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Abstract

Background and Purpose

In recurrent cerebral aneurysms treated by coil embolization, coil compaction is regarded

as the presumptive mechanism. We test the hypothesis that aneurysm growth is the primary

recurrence mechanism. We also test the hypothesis that the coil mass will translate a mea-

surable extent when recurrence occurs.

Methods

An objective, quantitative image analysis protocol was developed to determine the volumes

of aneurysms and coil masses during initial and follow-up visits from 3D rotational angio-

grams. The population consisted of 15 recurrence and 12 non-recurrence control aneu-

rysms initially completely coiled at a single center. An investigator sensitivity study was

performed to assess the objectivity of the methods. Paired Wilcoxon tests (p<0.05, one-

tailed) were performed to assess for aneurysm and coil growth. The translation of the coil

mass center at follow-up was computed. A MannWhitney U-Test (p<0.05, one-tailed) was

used to compare translation of coil mass centers between recurrence and control subjects.

Results

Image analysis protocol was found to be insensitive to the investigator. Aneurysm growth

was evident in the recurrence cohort (p=0.003) but not the control (p=0.136). There was no

evidence of coil compaction in either the recurrence or control cohorts (recurrence:

p=0.339; control: p=0.429). The translation of the coil mass centers was found to be signifi-

cantly larger in the recurrence cohort than the control cohort (p=0.047).
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Conclusion

Aneurysm sac growth, not coil compaction, was the primary mechanism of recurrence follow-

ing successful coil embolization. The coil mass likely translates to a measurable extent when

recurrence occurs and has the potential to serve as a non-angiographic recurrencemarker.

Introduction
Identifying the mechanism underlying cerebral aneurysm recurrence will improve patient selec-
tion for coil embolization treatment, as well as impact coil device design.[1–3] Raymond et al.
[4] and Murayama et al.[5] reported recurrence rates of 33% and 21% over longitudinal follow-
up. Compaction of the coil mass is a plausible mechanism but there is not sufficient quantitative
evidence to justify it being the presumptive mechanism, as the supporting evidence usually col-
lected are visual inspections of 2D angiograms.[1–3] We submit that differences in magnifica-
tion and patient orientation between x-ray scans can make it difficult for neuroradiologists to
correctly diagnose coil compaction; such differences can even be misleading. Growth of the an-
eurysm sac is an alternative recurrence mechanism, but reports about it in the literature are
scarce.[1, 6–8] Therefore the primary goals of this study were to perform an assessment of the
relative incidences of sac growth and coil compaction in a study population larger than that
used in our earlier report [9], but more importantly, to develop an objective image analysis pro-
tocol and demonstrate its fidelity by including non-recurrence controls. Specifically we reported
in an earlier study that sac growth may be equally as or more important than coil compaction as
a mechanism for recurrence.[9] A similar study conducted even earlier by De Craene et. al.[10]
with four patients also reported that all showed longitudinal sac growth while coil compaction
was only found in one case.[10] It is remarkable that two independent studies, explicitly com-
paring sac growth and coil compaction as etiologies for recurrence found that, contrary to con-
ventional thinking, sac growth may be as often or more often associated with it. Some caution is
however warranted in drawing any conclusive claims from these reports because in addition to
small study population size, they suffer from one key limitation: neither demonstrated the fideli-
ty of the image processing methods by using non-recurrence controls to establish specificity.

We also sought to test the hypothesis that there is measurably greater translation in the coil
masses of aneurysms that present with recurrence compared to control aneurysms. This hy-
pothesis is based on the following logic: if recanalization at the aneurysm neck is indeed due to
sac growth causing the coil mass to move deeper into the sac, than coil mass movement (or
translation) should be greater in aneurysms that recur than in those that do not. This is an im-
portant hypothesis to test because if translation changes in a coil mass has sufficient sensitivity
and specificity as a marker for recurrence then patients may be screened for recurrence using
cheap, convenient and non-invasive non-angiographic scans rather than angiograms. While
the idea of using non-angiographic scans to identify coil mass translation as a proxy for recur-
rence is not new, Hwang et al.[11] proposed it in 2000, we are the first group to rigorously com-
pute coil mass translation in a population of both recurrence and control aneurysms.

