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Abstract

Purpose Incompletely occluded aneurysms after coil em-
bolization are subject to recanalization but occasionally
progress to a totally occluded state. Deployed stents may
actually promote thrombosis of coiled aneurysms. We eval-
uated outcomes of small aneurysms (<10 mm) wherein sac-
cular filling with contrast medium was evident after stent-
assisted coiling, assessing factors implicated in subsequent
progressive occlusion.

Methods Between September 2012 and June 2016, a total
of 463 intracranial aneurysms were treated by stent-assisted
coil embolization. Of these, 132 small saccular aneurysms
displayed saccular filling with contrast medium in the im-
mediate aftermath of coiling. Progressive thrombosis was
defined as complete aneurysmal occlusion at the 6-month
follow-up point. Rates of progressive occlusion and fac-
tors predisposing to this were analyzed via binary logistic
regression.

Results In 101 (76.5%) of the 132 intracranial aneurysms,
complete occlusion was observed in follow-up imaging
studies at 6 months. Binary logistic regression analysis
indicated that progressive occlusion was linked to smaller
neck diameter (odds ratio [OR] = 1.533; p = 0.003), hy-
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perlipidemia (OR = 3.329; p = 0.036) and stent type (p =
0.031). The LVIS stent is especially susceptible to progres-
sive thrombosis, more so than Neuroform (OR = 0.098;
p = 0.008) or Enterprise (OR = 0.317; p = 0.098) stents.
In 57 instances of progressive thrombosis, followed for
>12 months (mean 25.0 = 10.7 months), 56 (98.2%) were
stable, with minor recanalization noted once (1.8%) and no
major recanalization.

Conclusion Aneurysms associated with smaller diameter
necks, hyperlipidemic states and LVIS stent deployment
may be inclined to possible thrombosis, if occlusion imme-
diately after stent-assisted coil embolization is incomplete.
In such instances, excellent long-term durability is antici-
pated.

Keywords Aneurysm - Coil embolization - Stent -
Recanalization - Progressive occlusion

Introduction

In coil embolization of intracranial aneurysms, complete
occlusion is critical to reduce the potential for recanaliza-
tion (and retreatment) and to avoid possible rebleeding at
a later time [1, 2]; however, despite saccular opacification
(i.e. contrast medium filling) in immediate postcoiling stud-
ies, complete occlusion may ultimately materialize. This
phenomenon is known as progressive thrombosis or pro-
gressive occlusion. For some aneurysms with unfavorable
configurations and/or complex angioanatomic features re-
fractory to all efforts, the prospect of progressive throm-
bosis is a clear advantage, offering positive outcome under
difficult conditions. Stent usage also considerably broad-
ens the scope of endovascular treatment in therapeutically
challenging lesions. Stenting provides mechanical support
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to prevent coil prolapse, enable dense packing of coil, and
potentially divert blood flow around aneurysms, acting as
a scaffold for endothelial growth and vessel healing [3-8].
Stents may also serve in promoting progressive thrombosis
of coiled aneurysms [1]. Although the capacity of stents to
protect against later recanalization in treated aneurysms is
acknowledged, the progressive saccular occlusion afforded
by stenting after coil embolization and the impact of stent
type on progressive thrombosis of aneurysms have not been
adequately investigated.

In this study, we evaluated outcomes of small aneurysms
(<10 mm) that showed saccular filling with contrast medium
immediately after stent-assisted coiling, assessing factors
implicated in subsequent progressive occlusion.

Methods and Materials
Patient Population

For this retrospective review, we examined a total of 463
consecutive coil embolization procedures (involving stents)
done in nearly a 4-year period (September 2012 to June
2016) at a single institution. After excluding 43 patients
with non-saccular aneurysms (i.e. dissecting, fusiform,
pseudoaneurysm, or blood blister-like aneurysms), 65 pa-
tients with recanalized aneurysms, and 26 patients with
large aneurysms (>10mm), 329 saccular aneurysms re-
mained eligible for study. Another 14 patients lacking
6-month follow-up imaging were secondarily excluded,
leaving 289 patients with 315 aneurysms for study en-
rollment (95.7% of 6-month follow-up roster). The cohort
was finally reduced to 132 aneurysms, each showing sac-
cular filling with contrast medium immediately after coil
embolization (according to the Raymond classification),
having further excluded 183 aneurysms with complete
occlusion or residual necks. Clinical and radiologic data
were analyzed to determine the fates of such aneurysms
and any factors predisposing to progressive thrombosis.
An algorithm of patient selection is shown in Fig. 1. This
study was approved by our Institutional Review Board. The
requirement to obtain written informed consent for study
participation was waived.

