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A B S T R A C T

Objective: Endovascular treatment is the mainstay therapy for brain aneurysms. About 15% of patients need re-
treatment within six months due to early recanalization. In this study, we investigate risk factors associated
with treatment failure.
Methods: This retrospective cohort study includes endovascularly treated aneurysm cases between July 2012 and
December 2015 at the University of California Davis Medical Center with pre-treatment and early post-treatment
imaging. Thin cut 3D aneurysm volume rendering was used for morphologic analyses. Univariate and bivariate
analyses were conducted to evaluate differences between patients and clinical factors by treatment failure.
Results: Of the 50 patients who met the inclusion criteria, 41 (82.0%) were female, with an average age of 61
years. Most aneurysms were on the anterior communicating artery (40%) or posterior communicating artery
(22.0%), and 34 (68%) aneurysms were ruptured. Early treatment failure was observed in 14 (28.0%) of endo-
vascularly treated patients. Raymond-Roy class (RRC) was significantly associated with treatment failure (p ¼
0.0052), with 10 out of the 14 cases (71.4%) with early recanalization having an RRC of 3. Coil packing density
did not associate with aneurysm recanalization (p ¼ 0.61).
Conclusion: In our single institution series, patient characteristics, aneurysm characteristics, or coil packing density
did not affect early aneurysm recanalization. RRC was the best predictor of early recanalization; however, further
confirmation with additional studies are required. Although this study focused on early treatment failure, late
recanalization has been shown with longer follow up. Further investigation into factors associated with late
treatment failure will need further investigation. New intrasaccular devices and flow diverters will also likely play
a role in reducing recurrence in the future as these treatments gain usage.
1. Introduction

Brain aneurysms are the most common pathology in cerebrovascular
surgery with an annual incidence of 50 per 100,000 patient-years [1].
About 3% of the population harbors a brain aneurysm [2]. Aneurysmal
subarachnoid hemorrhage affects 8–10 per 100,000 patients with a
mortality of 30–40% despite major advancements in our technology.
Endovascular treatment of ruptured cerebrovascular aneurysms became
the mainstay therapy after publication of the International Subarachnoid
Aneurysm Trial (ISAT) [3, 4]. In a major shift over the last decade,
ruptured aneurysms are currently coiled as frequently as they are clipped
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[5, 6]. At the same time, up to 70% of unruptured aneurysms are treated
with coiling as the first line therapy [7].

At least 15% of patients who undergo endovascular therapy have
remnant or recurrent aneurysms requiring re-treatment [8]. As a result,
many institutions routinely perform diagnostic cerebral angiograms or
3D-Time of Flight (TOF) Magnetic Resonance Angiography (MRA) at 3–6
months to diagnose early recanalization [9]. Identifying risk factors
associated with treatment failure is an important topic of evolving
research. Recognizing such factors could help categorize patients based
on the possibility of recanalization after aneurysm coiling. This would
help guide the discussion on treatment options, individualize follow-up
r 2020
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Figure 1. Determining Volume and Neck Surface Area of the Aneurysm. For volume measurements aneurysm walls were marked and volume was generated as a
region of interest and expressed in mm3 (Figure 1A). Neck surface area was calculated after measuring neck width in the best projection as described in Figure 1B.
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imaging intervals, and reduce costs. Several factors have been correlated
with increased risk for treatment failure, namely aneurysm volume, re-
sidual uncoiled volume, coil packing density, and Raymond-Roy classi-
fication (RRC) [10, 11, 12]. These metrics rely on the accuracy of
aneurysm volume estimation, which considering the complex and varied
shapes of aneurysms, often requires careful assessment rather than a
simple formulaic calculation [13]. Previous models have used aneurysm
diameter or packing density calculated by a formula to assess recanali-
zation [14, 15]. However, it is unknown how 3D volumetric measure-
ments affect the risk of recanalization. In the current study, we
incorporate a thin cut three-dimensional aneurysm volumetric mea-
surement to investigate risk factors of recanalization. We consider both
modifiable and non-modifiable risk factors for treatment failure. Identi-
fying modifiable risk factors may help optimize patient selection, surgical
planning, and decrease the healthcare utilization of these patients.
2