Materials and Methods

Study Population
Between July 2009 and September 2012, 412 intracranial aneurysm patients were treated with
coil embolization at the University of Iowa Hospitals and Clinics (UIHC). Of these 412 patients,
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15 patients with 15 aneurysms were found by the attending neuroradiologist to have recurrence
sufficient enough to necessitate re-treatment when they presented at follow-up (2–24 months
between procedures; mean: 9.5 months). These 15 aneurysms (recurrence cohort) were the only
aneurysms that presented with recurrence at the UIHC between July 2009 and September 2012
with follow-up three-dimensional rotational angiography (3DRA) scans. Ten control patients
with 12 aneurysms were chosen consecutively from the rest, beginning at the start of the study
(control cohort). These control aneurysms were completely coiled initially and remained stable
over the follow-up period (5–23 months between procedures; mean: 10.2 months). It should be
noted that all aneurysms in this study were coiled by a single neuroradiologist to the point that
there was no residual in the neck or dome. Institutional review board approval (No. 201210828)
and patient informed consent was obtained prior to beginning the study.

Image Processing Protocol
To independently assess coil mass compaction and aneurysm growth, 3DRA scans were first
collected retrospectively for the two groups. The 3DRA image acquisition was done using Sie-
mens’ Syngo InPace 3DWorkstation (in-plane resolution: 0.22 mm2, out-of-plane resolution:
0.22 mm). The 3DRA scans obtained for the recurrence patients were from four time points:
pre-first treatment (1-), post-first treatment (1+), pre-second treatment (2-), and post-second
treatment (2+). In contrast, the 3DRA scans obtained for the control patients were from three
time points: 1-, 1+, and 2- since they do not undergo a second coiling treatment. Three-dimen-
sional models of the aneurysm sac, contiguous vessels, and aneurysm coil mass at each study
time point were then created from the 3DRA scans using a dedicated image processing pipe-
line. This pipeline was built using Vascular Modeling Toolkit (VMTK) 1.0.0 libraries (Antiga
and Steinman 2004–2013); additionally, some new VMTK libraries were also developed such
that automated image segmentation and automated aneurysm sac isolation could be imple-
mented, for example. It should be noted that the image processing pipeline published by our
group in the pilot study[9] used a more manual approach to create the aneurysm and coil mass
models; the new image processing pipeline was developed to ensure automatic, objective and
an investigator insensitive image analysis.

The image processing algorithms implemented to generate the 3D aneurysm and coil mass
models differ slightly depending upon whether the 1- or any of the later time point 3DRA
scans (1+, 2-, or 2+) are identified as input. This is because the aneurysm sac is directly visible
in the 1- scan but not in the 1+, 2-, or 2+ scans. The 1- aneurysm sac models were each generat-
ed from their corresponding subtracted 3DRA image volume because this image features only
vessel information. To generate the 3D aneurysm and vessel model, an image segmentation
containing both the blood flowing through the contiguous vessels and any blood filling the an-
eurysm sac was first created. To do this a grayscale morphological opening filter was applied to
the subtracted image volume in order to rid it of small-scale noise. Next the user manually
places a seed point inside the aneurysm sac; this seed point serves only as an initialization point
for the segmentation algorithm and its placement does not affect the segmentation boundaries.
Otsu’s algorithm[12] was implemented to generate the segmentation. This algorithm works by
finding the statistically optimal threshold between foreground and background voxels in an
image volume of interest (VOI).[12] The segmentation was then further evolved using the level
set algorithm[13] and the associated 3D model was created from it using the marching cubes
algorithm.[14] The aneurysm sac was then isolated from the contiguous vasculature automati-
cally, the result of which was a 3D sac model with a non-planar neck surface per the approach
proposed by Ford et al.[15] (see Fig 1). This approach is superior to the use of a single cutting
plane to isolate the aneurysm because it retains more of the sac surface features. The 3D models
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of the 1+, 2-, and 2+ coil masses were each created from the baseline (bone scan) 3DRA image
volumes. This was done because the baseline image volumes feature only skull and coil infor-
mation. A combination of erode and dilate filters were first applied to these image volumes in
order to rid the geometry of holes internal to the bounding coil wire. If a hole passed through
the entire coil, rendering it a non-simply connected geometry, then this hole was retained. This
was done because it was unclear how to fill such a hole in the absence of a bounding coil wire.
The resulting coil mass region, representing both the coil wires and interstitial thrombi, was
collectively referred to as the coil mass. Similar to the aneurysm and vessel segmentations,
Otsu’s segmentation algorithm[12] was then implemented to generate the coil mass segmenta-
tion. This segmentation was further evolved using the level set algorithm[13] and the associat-
ed 3D model of the coil masses at 1+, 2- and 2+ time periods were created using the marching
cubes algorithm.[14] Subsequently, the angiographic volumes (contiguous vessels and residual
regions, if any) for 1+, 2- and 2+ time periods were segmented as done for the 1- time period.
The aneurysm sac models for 1+, 2- and 2+ were then generated by isolating the sac[15] from
the Boolean union of the angiographic volume with the coil mass volume (see Fig 1).

