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Abstract

Background

Tight coil packing with density of at least 20%–25% is known to be important for preventing

recanalization after embolization of cerebral aneurysms. However, large aneurysms some-

times recanalize regardless of the packing density, suggesting that the absolute residual

volume which is determined by aneurysm volume and packing density may be more impor-

tant risk factor for recanalization. To validate this hypothesis, we analyzed the factors affect-

ing the outcomes of treated aneurysms at our institute.

Methods and Findings

We included 355 small and large aneurysms. The following six factors were obtained from

every case: aneurysm volume (mL), neck size (mm), packing density (%), residual volume

(mL), rupture status at presentation, and stent assistance (with or without stent). The data

were then subjected to multivariate logistic regression analysis to identify significant risk fac-

tors for recanalization. Recanalization occurred in 61 aneurysms (17.2%). Significant pre-

dictors for recanalization were aneurysm volume (odds ratio, 15.3; P < 0.001) and residual

volume (odds ratio, 30.9; P < 0.001), but not packing density (odds ratio, 0.98; P = 0.341).

These results showed that for each 0.1-mL increase in aneurysm volume and residual vol-

ume, the risk of recanalization increased by 1.3 times and 1.4 times, respectively.

Conclusions

The most influential risk factor for recanalization after coil embolization was residual vol-

ume, not packing density. The larger the aneurysm volume, the greater the packing density

has to be to minimize the residual volume and risk of recanalization. Since tight coil packing

has already been aimed, further innovation of coil property or embolization technique may

be needed. Otherwise, different treatment modality such as flow diverter or parent artery

occlusion may have to be considered.
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Introduction
Marked progress has been made in the endovascular treatment of cerebral aneurysms since the
1990s. However, recanalization continues to occur in the follow-up period after endovascular
embolization. For over 10 years, it has been reported that it is important to pack coils as tightly
as possible to avoid recanalization, with evidence that incomplete embolization is a major risk
factor for recanalization [1–3]. A useful numerical index for evaluating the tightness of coil
embolization is the packing density (PD), which is calculated as coil volume divided by aneu-
rysm volume (AV) expressed as a percentage and low PD is reported to raise the risk of recana-
lization [4–10].

However, we have often seen recanalization especially in large aneurysms even with rela-
tively high PDs. Therefore, we hypothesized that the absolute value of the residual volume
(RV) of the aneurysm sac which is a composite variable of PD and aneurysm volume may be
a more important risk factor for recanalization after coil embolization than the PD. This is
because as the aneurysm becomes larger, so too does the absolute RV, even if the PD is equal.
When there is large residual space, coils may move into the residual space resulting in coil com-
paction as well as the rarity of progression of thrombosis in the interstices of coil loops.

To assess the validity of our hypothesis, we retrospectively analyzed the influence of PD,
RV, and other possible factors on the occurrence of aneurysm recanalization at our institute.

Materials and Methods

Patients
We reviewed the medical records, angiograms, and follow-up studies of 508 consecutive
patients with 551 aneurysms treated by endovascular surgery at our institute between 2006 and
2012. The following cases, for which PD data and/or AV were unavailable, were excluded from
the analysis: retreatments, parent artery occlusions, partially thrombosed aneurysms, and
extrasaccular coils due to procedural rupture or protrusion to the parent artery. We also
excluded cases without follow-up DSA or MRA from 1 year after the embolization. Three cases
of giant aneurysms (>25 mm in diameter) were also excluded, because most giant aneurysms
tend not to be indicated for endosaccular embolization and undergo parent artery occlusion
instead. Consequently, endosaccular embolization of giant aneurysms is reserved for the very
old or for prevention of re-rupture after a subarachnoid hemorrhage. Finally, 355 aneurysms
were included from 341 patients.

The study was approved by the Ethics Committee of the Fujita Health University (Approval
number: HM 14–125). Written informed consent for the use of their clinical records was not
obtained but the study was informed in our institutional home page and opt-out policy was
clarified. All the patient records/information were anonymized and de-identified prior to the
analysis.

Angiography and endovascular surgery
Diagnostic angiography was performed with a 4-French catheter before starting endovascular
surgery. Aneurysm diameter, neck width, and volume were measured on volume-rendered
three-dimensional angiogram images, using the default setting on a workstation (Philips Medi-
cal Systems, Best, the Netherlands). The detailed method of three-dimensional angiography
and the measurements taken have been described previously [11].

A balloon-assisted technique was primarily employed for endosaccular embolization. A
double-catheter technique was occasionally employed in conjunction with balloon remodeling
for irregularly shaped aneurysms with multiple domes or for large aneurysms. Since September
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2010, stent treatment has been available for aneurysms at our institute. Therefore, it was used
in some highly selected cases, such as fusiform aneurysms and wide-necked aneurysms, for
which the balloon remodeling technique was ineffective.