2. Methods

2.1. Patient selection criteria

We retrospectively reviewed patients that underwent endovascular
treatment for aneurysm between July 1st, 2012 and December 31st, 2015.
The UC Davis Institutional Review Board approved the study (IRBNet ID:
516055-3). We selected patients that had a preoperative computed to-
mography angiography (CTA) and follow up vascular imaging (diag-
nostic cerebral angiogram or MRA) between 3 and 6 months post-
embolization. Variables selected for review were patient age, history of
hypertension, smoking history (patients who quit more than 10 years
earlier were considered ‘non-smokers’), aneurysm location and volume,
rupture status, diameter of coils, and percentage of stent metal coverage
area.
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2.2. Aneurysm coiling and Raymond-Roy grading

Two senior authors performed treatments, supervised grading of the
aneurysm coiling, and calculation of coil packing density. The coils used
were Cerecyte (now Cerenovus, Johnson&Johnson, New Brunswick, NJ),
Axium (Medtronic, Minneapolis, MN) and Stryker Neurovascular (Kala-
mazoo, MI). RRC grading was performed according to previous research
[16]. We defined treatment failure as a Raymond-Roy class 3 aneurysmal
remnant visualized on follow-up imaging after 3–6 months.

2.3. Measurement of aneurysm volume and coil packing density
calculations

For the most accurate aneurysm volume measurement, a high-
definition technique was employed as described previously [17]. Aneu-
rysm measurements were captured on Digital Imaging and Communi-
cations in Medicine (DICOM) reformatted images uploaded to HOROS
software (horosproject.com) as described in Figure 1A. For volume
measurements, aneurysm walls were marked, and volume was generated
as a region of interest and expressed in cubic millimeters (mm3). Neck
surface area was calculated after measuring neck width in the best pro-
jection as described in Figure 1B. Coil packing density was calculated via
AngioCalc based on the aneurysm volume generated as described above
and the coils used in each procedure (http://www.angiocalc.com
/percent_volume.php).

2.4. Statistical analysis

Univariate and bivariate analyses were conducted to evaluate dif-
ferences between patients who experienced treatment failure versus
those that did not. Chi-square and Wilcoxon signed-rank tests were used
to evaluate differences between the comparison groups for categorical
and continuous variables, respectively. We calculated the Area Under the
Curve (AUC) to evaluate the model performance for each individual
variable considered in predicting the outcome of treatment failure. All
tests were 2-sided and p-values <0.05 were concluded statistically sig-
nificant. Analyses were performed with SAS software, version 9.4 (SAS
Institute, Cary, NC, USA).

3. Results

3.1. Cohort

Between July 2012 and December 2015, 106 aneurysms in 101 pa-
tients were treated endovascularly at our institution. Patients without
preoperative CTA or follow-up imaging within 3–6 months were
Table 1. Cohort characteristics.

Variables

Female

Mean age (range)

Aneurysm location

Anterior communicating artery

Posterior communicating artery

Ophthalmic artery

Superior Hypophyseal artery

Basilar tip

Other*

More than one aneurysm

Ruptured

Smoking

Hypertension

* Superior Cerebellar (1), ICA terminal (1), PICA (2), Pericallosal (1).
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excluded (Table 1). A final cohort of 50 patients were included in this
study. The median age of our cohort was 61 years old (range 41–91
years). Most patients were females (82%) with ruptured aneurysms
(68%). Aneurysms were located most frequently at the anterior-
communicating artery complex (40%), followed by posterior communi-
cating artery complex (22%) and basilar tip (18%). The remaining an-
eurysms were located as shown in Table 1.