The volumes of the following structures were computed from the representative aneurysm
and coil mass models: the aneurysm sac volume at the 1- time point (VS1-), the aneurysm sac
volume at the 1+ time point (VS1+), the aneurysm sac volume at the 2- time point (VS2-), the
aneurysm sac volume at the 2+ time point (VS2+), the coil mass volume at the 1+ time point
(VC1+), and the coil mass volume at the 2- time point (VC2-). Volumetric sac growth, VSG, was
computed as the difference in sac volume between follow-up and initial presentations. Using
this definition VSG > 0 indicates growth of the sac at follow-up. However given the four study
time points (1-, 1+, 2-, and 2+) there can be two sac volumes at initial presentation (VS1-, VS1

+); similarly there can be two sac volumes at follow-up (VS2-, VS2+). In theory, these volume
pairs should be equal; but in practice, small differences exist due to factors like differences in
image artifacts and differences in sac isolations relative to the parent vessel. Thus there can be
four definitions of aneurysm sac growth:

VSG1 ¼ VS2þ � VS1� ð1Þ

VSG2 ¼ VS2þ � VS1þ ð2Þ

VSG3 ¼ VS2� � VS1� ð3Þ

VSG4 ¼ VS2� � VS1þ ð4Þ

Further, in this retrospective study, scans for some time points—especially baseline scans—
were not recorded and so some sac and coil volumes could not be estimated. Therefore, based
on image artifact prevalence and scan availability, an additional sac growth definition (VSG)
was prioritized among the above four definitions (or Eqs 1–4) in the following order: VSG1,
VSG2, VSG3, VSG4. That is, if VSG1 was available then it was used as VSG, but if it was unavailable
then VSG2 was used and so on. It should be noted that since the 2+ time point does not exist for
control subjects, VS2+ is unavailable and consequently, VSG1 and VSG2 are incalculable for con-
trol subjects. Percent sac growth, % VSG, also followed a similar prioritized definition, where %
VSG = %VSG1 = VSG1/VS1- if VSG1 was available, otherwise VSG2 was used and so on. To assess if
use of a single VSG definition (Eqs 1–4) led to a different interpretation of longitudinal aneu-
rysm stability in this population, post-hoc statistical analyses (Paired Wilcoxon tests, p<0.05,
one-tailed) using all of the data available for each definition were also done.
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Volumetric coil mass growth, VCG, was computed as the difference in the coil mass volume
between the 2- and the 1+ presentation:

VCG ¼ VC2� � VC1þ ð5Þ

Unlike for sac growth, there is only a single definition for VCG. Using this definition VCG< 0

Fig 1. Schematic illustration of the image processing protocol. ‘1- ‘ indicates the pre-first coiling treatment time point; ‘1+’, post-first coiling treatment time
point; ‘2-’, pre-second coiling treatment time point; ‘2+’, post-second coiling treatment time point; 3DRA, 3D rotational angiogram. The first column depicts the
image processing protocol for the 1- time point, beginning with generation of the aneurysm and vessel model from the subtracted 3DRA scan. The aneurysm
sac is then automatically isolated from the vasculature. A representative 1- aneurysm sac model is shown at the bottom of column 1. The adjacent column
details the workflow for analyzing the data from the 1+ time point. At this time point the coil mass model is generated from the baseline (or bone) 3DRA scan,
while the vessel and residual blood model is generated from the subtracted angiographic scan. The coil mass, vessel and residual blood models are then
added together by Boolean union. The aneurysm sac is the combination of the coil mass and any outlying residual blood, of which the aneurysm neck surface
is automatically determined. A representative 1+ aneurysm sac model is shown at the bottom of column 2. The remaining two columns outline a similar
workflow for analyzing data from the 2- and 2+ time points respectively.

doi:10.1371/journal.pone.0123017.g001
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indicates compaction of the coil mass. Additionally percent coil growth was defined as %VCG =
VCG/VC1+. Finally, the centers of the 3D coil mass models at initial (1+) and follow-up (2-)
were identified by numerical integration. The numerical integration was verified using simple
geometries. The translation of the coil mass center (δ) was defined as the distance between the
coil mass centers at initial and follow-up time points.