During this period, we used three proprietary stents at
our institution: Enterprise (Codman Neuro, DePuy Syn-
thes, West Chester, PA), Neuroform (Stryker, Kalamazoo,
MI), and Low-profile Visualized Intraluminal Support de-
vice (LVIS, MicroVention, Tustin, CA). Multiple patient
variables, including gender, age, hypertension, diabetes,
smoking, hyperlipidemia, and clinical presentation, e.g.
unruptured intracranial aneurysm (UIA) vs. subarachnoid
hemorrhage (SAH), were retrieved from medical records.
Angiographic data were also collected, namely size of
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aneurysm and neck, location (anterior vs. posterior circu-
lation), depth-to-neck ratio (D/N ratio), packing density,
and use of bioactive coils (hydrogel-modified or polygly-
colic acid/lactide copolymer-coated coils). Based on the
length of bioactive coil engaged (relative to total length of
coil inserted), aneurysms were grouped as bare (<50%)
or bioactive (>50%) coils. To reflect hemodynamic stress,
all aneurysms were classified as side-wall or bifurcation
type [9]. Ratios of both arterial branches involved were
calculated based on maximum diameter of each (side-wall
type <0.5, bifurcation type =0.5).

Endovascular Procedures

Most of the endovascular procedures were performed with
the patient under general anesthesia. All patients under-
went cerebral angiography and rotational angiography with
3D image reconstruction, using the Innova IGS 630 (Gen-
eral Electric, Wauwatosa, WI), Integris V and Allura Clar-
ity (Philips Medical System, Best, The Netherlands) bi-
plane system. Those with unruptured aneurysms received
antiplatelet prophylaxis prior to coiling in a relatively con-
sistent manner, as stipulated at our facility [10]. Dual an-
tiplatelet agents (clopidogrel and aspirin) were adminis-
tered if stent protection was anticipated during a proce-
dure. In poor responders to clopidogrel, based on the Veri-
fyNow P2Y 12 assay (Accriva Diagnostics, San Diego, CA),
cilostazol was added. A bolus of heparin (3000 IU) was
administered after femoral arterial sheath placement, de-
livering hourly boluses (1000 IU) thereafter; and activated
clotting time was monitored hourly. Dual-agent antiplatelet
medication was recommended as maintenance for at least
3 months after a procedure, and then a single agent for at
least 1 year.

Antiplatelet premedication was withheld in patients with
ruptured aneurysms, ensuring lesions were adequately pro-
tected before initiating systemic heparinization. Loading
doses of clopidogrel and aspirin were administered after
procedures, and maintenance regimens were the same as
those applied to unruptured aneurysms.

Angiographic Outcomes and Follow-up Monitoring

Using the three-point Raymond scale, immediate postem-
bolization angiographic results were graded as follows:
complete occlusion (no filling of aneurysms with contrast
medium); residual neck (any remnant of original arte-
rial wall defect); and residual sac (any opacification of
sac) [11]. To investigate progressive occlusion, this study
was restricted to aneurysms displaying persistent contrast
medium-filled sacs.

Time-of-flight magnetic resonance angiography (TOF-
MRA), with 3D reconstruction from source images, was
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[ Aneurysms treated by endovascular management (n=1652 aneurysms) 1

Aneurysms treated without stent
(n=1189)

Aneurysms treated with stent (n=463) J

7

Non-saccular aneurysms (n=43)
Recanalizaed aneurysms (n=65)
Aneurysms > 10mm (n=26)

Small-sized (<10mm) saccular aneurysm < 7mm (n=329)

Post-embolization

Residual sac filling (n=132)

y

6-month F/U

Complete occlusion (n=101)

~
| Recanalization (n=31)

Minor recanalization (n=19)

) Major recanalization (n=12)

F/U more than 12 months

Further F/U (n=57)
Mean F/U, 25.0%£10.7 months

l

No further F/U imaging (n=44)
Not due (n=33)
Follow-up loss (n=11)

v

Complete occlusion (n=56)

