

difference in diameter between the stent
) and parent artery (Dd) is the diameter

301 aneurysms was included in this study

!

85 aneurysms located in the distal anterior

-

of the stent. The maximum diameter
was defined as the maximum distance
from the midpoint of the neck to the
dome of the aneurysm.

All measurements were performed
independently by 2 neurointervention-
alists with >5 years of experience on 3D

circulation
7 anterior cerebral 74 middle cerebral 4 anterior communicati
artery aneurysms artery aneurysms artery aneurysms

nﬂ DSA. If the difference between the 2
measurements was =0.5 mm, the aver-

FIG 1. Flow chart of the study.

1SS,'%! which can be fatal. Therefore, we aimed to perform a
retrospective study to investigate the incidence of and factors
associated with ISS following the treatment of distal anterior cir-
culation aneurysms with PEDs to accurately identify high-risk
patients and ensure timely interventions. This article follows
the STrengthening the Reporting of OBservational studies in
Epidemiology (STROBE) reporting guidelines.

MATERIALS AND METHODS

Study Design

This retrospective study included 85 aneurysms treated with a
Pipeline Flex (Medtronic) at our center from January 1, 2018, to
June 15, 2023. The exclusion criteria were as follows: 1) younger
than 18years of age; 2) acutely ruptured aneurysms; 3) inad-
equate information for analysis because of incomplete clinical or
imaging data; and 4) patients who were noncompliant and did
not adhere to medication instructions. More details are summar-
ized in Fig 1. The study was approved by the Ethics Committee of
Scientific Research and Clinical Trial of The First Affiliated
Hospital of Zhengzhou University. All study participants pro-
vided informed consent.

Data Collection and Definitions

The following information was collected for each participant: 1)
baseline information (sex, age, body mass index, alcohol use,
smoking status, blood pressure, major comorbidities, preopera-
tive and postoperative mRS score, laboratory index, and so forth);
2) aneurysm-related information (location, neck, maximum di-
ameter, proximal and distal parent artery diameters, the presence
of multiple aneurysms, incorporation with a branch, and history
of stent placement at the target site); and 3) surgical method, stent
size, and follow-up imaging data, evaluated according to the
O’Kelly-Marotta grading system.'?

Distal anterior circulation aneurysms refer to aneurysms that
occur at or beyond the circle of Willis, including aneurysms in the
anterior communicating artery, anterior cerebral artery, and MCA.
Venous blood samples were collected from participants after over-
night fasting. The triglyceride-glucose (TyG) index was calculated as

age was used as the final data; in the
case of measurement discrepancies of
>(.5 mm, a third neurointerventionalist
with >10years of endovascular treatment experience evaluated
the case. A consensus was then reached by a panel of 3 physicians.

Perioperative Management and Follow-Up

Patients with unruptured aneurysms routinely received 5-7 days
of conventional dual antiplatelet therapy (aspirin, 100 mg once
daily, + clopidogrel, 75 mg once daily) preoperatively. The effec-
tiveness of the treatment was determined by thromboelasto-
graphic monitoring. For those who did not meet the standard of
antiplatelet therapy, the dosage, adjusted according to the results
of the genetic assessment; or aspirin, 100 mg once daily, + tica-
grelor, 90 mg twice daily, was administered. Patients were moni-
tored for ischemic/hemorrhagic complications, and the drug
dosage was promptly adjusted as needed. They were also evaluated
by thromboelastography before discharge, and if arachidonic acid
and adenosine phosphate levels did not reach standard values (ara-
chidonic acid >50% and adenosine phosphate >30%), clopidogrel
was replaced with ticagrelor (90 mg/day, twice daily). Dual antipla-
telet therapy was postoperatively administered for 6 months. Then,
all patients were re-admitted to the hospital for a DSA examina-
tion; on the basis of these findings, a decision was made to transi-
tion to monotherapy.

Neurointerventionalists with >10 years of experience in treat-
ing aneurysms determined the stent selection. All patients were
treated with Pipeline Flex stents. For achieving good apposition,
the stent diameter was usually similar to the proximal d of the an-
eurysm. Balloon angioplasty was commonly used to correct
severe stent malapposition and/or incomplete apposition.

Outcomes

As the primary outcome, ISS was defined as >25% loss of vessel
diameter at the stent deployment site or vessel occlusion within
5mm on either side of the stent. Shrinkage was defined as mild if
it was >25%, moderate if >50%, and severe if >75%. Regarding
the secondary outcome, complete occlusion of the aneurysm was
defined as grade D on the O’Kelly-Marotta scale.'> Clinical out-
comes were evaluated using mRS scores, and complications
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FIG 2. Results of the multivariable logistic regression analysis shown by a forest plot. * indicates P <.05; **, P <.01.

included hemorrhage, thrombosis, SAH, stroke, TIA, and access
site-related complications.