To document the sensitivity of the image processing pipeline to the investigator performing
the analysis a second user, blinded from the first, used it to calculate the aneurysm sac and coil
mass volumes for a selected group of eight recurrence patients. The volumes computed by each
data analysis investigator were compared.

Statistical Analysis
Paired Wilcoxon tests (statistical significance at p<0.05, one-tailed) were conducted to inde-
pendently assess whether the sac and coil mass volumes were different at follow-up—specifical-
ly to test the hypotheses that VSG > 0 and VCG < 0 for the recurrence and control cohorts. A
MannWhitney U-Test (p<0.05, one-tailed) was used to assess for differences in the translation
of coil mass centers (δ) between recurrence and control cohorts.

Results
Demographic and procedural study subject information is given in Table 1. The aneurysm sac
and coil mass volumes estimated by the two blinded users agreed quite strongly (see Fig 2) with
coefficients of determination for the aneurysm sac and coil mass volumes of 0.998 and 0.999 re-
spectively. Imaging data was available to calculate VSG in all 15 subjects within the recurrence
cohort (11 from VSG1, 1 from VSG2, 2 from VSG3, and 1 from VSG4) and all 12 subjects in the
control cohort (all 12 from VSG3). However imaging data was only available to calculate VCG in
9 of 15 aneurysms in the recurrence cohort and 9 of 12 aneurysms in the control cohort. Aneu-
rysm sac growth was found to exist with statistical significance in the recurrence cohort (min,
median, max VSG = -0.044, +0.083, +0.580 cc; p = 0.003; see Fig 3). In contrast, sac growth was
not found to exist with statistical significance in the control cohort (min, median, max VSG =
-0.009, +0.001, +0.024 cc; p = 0.136; see Fig 3). Coil mass compaction was not found to occur
with statistical significance in either the recurrence (min, median, max VCG = -0.265, +0.004,
+0.359 cc; p = 0.339; see Fig 3) or control cohorts (min, median, max VCG = -0.013, 0.000,
+0.008 cc; p = 0.429; see Fig 3). Translation of a coil mass center (δ) in the recurrence cohort
was significantly larger than in the control cohort (min, median, max δ = 0.21, 1.97, 5.64 mm
versus 0.32, 0.99, 2.06 mm; p = 0.047). It is noteworthy that the control cohort had smaller an-
eurysms at initial presentation compared to the recurrence cohort (sac size median = 10 versus
6.5 mm; 2p = 0.004 by Mann-Whitney U-test). A receiver operating characteristic (ROC)
curve was plotted for δ and was found to have an area under the curve (AUC) of 0.74. There-
fore δ is a better predictor of recurrence than clinically measured sac size, which had an
AUC = 0.65 (see Fig 4). Sac size (height x width) of all aneurysms was measured by a single
neurosurgical specialist on angiograms, the largest dimension of which was labeled as clinically
measured sac size. According to the ROC curve, δ = 1.1 mm had optimal sensitivity and speci-
ficity to distinguish recurrence from control aneurysms.

Discussion
We have developed a new, rigorous, and objective image analysis protocol to estimate aneu-
rysm and coil mass volume growth. Additionally we computed the mass center of each coil
mass in the study to assess whether the translation of the coil mass center serves as a marker
for recurrence. Unlike previous studies, the aneurysm population in this study was free of any
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Table 1. Study subject procedural and demographic information

Subject* Age at Initial Presentation (Y) SEX Aneurysm Location* Aneurysm Size (mm) Ruptured Status Follow-up Interval (Mo)