Fig. 1 Algorithm of patient population selected for study (#/U follow-up)

routinely recommended, to be done 6 months after coil em-
bolization. Conventional angiography was advised if post-
treatment MRA was not feasible or if recanalization was
suspected by noninvasive diagnostics (i.e. MRA), enabling
further intervention as warranted. Anatomic follow-up re-
sults were also rated by the Raymond scale as complete
occlusion or recanalization. Progressive thrombosis was
defined as complete occlusion of a sac (previously filled
with contrast medium) within 6 months post-embolization.
Likewise, TOF-MRA and/or conventional angiography
were recommended 12, 24, and 36 months after coil em-
bolization, again applying the Raymond scale to stratify
follow-up anatomic outcomes as follows: complete occlu-
sion, minor recanalization, or major recanalization. Major
recanalization, marked by residual sac flow, was grounds
for repeat embolization. Immediate angiographic results
and follow-up diagnostics were interpreted by two ex-
perienced neurointerventionists (YDC 10 years and HSK
15 years experience). In event of disagreement, a consensus

Recanalization (n=1)

Minor recanalization (n=1)
Major recanalization (n=0)

was established by a third interventional neuroradiologist
(MHH).

Statistical Analyses

Continuous data were expressed as mean+SD. The y>-test
or Fisher’s exact test and Student’s t-test were used to assess
categorical and continuous variables. All variables with p-
values <0.1 from univariable logistic regression were then
compiled for stepwise multivariable regression analysis, to
identify factors significantly associated with progressive
thrombosis. Results of the logistic regression model were
presented as odds ratio (OR), with corresponding 95% con-
fidence interval (95% CI) and p-value. Statistical signifi-
cance was set at p < 0.05. All calculations relied on standard
software (SPSS v19; SPSS, Chicago, IL).
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Results Progressive Thrombosis of Aneurysms with Contrast
Medium Sac Filling After Stent-Assisted Coil

Study Population Embolization

Of 315 small (<10 mm) saccular aneurysms treated with
the aid of stents, postembolization filling of the sac with
contrast medium was observed in 132 (41.9%) (Table 1).
Binary logistic regression analysis identified side-wall type
aneurysm (p = 0.020) and packing density (<30%) (p =
0.016) as factors significantly associated with saccular per-
sistence immediately after stent-assisted coiling. The im-
pact of bioactive coil (<50%) was marginal (p = 0.067)
and other factors, such as location or size of aneurysms,
neck size, and stent type, did not differ significantly by

group.

Table 1 Baseline characteristics of coiled aneurysms with stent

Of the 132 aneurysms with contrast medium-filled sacs af-
ter stent-assisted coil embolization, 101 (76.5%) displayed
complete occlusion (via progressive thrombosis) in 6-month
follow-up images (Fig. 2). Table 2 summarizes variables
associated with progressive thrombosis. In univarible anal-
ysis, hypertension, size of aneurysm, aneurysm neck diam-
eter, and stent type emerged as statistically significant pa-
rameters. Binary logistic regression analysis indicated that
smaller neck diameter (OR = 1.533; p = 0.003), hyper-
lipidemia (OR = 3.329; p = 0.036), and stent type (p =
0.031) independently correlated with progressive thrombo-

Variables Successful occlusion Contrast sac filling Univariate Multivariate Odds ratio
(n=183) (n=132) analysis analysis (95% CI)

Location - - 0.273 - -

Ant. circulation 164 123 - - -

Post. circulation 19 9 - - -

Presentation - - 0.762 - -

Unruptured 181 131 - - -

Ruptured 2 1 - - -

Aneurysm size - - 0.190 - -

<5mm 82 69 - - -

>5mm 101 63 - - -

Mean (mm) 55+1.8 51+1.7 - - -

Aneurysm neck - - 0.563 - -

<4 mm 91 70 - - -

>4 mm 92 62 - - -

Mean (mm) 43+14 43+1.6 - - -

Aneurysm type - - 0.003 0.020 -

Side-wall 70 73 - - 1.745 (1.090-2.793)

Bifurcation 113 59 - - -

Depth to neck ratio - - 0.152 - -

<1 36 35 - - -

>1 147 97 - - -

Mean 1.3+£04 1.2+£0.3 - - -

Bioactive coils - - 0.030 0.067 -

>50% 25 8 - - 0.468 (0.207-1.056)