When selecting coils for large- or middle-sized aneurysms (diameter>7–8 mm), we opted
for thicker coils (diameter 0.0135–0.015 inches) to raise PD, followed by thinner coils for filling
and finishing. Small aneurysms (diameter<5–6 mm) tended to be embolized with thinner
coils.

The coil volume was calculated using the equation: coil volume (V) = π[p/2]2L, where L rep-
resents the coil length and p represents the primary coil diameter. PD was calculated as follows:
PD = [coil volume / AV] × 100%. A PD of 20% was set as the minimum requirement for satis-
factory embolization, and was recalculated every time a coil was inserted. To achieve a PD that
was as high as possible, coiling was continued until the microcatheter came completely out of
the aneurysm.

Follow-up DSA was done 1 year after the embolization in most cases. An MRA and plain
skull X-ray were performed within 1 month after treatment and every 6 months. When recana-
lization was suspected, DSA was done to evaluate if there was any indication for retreatment.

Data collection and statistical analysis
Recently, some factors other than PD have been reported to be associated with recanalization
and among these factors, large aneurysm size (including volume), immediate postembolization
results, ruptured aneurysm, and large neck width are most often reported as significant
[3,7,12–24].

The following aneurysm-related data (Table 1) were collected from the medical records
together with repeat measurements from 3D-DSA images: rupture status at presentation (rup-
tured or unruptured), AV (mL), PD (%), postembolization RV (RV: AV [1–PD/100], mL),
neck width (mm), and stent (used or not). We defined recanalization as any increased filling in
the aneurysm, any change to the worse over time compared with the postoperative angiogra-
phy result. Follow-up DSA was reviewed and compared directly with initial postoperative
images to dichotomize the recanalization status as absent or present based on the consensus of
two experienced neuroendovascular surgeons (A.S. and M.H.), without prior knowledge of the
rupture status, aneurysm volume, neck width, and initial packing density.

The aneurysm-related data (Table 1) were input as variables in stepwise multivariate regres-
sion analyses and complete regression analyses to assess the risk factors for recanalization.

Given that the AV, PD, and RV tend to be closely related, with one of the three factors being
calculated from the other two, they were divided into two analyses. The first analysis included

Table 1. Baseline characteristics of 355 aneurysms.

All aneurysms (N = 355) No recanalization (N = 294) With recanalization (N = 61) P-value

Ruptured 39 (11.0) 27 (9.2) 12 (19.7) 0.017

Stented 28 (7.9) 23 (7.8) 5 (8.2) 0.922

Neck width (mm) 3.93 (1.77) 3.70 (1.56) 5.06 (2.27) < 0.001

Aneurysm volume (mL) 0.199 (0.336) 0.138 (0.204) 0.492 (0.599) < 0.001

Packing density (%) 20.97 (5.83) 21.20 (5.59) 19.86 (6.80) 0.151

Residual volume (mL) 0.159 (0.277) 0.109 (0.162) 0.400 (0.502) < 0.001

Values are mean (SD) or count (%) for continuous or categorical variables respectively. P-value refers to no recanalization versus with recanalization

comparison. Unpaired t-test, or chi-square test for continuous or categorical variables, respectively.

doi:10.1371/journal.pone.0155062.t001
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five variables, excluding RV. In the second analysis, four variables were included, with AV and
PD excluded. After each stepwise logistic regression analysis, complete multivariate regression
analyses were done with the remaining variables to identify their odds ratios (ORs) and 95%
confidence intervals (CIs) in the most predictive logistic models. In the stepwise regression
analyses, the model with the smallest AIC (Akaike information criterion) was evaluated as the
most predictive model [25]. All statistical analyses were done using Systat, Version 13 (Systat
Software Inc. San Jose, CA, USA), and a P-value of<0.05 was considered to indicate statistical
significance.

Results
According to the follow-up data for the 355 included aneurysms, 294 were stable and 61
(17.2%) showed recanalization. Retreatment was performed for 28 aneurysms (7.9%). The
baseline characteristics of 355 aneurysms were shown in Table 1. Among the six factors, neck
width, AV, and RV were significantly larger in recanalized group (t-test). Mean follow-up
length was 37 ± 21 months (range 12~112 months) for all 355 aneurysms. There was no signifi-
cant difference in follow-up length between the stable and recanalized group; 37 ± 21 months
and 36 ± 22 months respectively. The timing of diagnosis of recanalization in 61 aneurysms
was 12.2 ± 4.7 months (range 6~36, median 12 months).