3.2. Patient characteristics correlating with aneurysm treatment failure
rates

Univariate analysis identified that age greater than 60 years is asso-
ciated with a non-statistically significant lower chance of treatment
failure. Non-failure patients had a mean age of 62 years old (SD � 11.2)
as compared to the treatment-failure group which had a mean age of 57
(SD � 9.3), p ¼ 0.051. Smoking history (p ¼ 0.179), sex (p ¼ 0.414), and
history of hypertension (p ¼ 0.746) were not associated with increased
risk of treatment failure (Table 2).

3.3. Aneurysm characteristics and treatment techniques effect on treatment
failure rates

We strived for the most accurate quantification of aneurysm pa-
rameters. Thin-slice DICOM images were used for the best accuracy.
Aneurysm volume was generated as a region of interest (ROI) after
marking contrast enhancing areas in each slice and was expressed in
mm3 (Figure 1A). Neck surface area was calculated after measuring
neck width in the best projection as described in Figure 1B. Multiple
aneurysm dimensions and post-treatment characteristics were studied
in association with treatment failure rates (Table 3). RRC of the
aneurysm was found to be the strongest predictive factor for aneu-
rysm treatment failure (p ¼ 0.005). None of the aneurysms with an
RRC of 1 showed treatment failure on initial follow up imaging.
Aneurysms with an RRC of 2 and 3 showed treatment failure rates of
28.6% and 71.4%, respectively. Aneurysm volume approached statis-
tical significance in this analysis. Aneurysms that recanalized were 2.5
times the mean volume of non-recanalized aneurysms (289.5 vs.
117.9; p ¼ 0.096). Other aneurysm characteristics, such as rupture
status, height, largest diameter, presence of a major vessel originating
at the neck of the aneurysm, neck surface area, and the volume to
neck surface ratio were not significant (Table 3). Endovascular tech-
niques, including packing density, use of 18-diameter framing coils,
and stent-assisted techniques did not correlate with treatment failure.
Coil packing density was 14.9% (SD � 8.1) vs. 16.7% (SD � 22.3) in
the treatment to non-treatment failure groups respectively (p ¼ 0.61).
Stents or flow diverters were used in 28.6% vs. 25% in the treatment
N (%)

41 (82)

61 (41–91)

20 (40)

11 (22)

2 (4)

3 (6)

9 (18)

5 (10)

2 (4)

34 (68)

15 (30)

34 (68)

http://horosproject.com
http://www.angiocalc.com/percent_volume.php
http://www.angiocalc.com/percent_volume.php


Table 2. Cohorts characteristics by treatment failure.

All patients Treatment Failure p value

Yes No

Number of patients (%) 50 14 (28.0) 36 (72.0)

Age at symptom onset, years 0.051

mean (SD) 60.6 (11.0) 56.1 (9.3) 62.3 (11.2)

median (IQR) 61 [52–66] 57 [50–61] 62 [54–67]

Male, N (%) 9 (18.0) 1 (7.1) 8 (22.2) 0.4138

Smoking, N (%) 15 (30.0) 2 (14.3) 13 (36.1) 0.1787

Hypertension, N (%) 34 (68.0) 9 (64.3) 25 (69.4) 0.7455

Table 3. Aneurysm characteristics and treatment results.

Variable All Patients Treatment Failure

yes no p value

Ruptured Aneurysm, N (%) 34 (68.0) 11 (78.6) 23 (63.9) 0.5012

Maximum height (mm) 0.2577

mean (SD) 6.2 (3.1) 7.0 (3.7) 5.9 (2.8)

median (IQR) 5.6 [4–7] 6 [4–7] 5 [4–7]

Biggest diameter (m2) 0.2362

mean (SD) 4.7 (3.4) 5.4 (4.2) 4.5 (3.0)

median (IQR) 4 [3–5] 5 [4–5] 4 [3–6]

Neck surface (m2) 0.2200

mean (SD) 6.1 (6.5) 7.9 (7.8) 5.5 (5.9)

median (IQR) 4 [2–7] 5 [3–10] 4 [2–7]