<50% 158 124

Packing density - - 0.003 0.016 -

>30% 136 77 - - 0.542 (0.330-0.891)

<30% 47 55

Mean 354+89 324+78 - - -

Stent type - - 0.739 - -

Enterprise 113 82 - - -

LVIS 56 37 - - -

Neuroform 14 13 - - -

Ant anterior, Post posterior
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Fig. 2 Progressive thrombosis
in coiled aneurysms with stent.
a Baseline angiographic image
of unruptured paraclinoid ICA
aneurysm. b, ¢ and d Comple-
tion angiographic image imme-
diately after stent-assisted coil
embolization showing sac filling
with contrast edium. e Complete
occlusion of the aneurysm by
progressive thrombosis, 6-month
follow-up angiography

Table 2 Demographic and
angiographic characteristics of
aneurysms showing incomplete
occlusion after coil embolization
(N=132)

Variables Complete occlusion Recanalization p-value
(n=101) (n=31)
Clinical variables
Female 80 27 0.326
Age, years 59.5+9.7 582+11.9 0.765
Hypertension 40 19 0.034
Diabetes 10 1 0.239
Smoking 2 2 0.204
Hyperlipidemia 36 6 0.089
Aneurysmal variables
Ruptured 1 0 0.578
Anterior circulation 95 28 0.470
Bifurcation aneurysm 46 13 0.723
Depth to neck ratio (>1) 76 21 0.407
Maximum size (mm) 48+1.6 59+19 0.002
Neck size (mm) 40=x1.3 53x2.1 <0.001
Procedural variables
Stent type - - 0.003
LVIS 34 3 -
Enterprise 61 21 -
Neuroform 6 7 -
Bioactive coil (>50%) 5 3 0.334
Packing density 32.8+7.0 30.7 £ 10.2 0.192
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Table 3 Logistic regression

; . Variables QOdds ratio 95% CI p-value
model assessing the risk of
progressive thrombosis in coiled Hypertension 0.426 0.165-1.098 0.077
aneurysms with stent Hyperlipidemia 3.329 1.081-10.296 0.036
Aneurysm size 0.928 0.634-1.422 0.725
Neck diameter 0.652 0.490-0.864 0.003
Stent type - - 0.031
Enterprise 0.317 0.081-1.233 0.098
Neuroform 0.098 0.017-0.549 0.008
LVIS Reference

CI confidence interval
“p < 0.05 is significant

sis. LVIS was especially susceptible to progressive throm-
bosis, more so than Neuroform (OR = 0.098; p = 0.008) or
Enterprise (OR = 0.317; p = 0.098 [significance marginal])
stents. Hypertensive status was of borderline significance
(OR = 0.426; p = 0.077), but neither packing density nor
size of aneurysm had significant impact on progressive
thrombosis (Table 3).

During the follow-up period, postprocedural or delayed
infarction occurred in 4 patients. Among them, only one
patient was in the complete occlusion group by progressive
thrombosis, whereas three were in recanalization group.

Long-Term Follow-up of Aneurysms Showing
Progressive Thrombosis

Of the 101 aneurysms marked by progressive thrombosis,
57 (56.4%) were followed for =12 months post-emboliza-
tion. The other 44 lesions lacked the required 12-month
follow-up data (33 recently treated aneurysms <12 months
and 11 followed for 6 months only). Mean follow-up period
for this subset (n = 57) was 25.0 = 10.7 months (median,
18 months). At last follow-up imaging, complete occlu-
sion was documented in 56 aneurysms (98.2%) and residual
neck (minor recanalization) in only 1 (1.8%). There were
no instances of major recanalization.

Discussion

In coil embolization of intracranial aneurysms, complete
occlusion is a critical goal. Despite advances achieved in en-
dovascular techniques, incomplete occlusion is nevertheless
a common feature of immediate posttreatment angiographic
studies. According to other sources, 38—64% of aneurysms
subjected to coil embolization show incomplete occlusion
in the immediate treatment aftermath [12—16], which is an
important risk factor for recanalization or rebleeding [12,
15, 17]; however, some lesions that are incompletely oc-
cluded initially may undergo progressive thrombosis during
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the course of monitoring, and this particular phenomenon
has been well documented.