In the first stepwise regression analysis with five variables excluding RV (i.e., AV, PD, rup-
ture status, stent or not, and neck width), the most predictive regression model for recanaliza-
tion included AV and rupture status but not neck width. These two factors were therefore
input in the complete regression analysis. However, we also included PD because we wanted
to identify the significance of PD and RV in predicting recanalization. Regression analysis
(Table 2) showed that AV was a significant predictor of recanalization (OR = 15.3, 95%
CI = 5.53–42.06; P< 0.001), but that PD was not (OR = 0.98, P = 0.341).

In the second stepwise regression analysis of four variables (i.e., RV, rupture status, stent or
not, and neck width), the most predictive regression model for recanalization included RV and
rupture status. Complete regression analysis with these two factors revealed that RV was a sig-
nificant predictor of recanalization (OR = 30.9, 95% CI = 0.92–5.22, P< 0.001) (Table 3). Rup-
tured aneurysms also had a tendency to recanalize (OR = 2.2, P = 0.07).

Finally, we calculated that for each 0.1-mL increase in the RV, the risk of recanalization
increased by 1.4 times. Likewise, for each 0.1-mL increase in the AV, the risk of recanalization
increased by 1.3 times. So, in the pre-embolization condition, AV is a main predictor of recana-
lization and then, in the post-embolization condition, the risk may be lowered by decreasing
RV with high packing ratio.

Table 2. Multivariate logistic regression analysis with five variables (packing density, aneurysm volume, neck, stent, and ruptured aneurysm).

Risk factors Regression coefficient Odds ratio 95% CI P-value

Ruptured aneurysm 0.798 2.222 0.934–5.287 0.071

Packing density (%) −0.025 0.975 0.926–1.027 0.341

Aneurysm volume (mL) 2.725 15.259 5.536–42.061 <0.001

doi:10.1371/journal.pone.0155062.t002

Table 3. Multivariate logistic regression analysis with four variables (residual volume, neck, stent, and ruptured aneurysm).

Risk factors Regression coefficient Odds ratio 95% CI P-value

Ruptured aneurysm 0.787 2.196 8.614–110.757 0.075

Residual volume (mL) 3.43 30.887 0.924–5.221 <0.001

doi:10.1371/journal.pone.0155062.t003
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Discussion
Several reports have investigated various clinical and morphological risk factors to identify
whether they are independent predictors of recanalization after embolization. However, despite
the use of multivariate analyses, the results of these studies have varied. Significant factors in
these reports have included large aneurysm size, aneurysm rupture, incomplete occlusion on
two-dimensional postembolization angiogram, neck width, absence of a stent, low PD, poste-
rior circulation aneurysm, and longer follow-up times [3, 7, 12–24]. Among these factors, large
aneurysm size (including volume), immediate postembolization results, ruptured aneurysm,
and large neck width are most often reported as significant. However, some negative reports
have cast doubt over some of these dominant candidates [13, 26].

Regarding PD, there is presently no consensus as to whether it is a predictor of recanaliza-
tion. Although PD has been shown to be a significant prognostic factor by univariate analysis
[4–10], some negative reports exist [12, 27]. Unfortunately, majority of recent studies that have
employed multivariate analyses did not include PD as a variable [3, 13, 14, 16, 17, 19–22, 24].
This is possibly because calculation of PD requires additional information that can be difficult
to collect without a defect (e.g., the volume of the aneurysm and of each implanted coil).
Another important reason may be that PD theoretically has a strong correlation with the post-
embolization results on two-dimensional angiography (complete occlusion, neck remnant, and
body filling), meaning that it should be excluded from multivariate analysis.

The RV, or the absolute value of residual space of the aneurysm, has not been considered a
candidate risk factor in previous studies. We chose this as a candidate because we have occa-
sionally experienced recanalization despite a relatively high PD of over 25%, especially in large
aneurysms. Therefore, we hypothesized that the RV which is a composite variable of PD and
aneurysm volume may be more important than the ratio of packing alone.

In an embolization procedure, PD is a useful numeric indicator of the packing tightness.
However, our study clarified that RV, and not PD, was a significant predictor of recanalization.
Given that RV is a composite variable of AV and PD, the larger the aneurysm, the tighter the
goal should be set for packing to achieve small RV.

Considering the mechanical properties of available coils, a certain amount of residual space
may remain between coil loops, even when they are packed as tightly as possible. Some in vitro
studies using different types of coil with silicon or glass aneurysm models have shown that
maximum PD is between 30% and 55%, but that it is less than 40% in most cases [28–31].
Therefore, in large aneurysms above a certain volume, RV inevitably enlarges and makes recan-
alization unavoidable and different treatment modality such flow diverter or parent artery
occlusion may have to be considered.