Aneurysm volume (m3) 0.0962

mean (SD) 165.9 (357.1) 289.5 (601.5) 117.9 (188.8)

median (IQR) 61 [37–130] 79 [49–256] 54 [29–123]

Dome to neck volume/neck surface 0.7882

mean (SD) 298.4 (1373.1) 609.0 (2185.6) 177.7 (901.0)

median (IQR) 12 [7–30] 11 [8–24] 14 [7–37]

Coil packing density (%) 0.6059

mean (SD) 16.2 (10.4) 14.9 (8.1) 16.7 (22.3)

median (IQR) 16 [11–22] 15 [9–23] 17 [12–22]

Raymond scale, N (%) 0.0052

1 13 (26.0) 0 (0) 13 (36.1)

2 17 (34.0) 4 (28.6) 13 (36.1)

3 20 (40.0) 10 (71.4) 10 (27.9)

Terminal branch aneurysm dome, N (%) 1.0000

yes 3 (6.0) 1 (7.1) 2 (5.6)

no 47 (94.0) 13 (92.9) 34 (94.4)

Large coils, N (%) 0.1857

yes 3 (6.0) 2 (14.3) 1 (2.8)

no 47 (94.0) 12 (85.7) 35 (97.2)

Neck coverage stent percent#, N (%) 0.9443

mean (SD) 5.2 (10.5) 4.3 (8.8) 5.5 (11.2)

median (IQR) 0 [0–6.5] 0 [0–6.5] 0 [0–3.3]

Stent use, N (%) 0.3098

none 37 (74.0) 10 (71.4) 27 (75.0)

enterprise 3 (6.0) 1 (7.1) 2 (5.6)

LVIS 1 (2.0) 1 (7.1) 0 (0)

Neuroform EZ/EZ3 2 (4.0) 1 (7.1) 1 (2.8)

Pipeline 7 (14.0) 1 (7.1) 6 (16.7)

# Metal coverage area comparison between the groups composed of both patients with stents and no stents. Patients with no stents were given a 0% coverage value.
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to non-treatment failure groups respectively (p ¼ 0.3098). Aneu-
rysmal neck metal coverage area percentage was based on previous
studies on stents and was considered 0% if no stent was placed [39].
Metal coverage area was 4.3% vs 5.5% in the treatment to
non-treatment failure groups respectively (p ¼ 0.9443) (Table 3).
4

3.4. Factors associated with treatment failure

We considered factors that differed (p � 0.10) between the groups of
patients with and without treatment failure to investigate the odds of
treatment failure. These factors included age, RRC, and aneurysm volume
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(Table 4). We found that patients with RRC of 3 had an increased risk of
treatment failure compared to RRC of 1 or 2 (OR 6.500, 95% CI:
1.753–28.455, p ¼ 0.0074). Age (OR 0.941, 95% CI: 0.873–1.002, p ¼
0.0782) and aneurysm volume (OR 1.001, 95% CI: 1.000–1.004, p ¼
0.2153) were not significantly associated with treatment failure. As in-
dividual factors, RRC (AUC ¼ 0.7183) seems to be the best predictor for
treatment failure rather than age (0.6845) or aneurysm volume (AUC ¼
0.6567).

4. Discussion

Aneurysm recurrence, or treatment failure, is typically defined as
residual contrast filling in the body of the aneurysm. Several reports have
investigated the rates of aneurysm recurrence following coiling, with
rates estimated to range between 15 to 33% [18, 19, 20, 21, 22]. In our
series we had a 28% failure rate. Previous studies have mainly focused on
aneurysm and treatment specific risk factors for treatment failure and
have identified suboptimal initial angiographic result, packing density,
and aneurysm size as significant predictors [22, 23, 24, 25]. This study
builds upon the previous literature and investigates patient, pathology,
and treatment specific factors that may predict endovascular treatment
failure. In a univariate analysis, RRC had the strongest correlation with
treatment failure. Aneurysm properties such as size, volume, and coiling
techniques showed poor correlation with treatment failure. Our findings
agree with two other recent publications that show that packing density
is not a predictor of treatment failure and initial RRC is a strong predictor
of aneurysm recurrence [26, 27].