Various factors have been implicated in the filling of
sacs with contrast medium immediately postembolization.
Gallas et al. [18] have reported that aneurysm size impacts
initial occlusion of coiled aneurysms, as have Songsaeng
et al. [19], who cited favorable initial treatment outcomes
in small-sized aneurysms of posterior communicating artery
with sac-to-neck ratios <2mm. Cho et al. [1] also linked
small size (<4 mm), absence of rupture, wide necks (depth-
to-neck ratio <1), and non-branching sites with incom-
plete occlusion seen immediately posttreatment by angiog-
raphy. In the current study, side-wall type aneurysms and
low packing density (<30%) emerged as significant fac-
tors in sacs persisting immediately after stent-assisted coil-
ing. Such procedures generally call for jailing and trans-
cell techniques to achieve saccular coiling, both techniques
being more difficult in side-wall aneurysms due to poor
microcatheter control. Should packing of coil through jail-
ing prove unsatisfactory, owing to suboptimal microcatheter
position (compressed by stent), trans-cell selection may
be equally problematic. These issues are particularly trou-
blesome if paraclinoid internal carotid artery is involved.
Side-wall aneurysms thus seem prone to incomplete occlu-
sion immediately after stent-assisted coiling. Furthermore,
Griessenauer et al. [20] reported higher rates of complete
occlusion in aneurysms with high packing density (vs mod-
erate or low packing density) in stent-assisted coiling. In an
earlier publication by Cho et al., small neck size (<4 mm)
and high coil packing density (>30%) were identified as sig-
nificant factors with respect to progressive thrombosis [1].
The current analysis also showed that smaller neck diameter
(OR = 1.533; p = 0.003) independently correlated with pro-
gressive thrombosis. Similarly, Lee et al. [21] demonstrated
that aneurysms with very small necks (2-3 mm) culminate
in homogeneous intraluminal thrombosis, whereas exces-
sive flow in wide-neck aneurysms disrupts the hemodynam-
ics, hampering thrombosis. In our series, coil packing den-
sity was found to be significant in progressive thrombosis
by univariable analysis, but not in binary logistic regression.
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After stent placement in coil embolization, a dual an-
tiplatelet maintenance regimen (clopidogrel and aspirin) is
usually continued. Clopidogrel is a prodrug metabolized
by hepatic cytochrome P450 enzymes, primarily the 2¢19
and 3A4 isoforms, producing an active thiol metabolite
that inhibits platelet aggregation. Several ex vivo studies
have found that CYP3A4-dependent statins diminish the
antiplatelet activity of clopidogrel by reducing its metabolic
activation [22-25]. A study of 2927 patients revealed that
combined use of clopidogrel and atorvastatin after coro-
nary stenting imposed a 1.65-fold increase in relative risk
for major adverse cardiovascular events, relative to clopi-
dogrel without atorvastatin [26]. Kang et al. likewise docu-
mented that patients with hypercholesterolemia were at in-
creased risk of thromboembolism after aneurysmal coil em-
bolization [27]. In our study population, almost all patients
with hyperlipidemia (40/42, 95.2%) took statins, whereas
only 11 patients among 90 non-hyperlipidemic patients took
statins due to other medical conditions (p < 0.001). In our
binary logistic regression analysis, hyperlipidemia (OR =
3.329; p = 0.036) displayed significance as a factor in pro-
gressive intra-aneurysmal thrombosis of coiled aneurysms
with stents. In addition, statins had marginal significance
in univariate (p = 0.075) and multivariate analysis (0.090)
(see Supplemental Table). On the other hand, no substantial
adverse events were associated with co-administration of
lipophilic statins and clopidogrel in several major (CREDO,
CHARISMA and PROVE IT-TIMI) cardiovascular trials
[28-30]. Although opinions may vary on the interaction of
clopidogrel with statins, their co-administration might pro-
mote progressive saccular thrombosis in treated aneurysms.