01 (RE) 72 F L paraophthalmic 26x17 Unruptured 10.5

02 (RE) 58 F L MCA 16x11 Unruptured 5.8

03 (RE) 51 F L vertebral 14x11 Unruptured 6.7

04 (RE) 50 M Acom 4x13 Unruptured 18.6

05 (RE) 53 F Acom 10x8 Unruptured 24.3

06 (RE) 60 F R pcom 9x8 Unruptured 16.8

07 (RE) 46 F L cavernous ICA 7x8 Unruptured 6.6

08 (RE) 49 F Basilar tip 6x6 Unruptured 5.9

09 (RE) 47 M Basilar tip 22x15 Ruptured 5.3

10 (RE) 59 F R pcom 16x11 Ruptured 11.5

11 (RE) 22 M R MCA terminus 7x10 Ruptured 4.3

12 (RE) 58 M Acom 5x10 Ruptured 5.7

13 (RE) 68 F Acom 9x8 Ruptured 12.1

14 (RE) 61 F Basilar tip 6x6 Ruptured 2.0

15 (RE) 52 F Acom 4x4 Ruptured 5.8

16 (C) 37 F L ophthalmic 9x9 Unruptured 5.4

17 (C) 50 F L paraophthalmic 9x8 Unruptured 5.5

18 (C) 50 F L cavernous ICA 8x8 Unruptured 5.5

19 (C) 69 F R ICA 7x7 Unruptured 19.7

20 (C) 40 F R paraophthalmic 7x7 Unruptured 6.5

21 (C) 16 F R cavernous ICA 5x3 Unruptured 6.4

22 (C) 47 F R ICA terminus 4x4 Unruptured 22.6

23 (C) 69 F R ICA 2x3 Unruptured 19.7

24 (C) 65 F R pcom 8x3 Ruptured 8.2

25 (C) 61 F R pcom 6x5 Ruptured 6.3

26 (C) 45 F Basilar tip 5x4 Ruptured 14.7

27 (C) 45 F Acom 3x5 Ruptured 6.7

*RE indicates recurrence; C, control; F, female; M, male; L, left; R, right; MCA, middle cerebral artery; Acom, anterior communicating artery; Pcom,

posterior communicating artery; ICA, internal carotid artery

doi:10.1371/journal.pone.0123017.t001

Fig 2. Comparison of the computed sac and coil volumes by two investigators blinded from each other’s results.

doi:10.1371/journal.pone.0123017.g002
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selection bias as it included all the aneurysms that presented with recurrence at the UIHC be-
tween July 2009 and September 2012 for which 3DRA scans were available. Further, this is the
first study to include control aneurysms (consecutively chosen). Study of the non-recurrence
control subjects serves the explicit purpose of revealing any inherent bias in the image analysis
methodologies that could predispose the calculations to identifying growth. Additionally the
automated image analysis protocol was shown to be objective and insensitive to the investiga-
tor (see Fig 2). Finally, this is the first study to assess if the translation of the coil mass center is
measurably greater in coil embolized aneurysms that present with recurrence.

Aneurysm sac growth was found to be associated with recurrence in this study with sensitiv-
ity (since sac growth was noted in the recurrence cohort) and specificity (since sac growth was
not noted in the control cohort, see Table 2). Coil mass compaction was not found to be associ-
ated with recurrence since it was not noted with enough consistency in either the recurrence or
control cohorts (see Table 2). These findings are consistent with De Crane et al.’s earlier report
[10] based on 3D image processing methods and also with a very recent report by Abdihalim
et al.[16] that is based on 2D manual measurements; Abdihalim et al.[16] found 11 of 29 aneu-
rysms had coil compaction while 18 of 29 exhibited sac growth.

Fig 3. Aneurysm sac growth (VSG) and Coil mass growth (VCG) in the recurrence and control cohorts.
The box and whisker plots show quartiles and the p-values are from paired one-tail Wilcoxon tests for
hypothesizing that the aneurysm sac will grow (null hypothesis, H0: VSG � 0; alternative hypothesis, HA: VSG

> 0) and the coil mass will compact (H0: VCG � 0; HA: VCG < 0).

doi:10.1371/journal.pone.0123017.g003
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Overall, sac growth requires far greater attention than is currently accorded to it. If these find-
ings are taken at face value, it has some important implications. For example, perhaps a growing
aneurysm or one deemed to be at a high risk of growth is also at a high risk for recurrence and
hence better treated by other modalities. Finally, if coil compaction is rare, it also has implica-
tions for coil design. An interesting observation in this study was that the coil masses in nine an-
eurysms grew during follow-up (these nine were from both the recurrence and control cohorts).
Incidentally, we found that 8 of the 9 were coiled using hydrocoils. The likely explanation for the
coil mass growth in the one aneurysm not coiled with hydrocoils is that image artifacts present

