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ABSTRACT

BACKGROUND AND PURPOSE: Incompletely occluded flow diverter treated aneurysms remain at risk of rupture and thromboembolic
complications. Our aim was to identify the potential for incomplete occlusion of intracranial aneurysms treated by flow diverters. We
investigated whether aneurysm ostium size in relation to parent artery size affects angiographic outcomes of flow diverter—treated
sidewall aneurysms.

MATERIALS AND METHODS: Flow diverter—treated sidewall aneurysms were divided into “occluded” and “residual” (incomplete occlu-
sion) groups based on 6-month angiographic follow-up. We calculated the ostium ratio, a new parameter defined as the aneurysm ostium
surface area versus the circumferential surface area of the parent artery. We also calculated the neck ratio, defined as clinical aneurysm
neck diameter versus parent artery diameter from pretreatment 2D DSA, as a 2D surrogate. We compared the performance of these ratios
with existing aneurysm morphometrics (size, neck diameter, volume, aspect ratio, size ratio, undulation index, nonsphericity index,
ellipticity index, bottleneck factor, aneurysm angle, and parent vessel angle) and flow diverter—related parameters (metal coverage rate
and pore density). Statistical tests and receiver operating characteristic analyses were performed to identify significantly different
parameters between the 2 groups and test their predictive performances.

RESULTS: We included 63 flow diverter—treated aneurysms, 46 occluded and 17 residual. The ostium ratio and neck ratio were significantly
higher in the residual group than in the occluded group (P < .001 and P = .02, respectively), whereas all other parameters showed no
statistical difference. As discriminating parameters for occlusion, ostium ratio and neck ratio achieved areas under the curve of 0.912 (95%
Cl, 0.838—0.985) and 0.707 (95% Cl, 0.558—0.856), respectively.

CONCLUSIONS: High ostium ratios and neck ratios could predict incomplete occlusion of flow diverter—treated sidewall aneurysms.
Neck ratio can be easily calculated by interventionists to predict flow-diverter treatment outcomes.

ABBREVIATIONS: CND = clinical neck diameter; FD = flow diverter; MCR = metal coverage rate; NR = neck ratio; OsR = ostium ratio; VSW = virtual stenting
workflow

low diverters (FDs) are used to treat an increasing diversity of
intracranial aneurysms.' These devices are self-expanding,
densely braided metallic stents that are deployed across the aneu-
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rysm neck. The goal of flow diversion is to reconstruct the parent
artery by diverting blood flow from the aneurysm, subsequently
initiating thrombus formation in the aneurysm sac and endothe-
lialization across the parent vessel defect (ie, the ostium). Despite
the success of this strategy, up to 15% of FD-treated aneurysms
have incomplete thrombosis within the sac,” meaning that a
persistent risk for aneurysm rupture and further complications
exists.>°

Physicians look to morphologic metrics to predict outcomes
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and tailor treatment. Our goal was to identify metrics that could
be measured before treatment that may indicate potential incom-
plete occlusion of FD-treated aneurysms. For coil embolization,
surgeons have used aneurysm dome and neck measurements to
gauge treatment options.””® However, these metrics do not neces-
sarily equate to success with flow diversion. Mut et al® demon-
strated that aneurysm neck diameter, size, volume, and aspect
ratio do not indicate the occlusion outcome of FD-treated aneu-
rysms. These parameters only consider measurements of the an-
eurysm sac and not the parent vessel or its relationship to the
aneurysm. Gentric et al'® showed that flow-diversion effects vary
with the size of the aneurysm ostium (ie, the defect in the parent
artery made by the aneurysm). They also postulated that larger
defects might cause deformation of the struts of the FD, affecting
FD porosity across the aneurysmal defect, thus leading to ineffec-
tive flow diversion.