Statistical Analysis

Statistical analyses were performed using SPSS, Version 25 (IBM)
and R statistical and computing software (Version 4.2.2; http://
www.r-project.org). Continuous variables with normal distribu-
tion are presented as mean (SD), and non-normally distributed
data, as median (interquartile range). Differences were compared
using the x? test for categoric variables and the Mann-Whitney
U test for continuous variables.

According to the principle of the maximal Youden index, age,
the TyG index, and Dd were converted into binary data. In addi-
tion, the d was divided into <2.5mm and =2.5 mm according to
the definition of a small artery, and the body mass index was di-
vided into <28 and =28 kg/m” (Online Supplemental Data). The
confounders included in the multivariable model were selected
using a cutoff P value of <.1 in univariate analysis. A multivariable
logistic regression model (backward-stepwise) was used to analyze
the association between confounders and ISS. Additionally, re-
stricted cubic spline curves were performed to examine the associa-
tions among the TyG index, Dd, and ISS. The reference points for
the TyG index and Dd were their corresponding medians. To bal-
ance the best fit and overfitting in restricted cubic spline, we used
the Akaike information criterion to select the optimal number of
knots. Two-tailed tests were performed, and a P value < .05 was
considered statistically significant.

RESULTS

Baseline Information

A total of 85 patients were enrolled, of whom 53 patients (62.3%)
were female. The overall incidence of ISS was 36.47% (31/85), of
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which moderate stenosis was 9.41% (8/85) and severe stenosis
was 5.88% (5/85). Compared with the non-ISS group, the ISS
group had a higher mean age (58.90 [SD, 2.06] years versus 54.59
[SD, 1.65] years, P=.111), TyG index (8.65 [SD, 0.09] versus 8.41
[SD, .07], P=.052), proportion of female patients (77.4% versus
53.7%, P=.03), rate of stent malapposition (16.1% versus 1.9%,
P=.042), and a smaller parent artery diameter (2.37 mm [SD,
0.07] versus 2.58 mm [SD, 0.07], P=.049) (Online Supplemental
Data). The results of multivariable logistic regression analysis can
be found in the Online Supplemental Data and Fig 2 (forest plot).

Factors Associated with ISS

TyG Index. The risk of ISS in the group with a TyG index of
=8.95 was 6.883 times higher than that in the group with a TyG
index of <8.95 (P=.006). When the TyG index was treated as a
continuous variable in a restricted cubic spline after adjusting for
age, Dd, sex, and the follow-up period, the risk of ISS increased
with the increase in TyG index (Fig 3A).

Dd. The risk of ISS in the Dd = 0.09 mm group was 6.534 times
higher than that in the Dd <0.09 mm group. After we adjusted
for age, TyG index, sex, and follow-up period, the risk of ISS
increased as Dd increased (Fig 3B).

Diameter of the Parent Artery. The rate of ISS in the d = 2.5-
mm group was 21.05%, with 1 case (2.63%) presenting with mod-
erate stenosis and no cases of severe stenosis. Meanwhile, the rate
of ISS in the d < 2.5-mm group was 48.94%, with 7 cases
(14.89%) of moderate stenosis and 5 (10.64%) of severe stenosis.
According to the restricted cubic spline curve, the risk of ISS
decreased as the d increased (Fig 3C).


http://www.r-project.org
http://www.r-project.org

s &)
RS 4

OR (95%C1)
oRr(©5%C)

OR(g5%Ccn

s - ! !
A B C

FIG 3. A, Restricted cubic splines for the adjusted dose-response association of the TyG index
for ISS. Data were fitted with a regression model using restricted cubic spines with 3 knots at the
10th, 50th, and 90th percentiles of the TyG index. The y-axis represents the OR, and the shadow
regions are 95% confidence intervals. P nonlinear = .346, P overall = .0265; TyG = 847, OR=1. B,
Restricted cubic splines for the adjusted dose-response association of the Dd for ISS. Data were
fitted with a logistic regression model using restricted cubic spines with 3 knots at the 10th, 50th,
and 90th percentiles of the Dd. The y-axis represents the OR, and the shadow regions are 95%
confidence intervals. P nonlinear = .697, P overall = .034; Dd = 0.38 mm, OR= 1. C, Restricted
cubic splines for the dose-response association of the d for ISS. Data were fitted with a logistic
regression model using restricted cubic spines with 3 knots at the 10th, 50th, and 90th percentiles
of the d. The y-axis represents the OR, and the shadow regions are 95% confidence intervals. P
nonlinear = .298, P overall = .149; d = 245 mm, OR = 1. The restricted cubic splines indicate that
the risk of ISS increases with increasing TyG index and Dd, and decreases with increasing parent