Fig 4. (A) Coil mass center translation, δ, in the recurrence (N = 9) and control cohorts (N = 9). The box and whisker plots show quartiles and the p-
values are from one-tail Mann-Whitney U test for hypothesizing that δwill be higher in the recurrence cohort than in control (null hypothesis, H0: δRECR �
δCTRL; alternative hypothesis,HA: δRECR > δCTRL). The triangles indicate raw data values. (B) Receiver operator curve showing the predictability of δ in
recurrence (N = 9) and control (N = 9) aneurysms. δ is a better predictor of recurrence than clinically measured sac size, as it has a larger area under the
curve or AUC (AUC = 0.74). Optimal sensitivity and specificity in differentiating recurrence aneurysms from control was found at δ = 1.1 mm.

doi:10.1371/journal.pone.0123017.g004

Table 2. Outcome summary of the paired one-tailed Wilcoxon tests for the recurrence and control cohorts.

Cohort Definition of Growth mean growth ± SD of
paired differences (cc)

mean %growth ± SD of
paired differences (cc)

p value n

Recurrence VSG 0.194 ± 0.228 26 ± 38 0.003 15

VSG1 0.229 ± 0.227 39 ± 33 0.003 11

VSG2 0.203 ± 0.190 31 ± 28 0.023 6

VSG3 0.183 ± 0.214 23 ± 31 0.011 12

VSG4 0.124 ± 0.144 21 ± 25 0.013 8

VCG 0.010 ± 0.164 7 ± 19 0.339 9

Control VSG1 N/A N/A N/A N/A

VSG2 N/A N/A N/A N/A

VSG3 0.005 ± 0.011 1 ± 14 0.136 12

VSG4 -0.012 ± 0.037 -6 ± 26 0.384 9

VCG 0.00007 ± 0.006 6 ± 23 0.429 9

doi:10.1371/journal.pone.0123017.t002
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in the 1+ baseline 3DRA scan led to an underestimated 1+ coil mass volume. Because this aneu-
rysm was also one of the smallest aneurysms analyzed for coil mass compaction (0.064 cc sac
volume at initial presentation) such an underestimation was enough to result in an indication of
longitudinal coil mass growth. Finding that hydrocoils were used in all but one aneurysm with
indicated coil mass growth adds credibility to our methods, yet also shows that image artifacts
associated with the metal coil mass cannot be discounted in the methodology.

Additionally the findings of this study are consistent with the hypothesis that the translation
of coil mass center is greater in aneurysms that present with recurrence. This hypothesis arises
from the idea that sac growth would merely cause the coil mass to shift deeper into the sac to
permit recanalization at the neck and has implications for management of patients treated by
coil embolization. Currently coil embolization patients are longitudinally followed by angio-
graphic scans, which are costly, inconvenient and pose some risks. If the hypothesis is valid,
coil mass center translation can serve as an image biomarker for recurrence and importantly,
since the coil mass is visible on bone scans, non-angiographic scanning may itself suffice for
monitoring these patients. Of course, all this rests on the sensitivity and specificity of δ as an
image biomarker. In this context, the fact that the control cohort was smaller than the recur-
rence cohort is a key limitation to consider even though coil mass translation was found to
have better sensitivity and specificity compared to clinically measured sac size. The potential
for coil mass translation to serve as an image biomarker needs to be evaluated in larger and size
matched study populations before it can serve as a reliable biomarker for recurrence.

Some limitations of the study design are worth considering, for instance this is a single-cen-
ter, single-practitioner experience. The sample size, although largest of its nature to date, is lim-
ited and the recurrence cohort subjects in this study include those from our pilot study[9]
reported earlier. Despite the significant advances introduced in the analysis protocol in this
paper, image artifacts, especially blind spots—or regions where a clot exists without coils and
hence blind to both the bone and subtraction 3DRA scans—are a cause for some concern. Vi-
sual observations of gaps in the sac surface of some 3D models, especially those corresponding
to the 2- time point, suggest the possibility of such blind spots. Fortunately since there was a re-
dundancy of image data for sac growth calculations we could assess their effect. In post-hoc
analyses, we repeated the statistical tests by defining sac growth as Eqs 1–4. Statistically signifi-
cant sac growth was found in the recurrence cohort regardless of the growth definition used (p
values of 0.003, 0.023, 0.011, and 0.013) but not in the control cohort (p values of N/A, N/A,
0.136 and 0.384; note that VSG1 and VSG2 do not exist for control aneurysms because they do
not have 2+ time point, see Table 2). Therefore, our definition for VSG, while expedient, has lit-
tle impact on the findings. Finally the image analysis protocol, though highly automated, does
require some investigator interaction; however, the sensitivity study clearly demonstrated that
the impact from such investigator-made choices is negligible (see Fig 2). It has to be noted that
all these tests only establish consistency in our methods, not necessarily accuracy because we
lack a ground truth to compare to. Nevertheless finding no evidence of sac growth in the con-
trol cohort suggests there is no bias in the computations performed and sac growth is indeed
associated with sensitivity and specificity to recurrence.

