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ABSTRACT

BACKGROUND AND PURPOSE: Intrasaccular flow diversion offers a promising treatment option for complex bifurcation aneurysms. The
purpose of this study was to compare the flow conditions between successfully occluded and incompletely occluded aneurysms treated
with intrasaccular devices.

MATERIALS AND METHODS: The hemodynamics in 18 completely occluded aneurysms after treatment with intrasaccular devices was
compared against 18 that were incompletely occluded at follow-up. Hemodynamic and geometric parameters were obtained from
computational fluid dynamics models constructed from 3D angiographies. Models of the intrasaccular devices were created and interac-
tively deployed within the vascular models using posttreatment angiography images for guidance. Hemodynamic and geometric variables
were compared using the Mann-Whitney test and univariate logistic regression analysis.

RESULTS: Incomplete occlusion was associated with large posttreatment mean aneurysm inflows (P = .02) and small reductions in the
mean inflow rate (P = .01) and inflow concentration index (P = .03). Incompletely occluded aneurysms were larger (P = .002) and had wider
necks (P = .004) than completely occluded aneurysms and tended to have more complex flow patterns, though this trend was not
significant after adjusting for multiple testing.

CONCLUSIONS: The outcome of cerebral aneurysm treatment with intrasaccular flow diverters is associated with flow conditions
created immediately after device implantation. Flow conditions unfavorable for immediate and complete occlusion seem to be created
by improper positioning or orientation of the device. Complete occlusion is more difficult to achieve in larger aneurysms, aneurysms with
wider necks, and aneurysms with stronger and more complex flows.

ABBREVIATIONS: AR = aspect ratio; Asize = aneurysm size; AUC = area under the curve; BF = bottleneck factor; corelen = vortex corelen length; ICI = inflow
concentration index; Ul = undulation index; NSI = nonsphericity index; Nsize = neck size; Q = mean aneurysm inflow; Qpost = posttreatment aneurysm inflow rate;
VE = mean aneurysm velocity; VO = mean vorticity; VOR = volume-to-ostium ratio

low diversion (ie, the endoluminal placement of a flow-divert-
ing stent) has become an attractive treatment option for many
large and complex aneurysms in which coiling alone tends to have
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high rates of recompaction and recanalization." However, these
flow-diversion techniques are not free of complications. Prob-
lems associated with the treatment of cerebral aneurysms with
endoluminal flow diverters include incomplete occlusion or per-
sistent filling of the aneurysm, thromboembolic events, in-stent
stenosis or myointimal hyperplasia, delayed aneurysm rupture,
and delayed distal hemorrhage.*” In addition, 2 further concerns
are the use of dual-antiplatelet therapy, which increases the
chances of other complications, and the treatment of bifurcation
aneurysms in which at least 1 of the daughter branches would be
jailed by endoluminal devices, which increases the chances of
thromboembolic events or vessel occlusions.

Intrasaccular flow-diverting devices offer the possibility of ad-
dressing some of these concerns.*® The devices have been devel-
oped specifically for bifurcation aneurysms, and most cases do
not require the use of dual-antiplatelet therapy as with endolumi-
nal devices. Therefore, they constitute a promising approach for
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complex bifurcation aneurysms’ and an alternative to other tech-
niques such as Y-stent placement and coiling.** However, not all
aneurysms are immediately occluded after implantation of in-
trasaccular flow diverters. Thus, the objective of our study was to
identify aneurysm and flow characteristics (and their change) as-
sociated with subsequent outcome after intrasaccular device im-
plantation (ie, complete or incomplete occlusion). This informa-
tion is important to understand the reasons underlying failures,
pinpoint problematic cases, and enable the prediction of long-
term outcomes to improve treatment planning and device
selection.