DISCUSSION

We included 85 cases of 1213 patients
treated in our hospital, with an average
follow-up of 9.07months and a com-
plete occlusion rate of 77.64%. The over-
all incidence of ISS was 36.47%. The
TyG index of =8.95, a Dd of =0.09 mm,
and 55years of age or older were risk
factors for ISS. The restricted cubic
spline curves indicated that the risk of
ISS increased as the Dd and TyG index
increased.

As the indications for PEDs continue
to expand, neurointerventionalists world-
wide are attempting to use these stents in
the treatment of distal anterior circulation
aneurysms. Compared with ICA aneur-
ysms, distal anterior circulation aneur-
ysms are usually irregularly shaped, often
at bifurcations, and may be incorporated
with important branch arteries. The
parent arteries are tortuous and rela-
tively small in diameter, making treat-
ment difficult and complications more
likely. There is significant heterogeneity
in the reported incidence of ISS due to
the differences in factors such as grad-
ing criteria, aneurysm location and size,
and patient baseline information across

artery diameter.

Age. The risk of ISS was 3.507 times higher in patients 55 years
of age or older than in those younger than 55years of age
(46.67% versus 25%, P =.036). The rates of coexisting parent ar-
tery stenosis, hypertension, diabetes, and cardiovascular disease
in the 55years of age or older group were 13.3%, 77.78%,
17.78%, and 11.1%, respectively, whereas the rates in the
younger than 55 years of age group were 7.5%, 40%, 2.5%, and
0%, respectively. The rates of balloon use were 4.44% and 2.5%
in the 55 years of age and older and the younger than 55 years of
age groups, respectively.

Follow-Up Period. The median follow-up period was shorter in
the ISS group than in the non-ISS group (197days versus
238.5 days, P=.208). The percentage of patients with a follow-up
period of =198 days was 48.4% in the ISS group and 68.5% in the
non-ISS group (P=.067). In multivariate logistic regression,
there was no significant difference in the follow-up period
between the 2 groups (P =.076).

Others. Female patients accounted for 62.35% (53/85) of the
cohort and had a higher incidence of ISS (45.28% versus
21.88%); however, there was no significant difference in multi-
variate logistic regression analysis (P =.070). We also analyzed
variables such as balloon use, stent length, difference in length
between the stent and aneurysm neck size, aneurysm morphol-
ogy, d, parent artery stenosis (>50%), and smoking status, but
no significant differences were found.

studies. The Pipeline for Uncoilable or
Failed Aneurysms (PUFS) study considered any degree of lumen
diameter loss within the stent as stenosis and found an ISS rate of
100%;” the corresponding probability was 6.6% when defining
>25% lumen diameter loss as ISS. However, all included aneur-
ysms were in the ICA. John et al'* reported an incidence of ISS
of 9.8% with a mean follow-up of 12.5 months, with only 3 cases of
distal aneurysms. In a large study conducted in China, the rate of
1SS was found to be 10.03%,'" with a mean d of >3.5 mm. In ante-
rior circulation aneurysms, distal aneurysms accounted for only
3.5%. According to a recent study by Wei et al,' the incidence of
moderate and severe ISS was 15.2%, the same as ours, whereas dis-
tal arterial aneurysms accounted for only 2.3%.

To date, no study has investigated the incidence rate and asso-
ciated factors of ISS after PED placement for distal anterior circu-
lation aneurysms. Given the critical function of the distal anterior
circulation, identifying patients at high risk of ISS and providing
appropriate medical prophylaxis are critical. The associated fac-
tors included the TyG index, arterial and stent diameters, age,
sex, and other factors.