In this context it is worth noting that the control cohort was smaller than the recurrence co-
hort. Specifically 9 of the 15 aneurysms in the recurrence cohort were clinically measured to be
10 mm in size or larger; in contrast, no aneurysm in the control cohort was this large. Further-
more both cohorts contained 8 unruptured aneurysms while the remaining 7 recurrence aneu-
rysms and 4 control aneurysms were ruptured. Nevertheless we do not believe these differences
in cohort characteristics adversely impact the findings made. This is because the aneurysms
chosen for each cohort were done in an inclusive and consecutive manner to avoid selection
bias; furthermore, the recurrence cohort consists of a fairly proportionate number of large to
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small aneurysms and unruptured to ruptured aneurysms. Finding no evidence of coil compac-
tion in such a cohort seems to indicate that coil compaction is not associated with recurrence
regardless of aneurysm size or rupture status.

Conclusion
In our study we found there was no association between recurrence in coil embolized cerebral
aneurysms and coil compaction; particularly, we found aneurysm sac growth to be the predom-
inant etiology of recurrence. In addition our findings support the hypothesis that translation of
the coil mass within the aneurysm sac has potential to serve as a marker for recurrence if veri-
fied independently with a size-matched control cohort. This particular finding suggests that
there is potential for non-angiographic imaging to diagnose cerebral aneurysm recurrence with
sensitivity and specificity.

Acknowledgments
The image analysis protocol used in this study was developed through collaboration with Dr.
Luca Antiga, Orobix Srl (Bergamo, Italy). Graduate student Tatiana Correa (University of
Iowa) contributed to the investigator sensitivity study.

Author Contributions
Conceived and designed the experiments: MR DH. Performed the experiments: AHMR DH.
Analyzed the data: AHMR. Contributed reagents/materials/analysis tools: MR DH. Wrote the
paper: AHMR DH.

References
1. Byrne J, SohnM-J, Molyneux A. Five Year Experience in Using Coil Embolization for Ruptured Intracra-

nial Aneurysms: Outcomes and Incidence of Late Rebleeding. J Neurosurg. 1999; 90:656–63. PMID:
10193610

2. Kang H-S, Han MH, Kwon BJ, Kwon O-K, Kim SH. Repeat Endovascular Treatment in Post-Emboliza-
tion Recurrent Intracranial Aneurysms. Neurosurgery. 2006; 58:60–70. PMID: 16385330

3. Sluzewski M, Van Rooij W, Slob M, Bescos J, Slump C, Wijnalda D. Relation Between Aneurysm Vol-
ume, Packing, and Compaction in 145 Aneurysms Treated with Coils. Radiology. 2004;(231: ):653–8.
PMID: 15118115

4. Raymond J, Guilbert F, Weill A, Georganos S, Juravsky L, Lambert A, et al. Long-term Angiographic
Recurrences After Selective Endovascular Treatment of Aneurysms with Detachable Coils. Stroke.
2003; 34:1398–403. PMID: 12775880

5. Murayama Y, Nien YL, Duckwiler G, Gobin P, Jahan R, Frazee J, et al. Guglielmi Detachable Coil Em-
bolization of Cerebral Aneurysms: 11 Years' Experience. J Neurosurg. 2003; 98:959–66. PMID:
12744354

6. Bavinzski G, Talazoglu V, Killer M, Richling B, Gruber A, Gross C, et al. Gross and Microscopic Histo-
pathological Findings in Aneurysms of the Human Brain Treated with Guglielmi Detachable Coils. J
Neurosurg. 1999; 91:284–93. PMID: 10433317