Another issue in the setting of progressive postemboliza-
tion thrombosis is stent usage. In one meta-analysis, stent-
assisted coiling yielded a significantly higher rate of pro-
gressive thrombosis, compared with coiling only (29.9%
vs. 17.5%) [31]. Yao et al. [32] have shown that although
rates of successful occlusion immediately after coil em-
bolization were lower with stent-assisted coiling, the rate of
subsequent improvement during follow-up monitoring was
significantly higher with stenting. Indeed, Jeon et al. [33]
have used propensity score analysis to underscore that stent
deployment may promote progressive intra-aneurysmal
thrombosis in incompletely occluded lesions. The stents
are thought to divert saccular flow, inducing stasis and
eventual thrombosis. In addition, stents may offer a scaf-
fold to promote endothelialization and isolate aneurysms
from parent arteries. Given these factors, higher rates of
progressive thrombosis may be anticipated during follow-
up periods in coiling procedures with (vs. without) stent
assistance.

The types of stents used in this context have also
been examined. In various studies, 52-81% of coiled
aneurysms with Neuroform stents deployed have later re-

sulted in progressive thrombosis [34—37]. Lubicz et al. [38]
have also determined that 53% of coiled aneurysms using
Leo (14 aneurysms) and Enterprise (20 aneurysms) stents
showed further thrombosis, displaying complete occlusion
at 12 months. In addition, Cho et al. [39] have reported
55 aneurysms treated by LVIS-assisted coil emboliza-
tion, with neck remnants (n = 37) and residual sacs (n =
10) persisting immediately thereafter. Progressive saccular
obliteration was observed in 91.3% (42/46) at 6 months,
although 1 patient lacked follow-up imaging; however,
none of these studies properly addressed stent differences
with respect to progressive thrombosis.

In terms of direct stent comparisons, despite the dif-
ference in the definition of progressive thrombosis, Durst
et al. [40] recorded rates of 47% and 37% for progres-
sive thrombosis with use of Enterprise and Neuroform
stents, respectively, whereas a significantly higher rate of
progressive thrombosis was achieved by Ge et al. using
LVIS (33.3%) rather than Enterprise (14.3%) stents [41].
In our hands, rates of progressive thrombosis were 91.9%
for LVIS, 74.4% for Enterprise, and 66.7% for Neuro-
form stents. Thus, LVIS stents proved highly susceptible
to progressive thrombosis, more so than Neuroform (OR =
0.098; p = 0.008) or Enterprise (OR = 0.317; p = 0.098)
stents. It may be that individual stent characteristics (type,
cell size, degree of metal coverage, etc.) account for these
differences. The LVIS stent is a braided, closed-cell stent
that offers a high degree of metal coverage (~23%), much
denser than that incorporated in more conventional En-
terprise and Neuroform (8-11%) stents [42]. Also, the
Enterprise stent is a closed-cell design, unlike the open-cell
Neuroform stent.

The long-term durability of progressively occluded
aneurysms treated by stent-assisted coiling seems to be ex-
cellent. In our series, only one aneurysm (1.8%) displayed
minor recanalization, and no instances of major recanal-
ization occurred. Cho et al. [1] have encountered a 6.1%
rate of recanalization (minor, 3.3%; major 2.8%) during
long-term follow-up (mean, 31.9 + 7.6 months) in progres-
sively occluded aneurysms. Such excellent durability may
a consequence of stenting. Jeon et al. [43, 44] have like-
wise confirmed that stent deployment confers a protective
effect, preventing recanalization in completely occluded or
minimally recanalized aneurysms at 6-month follow-up.

Limitations of this study include its nonrandomized, ret-
rospective, and observational design, applying TOF-MRA
(per institutional protocol) to follow patients shortly af-
ter coil embolization, without baseline MRA imaging. Al-
though some studies have shown the feasibility of TOF-
MRA in evaluating occlusion of aneurysms, using digital
subtraction angiography (DSA) as reference [45, 46], the
degree of recanalization may be impugned by stent-induced
artifact. Another limitation is the potential for bias in choice
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of stent, which was weighed individually. Ultimately, only
large-scale prospective studies will provide needed clarifi-
cation.

Conclusion

A

majority of small saccular aneurysms incompletely oc-

cluded after stent-assisted coil embolization will eventually
thrombose in the course of time. Factors predisposing to
progressive intra-aneurysmal thrombosis include hyperlipi-
demic states, smaller neck diameter, and LVIS deployment.
The progressive occlusion of aneurysms that stenting con-
fers promises excellent long-term durability.

Conflict of interest J.W. Lim, J. Lee and Y.D. Cho declare that they
have no competing interests.
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