The TyG index is a composite indicator calculated from fast-
ing blood glucose and triglycerides, each of which represents the
degree of insulin resistance in the liver and fat cells."”
Cardiovascular studies have shown that a higher TyG index is
associated with an increased incidence of coronary artery dis-
ease and an unfavorable prognosis.'®'® Individuals with a
higher TyG index may also have a higher risk of stroke.'” As a
marker of insulin resistance, the influence of TyG on blood
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vessels can be explained by the mechanisms associated with in-
sulin resistance. Hyperglycemia increases the production of re-
active oxygen species, resulting in insulin resistance with
impaired insulin-stimulated translocation of glucose transporter
type 4 and glucose uptake.” In addition, reactive oxygen species
activate proinflammatory signaling.”' Moreover, increased free
fatty acid levels directly inhibit glucose transport by causing mi-

tochondrial dysfunction,****

which enhances glucotoxicity.
Insulin can stimulate the production of nitric oxide in endothe-
lial cells®*; an elevated TyG index may interfere with insulin sig-
naling, reduce insulin sensitivity, and thereby affect the local
microenvironment of the blood vessels and alter hemodynam-
ics. Insulin can additionally inhibit cell migration and neointi-
mal growth following arterial damage,*® and the mechanism of
ISS is caused by excessive growth of the intima. These factors
may be the mechanisms behind the higher incidence of ISS in
patients with higher TyG index.

Regarding the d and the difference between the diameters of
the stent and parent artery, typically, the small diameter and tor-
tuosity of the parent arteries increases the difficulty of intraopera-
tive procedures and may cause vascular injury. Endothelial
damage leads to platelet adhesion, activation, aggregation, and
even thrombus formation, causing local hemodynamic disturb-
ance. Additionally, the increased reactive oxygen species induced
by hyperglycemia can promote nitrous oxide clearance, thereby
restricting vasodilation.”® The increased expression of proinflam-
matory genes caused by reactive oxygen species, combined with
the weakened anti-inflammatory effect of nitrous oxide, activates
the inflammation mechanism. In clinical practice, neurointerven-
tionists tend to select stents slightly larger than the parent artery
diameter to avoid ischemic events in the presence of important
perforating arteries such as the lenticulostriate and Huebner
recurrent arteries. Our restricted cubic spline curve shows an
increased risk of ISS as Dd increases: when Dd = 0.38 mm, the
OR = 1. Therefore, we suggest that when a stent covers the perfo-
rating arteries in Al and MI, a stent slightly larger (preferably
not more than 0.5mm) than the diameter of the parent arteries
should be selected to prevent the development of ISS.

Studies of age and sex show that younger patients are more
likely to develop ISS due to a stronger repair mechanism.*’
However, we showed that patients aged older than 55 years of age
are more prone to developing ISS, which may be due to the
higher incidence of comorbidities and increased vascular tortuos-
ity associated with aging, as well as a relatively higher prevalence
of concomitant stenosis of the parent arteries and a weaker anti-
inflammatory mechanism.

Estrogen can activate endothelial nitric oxide synthase in en-
dothelial cells via the phosphatidylinositol-3-kinase-dependent
signaling pathway, thereby increasing nitrous oxide levels and
regulating local blood flow, while exerting anti-inflammatory
effects.”® However, as estrogen levels decline with aging and men-
opause, the regulating effect disappears. Additionally, estrogen
can stimulate the retention of water and sodium. Decreased levels
of estrogen increase the viscosity of the blood to a certain extent.

Additionally, ISS peaks at 12 months postprocedure with min-
imal progression thereafter.”” However, ISS can be reversed
within 24 months, implying that intraluminal hyperplasia may
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undergo remodeling, leading to a decrease in lost luminal diame-
ter. Recent studies on animals have suggested that ISS may be
associated with endothelial thrombosis.® Incomplete stent
apposition may result in greater wall shear stress in the corre-
sponding area, leading to increased intimal hyperplasia and ulti-
mately resulting in ISS.”! We included a follow-up period, stent
malapposition, and parent arteries with >50% stenosis in a mul-
tivariable logistic regression analysis, but none showed statistical
significance. Studies have reported the association between
smoking status, balloon angioplasty, fusiform aneurysm, non-
aspirin use, and ISS after PED implantation, which may be
related to endothelial damage, inflammatory mechanisms, and
other factors. We found no significant differences between the 2
groups in these factors.

This study has certain limitations. First, it is a retrospective
study, which could result in some selection bias. Second, it may
have overestimated stent restenosis rates because of a median fol-
low-up of 9.07 months and the lack of long-term follow-up.
Third, strict dual antiplatelet management at our center may
have limited the investigation of drug-related effects. Finally,
treatment of distal anterior circulation aneurysms with the PED
is an off-label use and has been used in only a few clinical cases.
Large prospective studies may be required to validate the results
of this study.

CONCLUSIONS

A major difference in diameter between the stent and the parent
artery, a higher TyG index, and 55 years of age or older are associ-
ated with an increased rate of ISS. Selecting a stent of similar or
slightly larger diameter than the parent artery to avoid ISS is rec-
ommended. Managing comorbidities should also be emphasized
in clinical practice.

Disclosure forms provided by the authors are available with the full text and
PDF of this article at www.ajnr.org.
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