7. Gallas S, Pasco A, Cottier J-P, Gabrillargues J, Drouineau J, Cognard C. A Multicenter Study of 705
Ruptured Intracranial Aneurysms Treated with Guglielmi Detachable Coils. Am J Neuroradiol. 2005;
26:1723–31. PMID: 16091521

8. Mericle R, Wakhloo A, Lopes D, Lanzino G, Guterman L, Hopkins N. Delayed Aneurysm Regrowth and
Recanalization After Guglielmi Detachable Coil Treatment. J Neurosurg. 1998; 89:142–5. PMID:
9647186

9. Hasan D, Nadareyshvili A, Hoppe A, Mahaney K, Kung D, Raghavan M. Cerebral Aneurysm Sac
Growth as the Etiology of Recurrence After Successful Coil Embolization. Stroke. 2012; 43:866–8. doi:
10.1161/STROKEAHA.111.637827 PMID: 22180247

10. De Craene M, Pozo J, Villa M, Vivas E, Sola T, Guimaraens L, et al., editors. Coil Compaction and An-
eurysmGrowth: Image-Based Quantification using Non-rigid Registration. SPIE, Medical Imaging
2008: Computer-Aided Diagnosis; 2008.

Coil-Embolized Cerebral Aneurysm Recurrence Due to Aneurysm Sac Growth

PLOS ONE | DOI:10.1371/journal.pone.0123017 April 20, 2015 11 / 12

http://www.ncbi.nlm.nih.gov/pubmed/10193610
http://www.ncbi.nlm.nih.gov/pubmed/16385330
http://www.ncbi.nlm.nih.gov/pubmed/15118115
http://www.ncbi.nlm.nih.gov/pubmed/12775880
http://www.ncbi.nlm.nih.gov/pubmed/12744354
http://www.ncbi.nlm.nih.gov/pubmed/10433317
http://www.ncbi.nlm.nih.gov/pubmed/16091521
http://www.ncbi.nlm.nih.gov/pubmed/9647186
http://dx.doi.org/10.1161/STROKEAHA.111.637827
http://www.ncbi.nlm.nih.gov/pubmed/22180247


11. Hwang GJ, Berenstein A, Niimi Y, Setton A, Pryor J, Baltsavias G, et al. The Accuracy of Plain Skull X-
Ray Examination as a Predictor of Recanalization Following Guglielmi Detachable Coil Embolisation in
the Treatment of Cerebral Aneurysms. Interventional Neuroradiology. 2000; 6:195–202. PMID:
20667247

12. Otsu N. A Threshold Selection Method FromGray-Level Histograms. Automatica. 1975; 11(23):62–6.

13. Osher S, Sethian J. Fronts Propagating with Curvature-Dependent Speed: Algorithms Based on Hamil-
ton-Jacobi Formulations. J Comput Physics. 1988; 79:12–49.

14. LorensenW, Cline H, editors. Marching Cubes: A High Resolution 3D Surface Construction Algorithm.
14th Annual Conference on Computer Graphics and Interactive Techniques; 1987.

15. Ford M, Hoi Y, Piccinelli M, Antiga L, Steinman D. An Objective Approach to the Digital Removal of Sac-
cular Aneurysms: Techniques and Applications. Br J Radiol. 2009; 82:S55–S61. doi: 10.1259/bjr/
67593727 PMID: 20348537

16. Abdihalim M, Watanabe M, Chaudhry S, Jagadeesan B, Suri MF, Qureshi A. Are Coil Compaction and
Aneurysmal Growth Two Distinct Etiologies Leading to Recurrence Following Endovascular Treatment
of Intracranial Aneurysm? J Neuroimaging. 2014; 24(2):171–5. doi: 10.1111/j.1552-6569.2012.00786.x
PMID: 23317437

Coil-Embolized Cerebral Aneurysm Recurrence Due to Aneurysm Sac Growth

PLOS ONE | DOI:10.1371/journal.pone.0123017 April 20, 2015 12 / 12

http://www.ncbi.nlm.nih.gov/pubmed/20667247
http://dx.doi.org/10.1259/bjr/67593727
http://dx.doi.org/10.1259/bjr/67593727
http://www.ncbi.nlm.nih.gov/pubmed/20348537
http://dx.doi.org/10.1111/j.1552-6569.2012.00786.x
http://www.ncbi.nlm.nih.gov/pubmed/23317437