4.1. Patient characteristics

In our cohort, no patient characteristics correlated with treatment
failure. Age was the only factor that was close to statistical significance (p
¼ 0.051). Lanzino described age above 65 years to have half the rate of
aneurysm recurrence [28]. However, it remains unclear how age affects
the chances of recanalization. It has been proposed that lower metal-
loproteinase activity in the elderly may limit clot retraction and could
prevent recurrences [29]. Smoking was found to not affect chances of
early aneurysm recanalization (p ¼ 0.18). However, Brinjikji et al. found
that current smokers have a smaller chance of aneurysm recanalization
(OR 0.44) after coiling [30]. Since endovascular coiling relies on
intra-aneurysmal clot formation, it would be expected that a hyperco-
agulable condition such as smoking would increase its efficacy [31].
Nonetheless, this analysis was based on previous smoking history.
Henceforth, smoking cessation should be advised to all patients given its
known deleterious effects on aneurysmal growth and rupture on
long-term follow up [32].

4.2. Aneurysm characteristics

Aneurysm characteristics have also been identified as potential pre-
dictors of recurrence. Different studies reported that ruptured aneurysms
are 4–10 times as likely to recanalize after endovascular therapy [33, 34].
Table 4. Aneurysm and patient characteristics role in recanalization.

Variable Odds Ratio (95% CI) p val

Age, year increment 0.941 (0.873–1.002) 0.078

Raymond Scale III* 6.500 (1.753–28.455) 0.007

Aneurysm volume (m3) 1.001 (1.000, 1.004) 0.215

Odds ratio (OR), 95% Confidence Interval (CI) of treatment failure, and Receiving Ope
Information Criterion (AIC) and Schwarz Criterion (SC).

* Reference: Raymond Class I/II.
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One factor that could contribute to higher risk of recanalization is the
propensity of ruptured aneurysms to grow in size over time [35].
Aneurysm size may also influence failure rate, and aneurysm volume
provides an additional parameter on which other variables such as coil
packing density are based upon. In this study we employed a new strat-
egy to quantify aneurysm volume and neck surface area (Figure 1).
Quantification of aneurysm volume via a formula has been shown to be
inaccurate and is inferior to 3D volume rendering [13]. We reconstructed
aneurysm volume using thin cut CT DICOM images (Figure 1A).
Although there is no generalized consensus, aneurysms larger than 10
mm in diameter or 0.4 mL in volume appear to have a higher chance of
recurrence [10, 15]. In this study, recurrent aneurysms were
non-significantly larger than the non-recurrent group (p ¼ 0.096);
however, both mean volumes fell short of 0.3 mL. Another factor to
consider in treatment approach has been whether the aneurysm is
located at the origin of an end-arterial branch such as a fetal posterior
communicating artery, especially with the use of flow diverters. Some
authors have recommended stent-assisted coiling in such cases to reduce
the chances of recanalization [36].
4.3. Treatment characteristics

Endovascular techniques have received the most attention for their
correlation with aneurysm treatment failure. RRC is a widely used tool
that describes the result of the coiled aneurysm and predicts recanali-
zation rate [16]. In this study, RRC was the best predictor of aneurysm
recurrence with an OR of 6.5 for an RRC of 3 (Table 4). In our series, an
RRC of 3 accounted for 40% of all cases, which is more than double the
rate seen in previous series [24, 37]. Part of that increase could be the
result of intentional partial dome protection for the ruptured aneurysm,
which has been shown to be safe [38]. Low coil packing density has been
considered as a risk factor for treatment failure; though this was not
found to be a factor in our series (p¼ 0.6059). Mean packing density was
relatively low at 16% and could have contributed to the results. Masci-
telli et al. proposed that packing density of less than 31% of the aneurysm
volume and an RRC of 3 were the highest predictors for recurrence [39].
Similar to the current study, Moret et al. found that coil packing density
was no different between patients that had recurrence and those who did
not [40]. Ogilvy's group also noted that after adjusting for confounding
variables, the coil packing density was not related to protection against
recurrence [41]. Lee et al. also noted volume packing density to have no
correlation with recanalization [42].