In this study, we hypothesized that the aneurysmal defect on
the parent artery and the extent to which it circumferentially en-
velops the parent artery affect the ability of the FD to redirect flow
away from the aneurysm and thus may reduce the likelihood of
occlusion. To quantify this concept, we defined a novel parame-
ter, ostium ratio (OsR), which is the ratio of the area of the ostium
surface of the aneurysm to the circumferential parent vessel area.
A 2D surrogate, the neck ratio (NR), was also defined as the ratio
of the aneurysm neck diameter to the parent artery diameter. The
OsR and NR were evaluated in 63 sidewall aneurysms treated with
FDs. Forty-six aneurysms had complete occlusion, and 17 had
residual filling on angiographic imaging at the 6-month fol-
low-up. Other aneurysm morphometrics and FD parameters
were also compared between the 2 groups. Linear regression
analysis was performed to check for correlation of the OsR
with FD parameters.

MATERIALS AND METHODS
Patient Selection and Aneurysm Model Generation
A data base of a consecutive series of patients with aneurysms
treated using the Pipeline Embolization Device (Covidien, Irvine,
California) has been maintained at the University at Buffalo.
From this data base, we retrospectively identified patients treated
between 2009 and 2017 who satisfied the inclusion criteria of our
study. These criteria included the following: imaging evidence ofa
sidewall ICA aneurysm treated using a single Pipeline Emboliza-
tion Device, no previous treatment of the aneurysm, pretreatment
3D rotational DSA images with sufficient quality for accurate re-
construction and segmentation for precise morphologic mod-
eling, and 6-month 2D DSA follow-up available. We excluded
previously treated aneurysms to avoid confounding of the
healing due to the presence of an existing endovascular device
with the healing associated with FD treatment. The pretreat-
ment 3D DSA images were segmented using an open-source
software package, Vascular Modeling Toolkit (www.vmt-
k.org), to obtain accurate surface representation of the vascu-
lar geometry of each aneurysm.

Approval for the collection and review of patient data was
obtained from the institutional review board. Consent from the
individual patients was waived by the board.

Aostium

FIG 1. Definitions of OsR and NR on the 3D model and 2D DSA image
for a representative patient-specific aneurysm. A, The illustration
shows the area of the ostium surface (within the dashed curves) and
the area of the circumferential parent artery (within the solid lines) for
OsR calculations. B. CND and parent vessel diameters (D, D,) are
calculated on the most perpendicular projection of the pretreatment
2D DSA imaging. D, and D, are measured at the proximal and distal
extremes, respectively, of the line that measures the CND.

Ostium Ratio

The OsR was defined as the area of the reconstructed aneurysm
ostium surface (A, ;) divided by the area of the circumferential
section of the remaining parent vessel (A, ..;). The circumferen-
tial section of the parent vessel was determined by drawing 2
planes at the proximal and distal extremities of the aneurysmal
ostium surface in the parent vessel. Regions representing A ;.

and A, are illustrated on a representative sidewall aneurysm in
Fig 1A.

Aostium

A

OsR =
vesscl

The ostium and parent vessel surfaces for calculating the OsR are
obtained in 3 steps: parent vessel reconstruction, ostium surface
generation, and corresponding parent vessel isolation. Details on
each step for calculation of the OsR are described in the On-line
Appendix.

Neck Ratio

Because complex computations of the 3D aneurysm geometry are
required to calculate the OsR, we devised a surrogate, the NR,
which can easily be calculated by interventionists. The NR is the
ratio of the clinical neck diameter (CND) to the average parent
vessel diameter. To obtain this ratio, we used pretreatment 2D
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angiographic images, and the image with the most perpendicular
projection was identified for each aneurysm. Then, CND and the
proximal (D,) and distal (D,) ends of the aneurysm neck in the
parent artery were measured on each image as shown in Fig 1B.
The calculation is as follows:

CND
D, + D,
2

For NR measurements on 2D-DSA images, a line to measure the

NR =

CND was first drawn across the aneurysmal neck. A line at the
proximal end and a line at the distal end of the CND were then
drawn in the parent vessel to measure D, and D,, respectively (Fig
1B).