Sluzewski et al. analyzed 145 aneurysms dividing them into 3 groups; those with a volume
smaller than 100 mm3, between 100 and 600 mm3, and larger than 600 mm3 which is corre-
sponding to a sphere of 10.4 mm in diameter [7]. In aneurysms with the volume> 600 mm3,
packing density was low (mean 16.7%) and coil compaction frequently occurred with more
than 80% of occurrence. There was no compaction in aneurysms with a packing of 24% or
more, and aneurysms with packing between 20 and 23.9% did not compact when aneurysm
volume was smaller than 200 mm3. Thus, their finding may suggest positive correlation
between aneurysm volume and minimum requirement of packing density to avoid compac-
tion, although high packing density was hard to achieve in their large aneurysms. In our cases,
recanalization occurred in some aneurysms even with a packing density of 24% or more.
Among 61 recanalized aneurysms, packing density was 24% or more in 15 aneurysms, different
from their cases. But our results of statistical analysis seemed to correspond with their finding
that higher packing density was required to avoid recanalization in larger aneurysms.

Risks for Recanalization of Aneurysm Embolization

PLOS ONE | DOI:10.1371/journal.pone.0155062 May 6, 2016 5 / 8



AV and rupture status has already been identified as a significant risk factor for recanaliza-
tion in previous studies [3, 7, 12, 18, 21, 22]. Our results are consistent with those findings.
Our regression model suggested that the risk of recanalization increased by 1.3 times for each
0.1-mL increase in the AV. An example of 0.1-mL difference in the AV is the difference
between a 9 mm sphere and 9.8 mm sphere (0.11 mL). Therefore, in large aneurysms, the risk
of recanalization markedly increases as the diameter increases by 1 mm.

Although stenting has also been shown to protect against recanalization [19, 22], an absence
of the protective effect has also been reported [20]. Consistent with this, our result was negative
for stenting, possibly because most of the aneurysms we treated were small and treated before
stents became routinely available in our country. Therefore, a relatively small number of cases
were treated with stenting. Since September 2010, stents have become available for aneurysm
treatment in our country; and in October 2012, our institute also changed the DSA machine to
a different company’s one together with a software imaging workstation. As the method of col-
lecting numerical data (e.g., AV and neck measurement) should be same in all aneurysms, we
included all cases treated before the new DSA workstation was introduced. Therefore the cases
treated with stent were limited in number (i.e., those treated between 2010 and 2012), and we
recognize the need for a separate study that includes the influence of stenting in the future.

To date, reports evaluating recanalization have employed various methods to classify the
degree of recanalization. Some authors have defined minor and major recanalization by the
need for retreatment [3, 14, 18], while the majority of authors have considered recanalization
to be any increased flow in comparison with the initial postembolization status [1, 12, 13, 17,
24]. In this study, we first tried to classify follow-up imaging into four categories: stable, minor
compaction without the need for retreatment, major compaction with the need for retreatment,
and recanalization with regrowth. We also tried to combine these categories in various ways to
see if the differences affected the analyses, but found that the statistical analyses produced com-
parable results independently on the classification used (data not shown). However, because
the number of aneurysms in each classification category was reduced by this process, we chose
to employ a simple two-category classification—stable versus any increased flow—consistent
with that used in the majority of previous studies.

The limitations of this study are its retrospective nature and the limited number of variables
analyzed. In addition, only 71% of aneurysms in which all six independent variables were
obtained were subjected to the analysis. This was because follow-up imaging was not always
done at 1 year, especially for patients with ruptured aneurysms who were transferred to sepa-
rate institutes for rehabilitation or for patients with unruptured aneurysms who were referred
from distant hospitals. In addition, other location and other morphological factors were not
included in this study. For location, the number of aneurysms in each location was too small to
obtain significant results. Concerning the other morphological factors, we considered including
the aspect ratio and dome—neck ratio, but omitted them because of their correlation with neck
size, which was considered sufficient for use as a morphological factor. Different from some
other studies [14, 16, 18], we found that neck size was not a significant predictor of recanaliza-
tion in the multivariate analysis. However, this does not preclude the possibility that if a mor-
phological factor is found that better reflects hemodynamic stress on the embolized aneurysm,
it might show a significant influence on the rate of recanalization.

Conclusions
RV after coil embolization which is a composite variable of PD and aneurysm volume was the
most influential risk factor for recanalization. It is not adequate to set a fixed PD value as the
goal of embolization. Indeed, the larger the AV, the greater the PD has to be to minimize the
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RV and risk of recanalization. Since tight coil packing has already been aimed universally, fur-
ther innovation of coil property or embolization technique may be needed to achieve still
greater PD such as coil softness, size of primary coil, and routine use of multiple catheters. Oth-
erwise, different treatment modality such as flow diverter or parent artery occlusion may have
to be considered.
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