Framing with bigger coils, such as size eighteen (0.018’) coils, has
also been proposed to prevent endovascular treatment failure. Kaes-
macher et al. reported that using volume vs. standard coils decreased coil
compaction and aneurysm recurrence in lesions greater than 7mm [43].
Stiffer, or larger-bore framing coils may help in preventing aneurysmal
recanalization. Framing coil percentage of total coil volume was shown
to be a statistically significant predictor of recurrence in one study [44].
However, we did not see a significant impact of framing 18 coils on
treatment failure in our univariate analysis. This study also assessed
whether the percent metal coverage area of the stent or flow diverter
ue ROC Analysis

AUC AIC SC

2 0.6845 59.687 63.511

4 0.7183 55.286 59.11

3 0.6567 61.151 64.975

rating Characteristic Curve (ROC) analysis; Area Under the Curve (AUC), Akaike
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could influence preventing treatment failure. No direct correlation be-
tween the percent stent neck metal coverage area and treatment failure
was identified in the univariate analysis.
4.4. Strengths and limitations

A strength of this study is the use of thin-cut 3D volumetric mea-
surements to determine aneurysm size as opposed to largest diameter or
rough estimates based on formulas used by other studies.

The limitations of the study are the smaller sample size and single
institution series, which may introduce regional bias. This study also
primarily focused on early treatment failure at first imaging follow up at
3–6 months post-treatment. With longer follow up intervals, late treat-
ment failure necessitating retreatment has been shown [24]. In their
long-term follow up, 18 years, patients in the International Subarachnoid
Aneurysm Trial (ISAT) had a 1.6% risk of aneurysm rebleeding after the
first year [45]. Given the short follow up duration, this study is limited in
assessing factors that may contribute to late treatment failure. It has also
been found that there is an increased recurrence of endovascularly
treated aneurysms treated in the acute phase after rupture [24]. Given
that 68% of our patient cohort presented as ruptured, our early follow up
may not fully capture all incidences of treatment failure. Therefore, our
study is a preliminary study requiring confirmation of the results and the
conclusion with further follow up and new studies. An ideal follow-up
study would comprise a larger cohort and retrospective follow-up of
more than 10 years.

In addition, follow-up imaging was not uniform since analysis of
treatment failure was not only based on digital subtraction angiography
but also on MRA. A previous study showed that 3D TOF MRA at this
institution has a high sensitivity and specificity in detecting aneurysmal
filling when compared to conventional digital subtraction angiography
[46]. By using 3D TOF MRA to assess for treatment failure, a real-world
scenario was replicated since treated aneurysms at many institutions are
followed with non-invasive imaging.

However, given the limitations above, further confirmation with
additional studies are required to confirm the preliminary results and
conclusions found herein. Long term follow up, larger sample sizes, and
multi-center involvement will likely be necessary to further investigate
the myriad of factors that can contribute to treatment failure.

In the future, the importance of RRC or volume on aneurysm recur-
rence may become irrelevant with increased use of intra-saccular devices
such as WEB (Woven EndoBridge) [47]. Intra-saccular devices are an
alternative for wide necked aneurysms that are gaining increasing in-
terest due to the advantage of not needing dual antiplatelet therapy after
treatment. Recurrence rates and safety with WEB are similar to coiling
[48]. Despite new technologies, coiling or stent-assisted coiling remains
the first choice for most aneurysms.

5. Conclusion

Our study shows that early endovascular coiling results such as RRC
grade are the best predictors of early aneurysm recurrence. These con-
clusions are preliminary given the limitations of the study and will
require confirmation with additional studies. Further investigation into
factors associated with late treatment failure will need further investi-
gation. New intrasaccular devices and flow diverters will likely play a
more important role in reducing recurrence in the future.
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