Other Morphology-Based Parameters

Other common morphologic parameters calculated for each case
were aneurysm size (size), neck diameter, aneurysm volume, as-
pect ratio, and size ratio. “Aspect ratio” is defined as the ratio of
the aneurysm size to the neck diameter, and “size ratio” is defined
as the ratio of aneurysm size to the parent vessel diameter.''"?
AView software was used to calculate these morphologic param-
eters to assess differences between the occluded and residual
groups.'*'® Furthermore, as shown by Darsaut et al,'” the curva-
ture of the aneurysm and parent vessel affects the occlusion out-
come of FD-treated aneurysms. Therefore, we calculated the an-
eurysm angle and parent vessel angle for each aneurysm.'"'” To
quantify aneurysm shapes in both groups, we calculated the fol-
lowing shape indices for each aneurysm: undulation index, non-

sphericity index, ellipticity index, and bottleneck factor.' "'

FD-Related Parameters

Two FD-related parameters, metal coverage rate (MCR) and pore
density, were calculated for each case to assess associations with
occlusion status and the OsR. MCR quantifies the percentage area
of the aneurysm neck covered by the FD wire struts, and pore
density quantifies the number of FD pores per unit area at the
neck plane."'®'* MCR and pore density could not be measured
accurately from posttreatment images due to imaging artifacts
after FD implantation. Therefore, virtual FD deployment was per-
formed on each case to simulate clinical FD deployment and
quantify MCR and pore density. We used an expansion-based
in-house virtual stenting workflow to perform virtual FD deploy-
ment on these cases.”>*> MCR and pore density were quantified
from the FD deployment results at the aneurysm neck. Details of
the virtual stenting workflow, FD deployment, and quantification
of the MCR and pore density are provided in the On-line
Appendix.

FD deployments and subsequent MCR and pore density
calculations are extremely variable and depend on the size of
the device and the curvature and morphology of the artery.?*>*
Therefore, to validate the MCR and pore density calculated
after virtual stent placement, we performed experimental val-
idation using physical deployment of FDs in 3 patient-specific
aneurysm models fabricated using optically clear silicone.”
Validation results showed that the MCR and pore density from
the virtual stenting workflow were within 10% of the physical
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Table 1: Demographic and clinical information for patients in the
occluded and residual groups

Parameter Occluded Residual P Value
Age (average = SE) (yr) 57624 622*29 28
Female sex (No. of patients) 37 15 12
Hypertension (No. of patients) 10 8 26
Smoking (No. of patients) 15 9 48

Note:—SE indicates standard error.

deployment range for all 3 aneurysms. Details of validation
analysis and results are included in the On-line Appendix.

Researchers involved in calculating the morphologic parame-
ters (including the OsR and NR) and the FD-related parameters
were blinded to the clinical outcome of the aneurysms.

Statistical Analyses

FD-treated aneurysms were dichotomized as “occluded” or “re-
sidual” based on the 6-month 2D-DSA images. Completely oc-
cluded aneurysms were included in the occluded group, and an-
eurysms with neck or dome remnants were included in the
residual group. For statistical analysis, we performed the Shapiro-
Wilk test to check for normal distribution of the continuous vari-
ables. A Mann-Whitney U test (for non-normally distributed
data) or a Student ¢ test (for normally distributed data) was used
to distinguish differences in OsR, NR, size, neck diameter, vol-
ume, aspect ratio, size ratio, MCR, and pore density between the 2
groups. For categoric variables, a x* test was used to test statisti-
cally significant differences between the groups. All values were
expressed as mean * standard error. Statistical significance was
defined as a P < .05. Area under the receiver operating character-
istic curve (area under the curve) and 95% CI were used to assess
the predictable power of statistically significant parameters.”® The
optimal cutoff point was determined by the Youden Index (] sta-
tistic),”” which indicates the point in the receiver operating char-
acteristic curve with maximum specificity and sensitivity. To de-
termine whether the OsR and NR were related to the MCR and
pore density, we performed linear regression analysis and defined
correlation as R* > 0.80. Statistical analysis was performed using
the commercial SPSS software package (Version 24.0; IBM, Ar-
monk, New York).