MATERIALS AND METHODS

Data

A total of 42 aneurysms in 39 patients (35 women and 4 men;
mean age, 64 years) treated with intrasaccular devices were stud-
ied. The aneurysms were imaged with 3D rotational angiography
immediately before treatment. 2D-DSA images were acquired im-
mediately before and after implantation of the intrasaccular de-
vices. All aneurysms were treated with the Woven EndoBridge
(WEB; Sequent Medical, Aliso Viejo, California) device,* 33 with
Dual-Layer (DL), 8 with Single-Layer (SL), and 1 with a Single-
Layer Spherical (SLS) devices. Typically, the device size is chosen
tobe 1 mm larger in diameter compared with the aneurysm width
and 1 mm smaller in length than the aneurysm depth (size from
the neck to the dome), to allow the device to expand into the
aneurysm dome and conform to the aneurysm walls. Of the 42
aneurysms, 6 were discarded because there were no follow-up
angiographic studies to evaluate the treatment outcome. Patient,
aneurysm, and device characteristics of the remaining 36 aneu-
rysms in 33 patients are summarized in On-line Table 1.

Models

Patient-specific vascular models were constructed from the 3D
rotational angiography images using previously developed meth-
ods."® Unstructured grids composed of tetrahedral elements that
fill the lumen of the vascular models were constructed using an
advancing front grid generator.'® Models of the intrasaccular de-
vices were created and interactively placed within the vascular
models using DSA image-guidance tools and techniques recently
developed.'' Briefly, the vascular model is rendered semitrans-
parent and is superimposed on the DSA image; it is then interac-
tively rotated, zoomed, and translated to make sure it coincides
with the vessels visible in the DSA image (ie, both have the same
projection). Next, the device is interactively translated and ro-
tated to make the virtual device markers coincide with the actual
device markers visible in the DSA image. The process is repeated
with different DSA images acquired in different projections (ie,
different views) to guide the placement of the 3D virtual device
within the vascular model. The process is illustrated with a repre-
sentative case in On-line Fig 1.

Computational fluid dynamics simulations were performed
by numerically solving the Navier-Stokes equations using an in-
house finite-element solver.'? Pulsatile flow conditions were im-
posed at the inlet boundary by scaling flow waveforms measured
in healthy subjects.'” To simulate the blood flow after intrasaccu-
lar device implantation, we used an immersed boundary method

1512 Cebral Sep 2019 www.ajnr.org

operating on adaptive unstructured grids.'* In this approach, the
device wires were discretized as a series of overlapping spheres and
the mesh elements intersected by the spheres were adaptively re-
fined to resolve the wires. Single-layer devices were modeled as a
structure composed of 144 wires of 25 wm in diameter braided at
an angle of 80°. Double-layer devices of >8 mm were modeled as
an outer layer of 144 wires of 19 um in diameter and an inner layer
of 144 wires of 38 wm in diameter, both braided at an angle of 80°.
Double-layer devices <8 mm had 108 wires in each layer instead
of 144. Because these devices contain numerous thin wires, the
resulting meshes after adaptive refinement were quite large, rang-
ing between 100 and 200 million tetrahedra.

Flow simulations were performed for 2 cardiac cycles, and the
results from the second cycle were used to compute a number of
flow parameters to quantitatively characterize the aneurysm he-
modynamic environment.'” In particular, these variables charac-
terize the mean aneurysm inflow (Q) and concentration (ICI) of
the inflow jet, and the mean aneurysm velocity (VE) and mean
vorticity (VO, corelen) of the intra-aneurysmal flow pattern. Sim-
ilarly, a number of geometric parameters were calculated to char-
acterize the size (aneurysm size [Asize], neck size [Nsize]) and
shape (aspect ratio [AR], bottleneck factor [BF], volume-to-os-
tium ratio [VOR], undulation index [UI], nonsphericity index
[NSI]) of the aneurysms.'® A list of the geometric and hemody-
namic variables used and their basic meaning are provided in
On-line Table 2. Hemodynamic analysis was performed blinded
to aneurysm occlusion outcomes.