RESULTS

A total of 63 aneurysms in 60 patients met the study inclusion
criteria. At the time of FD treatment, 4 of 63 aneurysms were
ruptured. At 6-month follow-up, 46 aneurysms were occluded,
whereas 17 aneurysms had some residual contrast filling. No sig-
nificant differences were found in age, sex, hypertension, or
smoking status between the occluded and residual groups (Table
1). OsR was significantly higher in the residual group than in the
occluded group (0.58 = 0.03 versus 0.35 = 0.02, P < .001, Fig 2).
OsR values ranged from 0.13 to 0.66 and from 0.41 to 0.87 in the
occluded and residual groups, respectively.

Apart from the OsR, the NR was the only morphologic
parameter that was significantly higher in the residual group
than the occluded group (1.74 = 0.18 versus 1.30 = 0.07, P =
.02) (Table 2). Although values for size, neck diameter, vol-
ume, aspect ratio, and size ratio were higher in the residual
group than in the occluded group, none of these parameters
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FIG 2. Box-and-whisker plot of the OsR (P <.001) shows a statistically

significant difference in the OsR between the occluded and residual
groups. The horizontal line within each box indicates the median,
boundaries of the box indicate the 25th and 75th percentiles, and
whisker bars represent the highest and lowest values of the OsR in

each group.

Table 2: Aneurysmal morphologic and FD-related parameters in
the occluded and residual groups®

Parameter Occluded Residual P Value
OsR 0.35 = 0.02 058+003 <.00°
NR 130 = 0.07 174 =018 .02°
Size (mm) 56+ 06 6.6 £11 29
Neck diameter (mm) 4.67 +0.26 6.06 = 0.62 .06
Aneurysm volume (mm?) 251.52 +105.48 502.75 +239.77 .35
AR 1.01 = 0.08 112 £ 0.16 .53
SR 148 £ 0.19 2.00 =043 27
ul 0.06 = 0.01 0.07 £ 0.02 77
NSI 0.23 = 0.01 0.27 =0.03 43
El 0.21 = 0.01 0.24 £ 0.02 33
BF 126 + 0.07 123 £ 0.08 15
AA 8939 £298 8932 %263 34
PVA 317 =414 4.61 £ 6.27 .84
MCR (%) 27.46 + 0.51 26.93 £ 1.02 64
PD (I/mm?) 2835086 2579 =17 19

Note:—AA indicates aneurysm angle; AR, aspect ratio; BF, bottleneck factor; El, el-
lipticity index; PD, pore density; PVA, parent vessel angle; SR, size ratio, U, undulation
index; NSI, nonsphericity index.

?Values expressed as average * standard error.

b Significant difference.

reached statistically significant differences. There was no sta-
tistical difference between aneurysm angle (P = .34) and par-
ent vessel angle (P = .84) in the occluded and residual groups.
In terms of shape indices, the undulation index, nonsphericity
index, and ellipticity index were higher in the residual group,
and bottleneck factor was higher in the occluded group. How-
ever, no shape index was significantly different in the occluded
and residual groups. For FD-related parameters, the MCR and
pore density were higher in the occluded group, but the differ-
ences between the groups were not statistically significant for
either parameter (Table 2).

Figure 3 shows a comparison between the OsR and NR in the
2 groups (normalized by the values in the occluded group) (Fig
3A) and the receiver operating characteristic curve to assess their
predictive powers (Fig 3B). There were larger differences between
the normalized OsR in the occluded and residual groups com-
pared with the normalized NR (Fig 3A). In the receiver operating
characteristic analysis, the area under the curve for the OsR was
0.912 (95% CI, 0.838-0.985) and the NR was 0.707 (95% CI,
0.558-0.856) (Fig 3B). On the basis of the Youden Index (J sta-
tistic)*” for maximal sensitivity and specificity, the optimum pre-

0 Occluded (n=46) @ Residual (n=17)

p<0.001

= A

COoO0O0 ===
ohvhromaNMrOON

Parameter
(Normalized to Occluded)

NR

Sensitivity
(@]
?

o
T

A02_ //

| |
04 06 038
B 1 - Specificity

1.0

FIG 3. Comparison of the OsR and NR mean (* standard error) nor-
malized by the occluded group and receiver operating characteristic
curves of the OsR and NR for occlusion status. A, Larger differencesin
the OsR between the occluded and residual groups (P < .001) com-
pared with the NR (P = .02). B, Receiver operating characteristic curve
(ROC) of the OsR (solid line) and NR (dotted line) against the occlusion
status, with an area under the curve of 0.912 for the OsR and 0.707 for
the NR. The asterisk indicates statistically significant difference.
dictive cutoff to distinguish occluded-versus-residual cases oc-
curred at OsR = 0.46 and NR = 1.3.

Linear regression analysis of FD-related parameters against
the OsR and NR showed a statistically insignificant correlation
between MCR and OsR, pore density and OsR, MCR and NR, and

pore density and NR (Fig 4).

DISCUSSION

In this study, we sought to determine whether the relationship
between aneurysm and parent artery morphology influences oc-
clusion rates with FD treatment. We hypothesized that when a
larger percentage of the parent vessel requires reconstruction and
healing, the occlusion rate would fall. To test this hypothesis, we
defined the novel metric, OsR, that captures this concept of the
percentage of the parent vessel involved and found that a higher
OsR correlates with aneurysm residual (incomplete occlusion) at
6 months. Our results suggest that aneurysms with higher OsR are
less amenable to treatment with a single FD and may require al-
ternate/adjunctive treatment paradigms. The predictive ability of
the OsR was high, and previously described morphologic param-
eters (size, neck diameter, volume, aspect ratio, and size ratio) do
not capture this complexity.
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FIG 4. Linear regression analysis to test for correlation of the OsR and NR with FD parameters,
MCR (%) (A and C) and pore density (I/mm?) (8 and D). A and B, MCR (R> =
(R* = 0.0157) were independent of the OsR. C and D, MCR (R? = 0.0182) and pore density (R* =
0.0055) were also independent of the NR. Corresponding 3 and P values are also provided.

Large OsR Is Associated with Incompletely Occluded
FD-Treated Aneurysms

OsR, the ratio of the surface area of the aneurysm ostium to the
remaining circumferential surface area of the corresponding parent
artery, essentially quantifies the fraction of the area of an FD that will
be exposed at the aneurysm ostium. An aneurysm ostium is defined
by complex 3D curves, and OsR accurately quantifies this curvature
and represents the patient-specific aneurysm defect relative to the
parent artery. Higher OsR in our residual cases suggests that a larger
proportion of the parent vessel (ie, a larger parent vessel defect) pro-
vided the inlet for blood flow into aneurysms in the residual group.
This would lead to a higher flow rate into the aneurysmal sac, which
poses more burden for flow diversion and hence less effective flow-
diversion treatment using a single FD in these cases. This premise is
confirmed by a recent study from our group in which aneurysms
with a higher OsR had a significantly higher inflow rate into the an-
eurysmal sac both before and after FD implantation, and all 3 param-
eters (OsR, pretreatment inflow rate, and posttreatment inflow rate)
were negatively correlated with treatment outcome.”® Thus, the OsR
reflects flow-diversion effectiveness influenced by vascular morphol-
ogy. It could potentially identify those aneurysms that are unsuitable
for single-FD treatment.

A larger ostium has been correlated to the speed and degree of
aneurysm occlusion after flow diversion in studies performed in
animal models.'>** For example, Chung et al** deployed FDs in
an elastase-induced rabbit aneurysm model and found that aneu-
rysms with smaller ostia occluded faster than aneurysms with
larger ostia. Additionally, Gentric et al'® deployed FDs in large
and giant sidewall aneurysms in a canine model and found that
aneurysms with larger ostia showed worse angiographic outcome
than aneurysms with small ostia. To our knowledge, our study is
the first to show a correlation between the aneurysm ostium and
angiographic outcome of FD-treated aneurysms using clinical
data. Our results mirror those of the previous animal studies,
albeit we correlated angiographic imaging findings to OsR not
just the surface area or length of the ostium. We postulate that the
OsR, which represents how much of the parent vessel is covered
by the aneurysm, may be a better indicator of outcome than the
ostium area or length alone.
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can easily measure neck diameter and
parent vessel diameter to compute the
NR (see the illustration in Fig 1B).