Analysis

The outcomes of the treatments were evaluated at follow-up with
angiography imaging. Aneurysms were classified into 4 catego-
ries: A) no remnant or filling of the aneurysm or device, B) small
remnant associated with filling of the proximal recession of the
device, C) filling of the proximal compartment of the device
(dual-layer only), and D) filling of the distal compartment of the
device. Categories A and B were grouped into a “complete” occlu-
sion group, and categories C and D, into an “incomplete” occlu-
sion group. Outcome assessment was performed blinded to the
computational fluid dynamics results.

Hemodynamic variables computed for the pretreatment and
posttreatment configurations, as well as their percentage change
(reduction) from pre- to posttreatment, were compared between
the complete and incomplete occlusion groups using the non-
parametric Mann-Whitney test. Geometric characteristics of the
aneurysms of these 2 groups were similarly compared. Differences
were considered significant at P < .05 (95% confidence). P values
were adjusted for multiple comparisons using the Bonferroni
method. For each of the variables with statistically significant dif-
ferences, univariate logistic regressions were performed, receiver
operating characteristic curves were created, and the area under
the curve (AUC) was calculated to assess the discriminatory
power of each of these variables. Optimal thresholds were com-
puted as the point on the receiver operating characteristic curve
closest to the upper-left corner. Multivariate logistic regression
analysis was performed with statistically significant variables. All
statistical analyses were performed using codes written in R sta-
tistical and computing software (http://www.r-project.org/).



Table 1: Hemodynamic parameters before treatment, after treatment, and their change (reduction), along with geometric

characteristics of aneurysms in the complete and incomplete occlusion groups®

Complete (n =18)

Incomplete (n =18)

Comparison

Variable Mean SD Mean SD P P Adjusted AUC Threshold

Geometry

Asize 0.781 0.131 1.060 0.213 <.001° .002° 0.87 1.04

Nsize 0.502 0.097 0.660 0.132 <.001° .004° 0.85 0.70

AR 1335 0.424 1507 0.352 Al .85

BF 1349 0.215 1483 0.190 .05 .53

VOR 0.776 0.390 1.258 0.500 .004° .06 0.79 115

ul 0.124 0.046 0.097 0.052 .09 77

NSI 0.190 0.042 0.192 0.030 i 1.00
Pre-Tx hemodynamics

ICI 1.57 0.85 172 0.59 29 1.00

Q 1.09 0.59 1.67 0.78 02° 26 0.74 1.60

VE 14.75 8.87 13.79 7.08 81 1.00

VO 405.54 27272 317.64 196.43 .54 1.00

Corelen 1.99 0.95 4.47 3.60 04° 49 0.71 6.54
Post-Tx hemodynamics

ICI 1.03 13 1.65 1.01 .03° 37 072 2.05

Q 0.61 0.50 149 0.96 .00 .02° 0.82 1.64

VE 3.15 2.90 472 444 18 1.00

VO 130.07 107.78 148.18 128.19 .54 1.00

Corelen 37.95 41.87 55.34 28.82 02° 35 0.73 84.32
Hemodynamic reduction (%)

Alcl 4639 34.55 8.07 3245 .002° .03° 081 29.17

AQ 47.46 28.25 9.93 3341 <.001° o 0.83 30.10

AVE 80.88 119 62.90 36.63 03° 41 0.72 2041

AVO 67.40 13.96 46.11 44.86 04° 49 0.70 —8.83

Acorelen —1855.60 1721.87 —2068.93 1965.52 .81 1.00

Note:—Pre-Tx indicates pretreatment; Post-Tx, posttreatment.
?Results of univariate analysis between these 2 aneurysm groups.
® Statistically significant differences (P < .05).

RESULTS

Of the 36 aneurysms with follow-up included in the study, 18 were
classified into the complete occlusion group and 18 into the incom-
plete occlusion group. The mean and SD of geometric and hemody-
namic variables (and their percentage change) in each aneurysm
group are presented in Table 1. The P values of the Mann-Whitney
univariate tests and the P values adjusted for multiple testing are
provided, and significant differences are indicated by footnote b. The
AUC and optimal threshold for the univariate logistic regressions are
provided for variables with statistically significant differences be-
tween complete and incomplete occlusion groups.