On the basis of the cutoff values of
the OsR and NR, it can be interpreted
that ICA aneurysms with OsR = 0.46 or
NR = 1.3 might not be amenable to treatment with a single FD.
We suspect that in practice, clinicians will find that smaller OsR

0.0106) and pore density

and NR values indicate that an aneurysm may occlude fully with a
single FD. Conversely, larger values of the OsR and NR may indi-
cate a need for alternative treatment strategies, such as additional
FDs or adjunctive coils,” to achieve similar rates of occlusion.
Clinical studies have shown better success rates for FDs with ad-
junctive coils compared with FDs alone.”’?* Alternatively, for
cases with a high OsR and NR, FD deployment techniques can
change device properties. Catheter manipulations, such as “push-
pull,” during the deployment of an FD can locally compress and
provide optimal metal coverage across the neck, and this may
increase flow diversion away from the aneurysm, compared with
normal FD-deployment technique.'®?* The push-pull technique
enables localized compaction of the FD, increasing the MCR
across the neck.”*?* However, prospective studies are required to
assess the reliability of the OsR and NR in predicting the success of
flow diversion.

FD-Device Parameters Do Not Correlate with OsR or
Angiographic Outcome

In our study, we virtually deployed FDs in all aneurysm cases to
investigate whether the device configuration in cases with larger
OsRs may play a role in treatment outcome. On the basis of our
results, we found no significant association between the OsR and
the device-related metrics, MCR and pore density. This finding is
in contrast to those of Gentric et al,'” who used FD deployment in
silicone tubes to show larger deformation of the FD struts in an-
eurysms with larger ostia. They suggested that larger ostia modify
the FD configuration, increasing porosity and potentiating inef-
fective flow diversion. However, we did not find any correlation of
porosity with angiographic outcome or OsR. Further studies in-
vestigating how FD-deployment configuration is related to poor
clinical outcome are required.

Limitations
First, our analysis was performed on retrospectively collected da-
ta; a prospective study with a larger cohort is required to validate



the power of the OsR and NR in predicting the outcome of FD-
treated aneurysms. Second, due to the limited FD data base at our
single center, we included only sidewall aneurysms located at the
ICA and our results might not be applicable to sidewall aneurysms
at other anatomic locations. Future studies of different aneurysm
types at different anatomic locations are required to confirm our
findings. Third, due to a steep learning curve for clinical FD de-
ployment, deployment strategies have been optimized across
time, resulting in higher success of FD treatment as operator ex-
perience increases.”> However, we did not consider operator
experience in our study. Fourth, because the OsR and NR are
independent on the FD device used, the effect of optimized FD-
deployment strategies such as compacting the device at the aneu-
rysm neck'® cannot be predicted by either the OsR or NR. Fifth, as
demonstrated by Farzin et al,’® measurements of the MCR and
pore density could be subjective and depend on the operator.
Thus, our MCR and pore density measurements might not rep-
resent actual values but may provide a good estimate for each case,
as shown by our experimental validation in the On-line
Appendix.

CONCLUSIONS

We defined OsR, a novel metric that correlates with the occlusion
status of flow-diverted sidewall aneurysms. We also defined a 2D
surrogate, NR, as the ratio of aneurysm neck diameter to the par-
ent vessel diameter. Retrospective analysis of 63 FD-treated aneu-
rysms showed that a high OsR and NR are correlated with incom-
plete occlusion at 6-month follow-up. Common morphologic
and device-related parameters (size, neck diameter, volume, as-
pect ratio, size ratio, MCR, and pore density) did not show an
association with the angiographic outcome of FD-treated aneu-
rysms. Receiver operating characteristic analysis showed the high
predictive power of the OsR and NR to discriminate occluded and
residual aneurysms. Prospective investigation is necessary to val-
idate the OsR and NR as predictors of occlusion in FD-treated
aneurysms.
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