These results indicate that large posttreatment aneurysm in-
flow rates (Q, P = .02) and small reductions in inflow (AQ, P =
.01) and inflow concentration (AICI, P = .03) from pre- to post-
treatment are associated with incomplete occlusion. Pre- and
posttreatment flows tended to be more complex (ie, larger vortex
corelen length [corelen]) in incompletely occluded aneurysms
compared with completely occluded aneurysms, but these differ-
ences were not significant when adjusting for multiple testing.

Geometrically, incompletely occluded aneurysms were larger
(Asize, P = .002) with wider necks (Nsize, P = .004) than com-
pletely occluded aneurysms. Incompletely occluded aneurysms
also tended to have larger volume-to-ostium ratios (ie, larger cav-
ities for similar neck sizes), but this association only reached mar-
ginal statistical significance after adjusting for multiple testing
(VOR, P = .06).

Multivariate statistical logistic regression was performed with
the statistically significant variables (Asize, Nsize, posttreatment

aneurysm inflow rate [Qpost], AQ, and AICI). Stepwise variable
selection using the Akaike information criterion retained Asize,
Nsize, and Qpost as independent predictors of incomplete occlu-
sion with an AUC = 0.93 and a prediction error of 22% during
cross-validation (On-line Fig 2). The linearized model coeffi-
cients (measure of the relative importance of the variables) were
Asize = 4.58, Nsize = 2.35, Qpost = 3.87.

DISCUSSION

Associations with Incomplete Occlusion

The results of this study indicate that incomplete aneurysm oc-
clusion after treatment with intrasaccular flow diverters is associ-
ated with a high persistent inflow rate into the aneurysm imme-
diately after treatment and a small reduction in the inflow rate
(and inflow jet concentration) from pre- to posttreatment condi-
tions. These results are not surprising and are consistent with
previous studies analyzing the relationship between flow condi-
tions and outcomes of aneurysms treated with endoluminal flow
diverters.'”"'” Furthermore, our results suggest that the change in
inflow rate (AQ) from pre- to posttreatment, and/or the final
posttreatment inflow rate could discriminate between incomplete
and complete occlusions at follow-up with a predictive power of
approximately 82%-—83%, as suggested by the corresponding
AUCs. Our results also indicate that, in general, it is more difficult
to achieve complete occlusions in larger aneurysms, aneurysms
with wider necks, and aneurysms with stronger and more com-
plex flows. The multivariate analysis suggests that adding flow
information (especially posttreatment inflow rate) improves the
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FIG 1. Examples of 3 aneurysms treated with intrasaccular devices that
are completely occluded at follow-up. Left column (4, C, and E) shows
visualizations of the inflow jet before treatment, and right column (B, D,
and F) shows corresponding visualizations immediately after treatment.
Upper row, ICA bifurcation aneurysm. Center row, MCA bifurcation an-
eurysm. Lower row, Anterior communicating artery aneurysm.

assessment of future occlusion based on geometry alone. Further-
more, according to the linearized coefficients of this model, an-
eurysm size and inflow rate seem to be the most important vari-
ables to predict or explain outcomes.

Previous studies have proposed the mean aneurysm flow am-
plitude ratio, derived from dynamic DSA images, as a predictor of
aneurysm occlusion after flow diversion.”® Additionally, a previ-
ous study showed that mean aneurysm flow amplitude is related
to the VE determined through computational fluid dynamics
analysis.”! Most interesting, in our study, the reduction in the
mean aneurysm flow velocity (AVE) tended to be larger in com-
pletely occluded aneurysms compared with incompletely oc-
cluded aneurysms, but this trend did not achieve statistical signif-
icance when adjusting for multiple comparisons. Nevertheless,
our univariate logistic regression analysis indicated that AVE (and
thus perhaps the mean aneurysm flow amplitude ratio) could
discriminate between complete and incomplete occlusions with
approximately 72% accuracy (AUC = 0.72).

Examples of 3 aneurysms in the complete occlusion group are
shown in Fig 1. This figure presents visualizations of the inflow jet
before and after treatment. A noticeable reduction in the inflow
jet into the aneurysm can be observed in these 3 cases. Similarly,
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FIG 2. Examples of 3 aneurysms treated with intrasaccular devices
that are incompletely occluded at follow-up. Left column (A, C,
and E) shows visualizations of the inflow jet before treatment, and
right column (B, D, and F) shows corresponding visualizations im-
mediately after treatment. All 3 aneurysms were at the MCA
bifurcation.

examples of 3 aneurysms in the incomplete occlusion group are
presented in Fig 2. In the first case (upper row), it can be seen that
the position of the device is not optimal—that is, the device is not
well-apposed to the walls at the aneurysm opening but further
into the sac, allowing flow into the aneurysm. In the second case
(center row), there seems to be substantial flow into the aneurysm
because of suboptimal orientation of the base of the device with
respect to the aneurysm opening. In the third case (lower row),
though the device seems properly placed, the inflow jet is quite
strong and is not sufficiently disrupted by the device. These results
seem to be consistent with a previous study of endoluminal flow
diversion that indicated that proper sizing of the stent (which
produces minimal change in the device cells compared with its
reference configuration) is associated with a higher rate of com-
plete aneurysm occlusion.”?

Clinical Implications

Our findings indicate that treatment failure (ie, incomplete occlu-
sion) could result not only because of poor device deployment
(which is more common in large aneurysms with wide necks) but
also because the devices may not provide sufficient flow disrup-
tion, even if appropriately placed, in cases with strong inflow jets.



Therefore, in addition to the aneurysm geometric features that
predispose them to failure (size and neck), knowledge of pretreat-
ment flow characteristics (in particular the location and strength
of the inflow jet) could help select devices (porosity) and place
them optimally to achieve the largest flow disruption possible
(lower porosity regions blocking the inflow jet). Additional quan-
titative knowledge of posttreatment flow conditions could also be
used to predict outcomes using statistical models such as the mul-
tivariate logistic model presented here. This information is valu-
able for evaluating the procedure and potentially recommending
further steps (eg, deployment of a flow-diverting stent if failure is
anticipated). This hemodynamic information could potentially
be derived from computational fluid dynamics models, but this
step would require significantly reducing the time required for
posttreatment computational fluid dynamics simulations. This
could be achieved with steady-state simulations (and perhaps re-
duced vascular models) that can yield mean flow quantities such
as the ones presented here in a much shorter time (minutes).
Alternatively, flow conditions could be potentially inferred from
in vivo measurements such as the mean aneurysm flow amplitude
derived from dynamic DSA images (though these techniques
would have to be improved for estimating flows in the presence of
intrasaccular devices).

Limitations

Patient-specific flow conditions were unavailable; therefore, they
were adapted from measurements in healthy subjects. Vessel walls
were approximated as rigid, and blood, as a continuous Newto-
nian fluid. There are uncertainties associated with the exact place-
ment of the virtual devices inside the vascular model. Our inter-
active image-guided device-placement approach attempted to
minimize these uncertainties by reproducing the position and ori-
entation of the device by visually matching the virtual and actual
device markers visible in the DSA images from all available view-
points. Finally, our findings should be further confirmed with
larger samples and more aneurysms at different locations.

CONCLUSIONS

The outcomes of cerebral aneurysm treatment with intrasaccular
flow-diverting devices are associated with the flow conditions cre-
ated immediately after implantation of these devices. In particu-
lar, a high posttreatment aneurysm inflow rate and a small reduc-
tion in the inflow rate (and inflow jet concentration) from pre- to
posttreatment conditions are associated with incomplete occlu-
sions. Flow conditions unfavorable for immediate and complete
occlusions can be created by improper positioning or orientation
of the device. Complete occlusions are more difficult to achieve in
larger aneurysms, aneurysms with wider necks, and aneurysms
with stronger and more complex flows.
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