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influenced by flow impingements and convergences. These insights highlight
the complexity of aneurysm behavior, suggesting that both high and low-shear
environments can contribute to aneurysm pathology through distinct
mechanisms.
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1 | INTRODUCTION

Intracranial aneurysms (IAs) present a significant challenge in neurovascular medicine because clinicians (and
patients) frequently need to decide whether to treat or conservatively follow incidentally found aneurysms.' Although
several clinical, patient, and demographic risk factors that inform these decisions have been identified, the mechanisms
responsible for the remodeling, degradation, and weakening of the wall, which ultimately determine the aneurysm sta-
bilization or progression towards rupture, remain poorly understood.>* Hemodynamics has been recognized as a criti-
cal player in these mechanisms, which drives or at least influences biological processes (e.g., inflammation, collagen
deposition, thrombus formation, etc.) that result in structural changes in the wall and an associated change in its struc-
tural integrity or strength.’ Although many studies have investigated the relationship between the global hemodynam-
ics in aneurysms and their propensity to grow or rupture,®® the exact connection between local hemodynamic features
and the biological processes responsible for the wall changes remains largely unknown.

Attempts at elucidating some of these connections have been made by connecting flow features such as wall shear
stress (WSS) determined from computational fluid dynamics (CFD) models to regions of the wall exhibiting enlarge-
ment in longitudinal imaging®'® or inflaimmation presumably evidenced by magnetic resonance wall
enhancement,''? or atherosclerotic remodeling or thinning as observed in intra-operative videos,"* ™ or failure as
determined from observed sites of aneurysm rupture in videos or 3D images.'®'® In addition, blebs or secondary local-
ized outpouchings in the aneurysm sac have been recognized as significant risk factors and are thought to be connected
to wall failure." Flow conditions that favor bleb development have also been investigated with CFD.*° However, small
sample sizes have limited most of these previous studies, and the results have not been entirely conclusive.

On the other hand, general knowledge of the prevailing hemodynamic conditions and local flow structures affecting
different parts of the aneurysm is valuable to connect the local flow environment to observed wall features such as
blebs, wall enhancement, wall enlargement or growth, and so forth and shed light into the underlying mechanisms
responsible for their development. Thus, this work aimed to subdivide aneurysms into subregions of different kinds
and characterize the local hemodynamic conditions and flow features in each subregion with the intent to subsequently
relate the regional hemodynamic environment to co-localized wall features such as blebs and rupture sites. Addition-
ally, this analysis is stratified by the anatomical location of the IAs. Furthermore, by characterizing hemodynamics in
aneurysm subregions, this study also illustrates a practical application, exploring the implications of these dynamics on
bleb development as the investigation progresses.

2 | METHODS
2.1 | Aneurysm datasets

A total of 359 intracranial aneurysms in 268 patients who were surgically treated with clipping were included in this
work. Patient-specific vascular models of the aneurysms and surrounding vasculature were reconstructed by segmenta-
tion of pre-operative 3D rotational angiography (3DRA) or computed tomographic angiography (CTA) images as previ-
ously described.’**'"** As discussed in previous studies,”® blebs were visually identified in the pre-operative 3D images
and interactively marked on the reconstructed vascular models. A total of 213 blebs were identified in the 150 aneu-
rysms. The number of aneurysms at different anatomical locations and the corresponding number of blebs are summa-
rized in Table 1. This study was approved by the Institutional Review Board (IRB) at George Mason University and our
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TABLE 1 Number of aneurysms and blebs (incl. size) at different anatomical locations.

Location #Aneurysms Aneu. size mean + SD (mm) #Aneu. w/blebs #Blebs Bleb size mean + SD (mm)
ACOM 68 7.53 +3.54 38 54 3.07 + 1.15

PCOM 40 7.82 + 3.99 18 26 3.24 +1.48

MCA 152 7.93 £ 3.55 65 89 3.06 + 1.39

ICA 66 5.88 + 5.3 18 26 2.3 +0.67

Other 33 5.18 + 3.11 11 18 2.21 +1.57

Total 359 - 150 213 -

Note: Aneurysm locations: ACOM = anterior communicating artery, PCOM = posterior communicating artery, MCA = middle cerebral artery, ICA = internal
carotid artery, and other locations (incl. basilar, anterior cerebral and posterior inferior cerebellar arteries).

FIGURE 1 Example of an MCA aneurysm modeling and subdivision: (A) 3DRA image showing the aneurysm at the right MCA
bifurcation, (B) reconstructed vascular model, (C) neck delineation, (D) saccular subdivision (red = neck, green = body, and blue = dome),
(E) flow streamlines, (F) streamwise subdivision (red = inflow, green = central, and blue = outflow), (G) bleb identification and marking,
and (H) topographic subdivision (red = parent aneurysm, green = bleb, and blue = transition).

collaborators at the University of Pittsburgh, University of Illinois at Chicago, Allegheny General Hospital, Northwell
Health, and Helsinki University Hospital.

2.2 | Vascular and hemodynamics modeling
As elaborated in previous studies,'>*'"** patient-specific vascular models were constructed from the 3DRA/CTA
images. The models included the relevant feeding arteries—typically the internal carotid arteries for aneurysms in the
anterior circulation and the vertebral arteries for those in the posterior circulation. This ensured the accurate represen-
tation of fully developed flow into the aneurysm and complex secondary or swirling flows at the aneurysm site. Impor-
tantly, to mitigate boundary condition effects that could potentially influence the results, long segments of the feeding
artery, including the cervical (C1) part of the arteries, were included.***> The reconstructed surface models are then
smoothed using a non-shrinking algorithm, and arterial branches are truncated perpendicularly to their axes at the
inlet or outlet locations. An example of vascular reconstruction from a 3DRA image is shown in Figure 1A,B.
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Unstructured grids composed of tetrahedral elements with a minimum resolution of 200 pm were generated from
reconstructed surface models using an advancing front method that first re-triangulates the surface and then marches
into the domain,">*'~** resulting in meshes containing between 2 and 5 million elements. Our choice of mesh resolu-
tion and parameters, justified by a sensitivity analysis conducted in prior studies, ensures mesh-independent results."?
This approach is particularly effective for computing average variables, which are central to our current study.

Because patient-specific blood-flow information was not available, typical flow waveforms obtained from in vivo
phase-contrast MR imaging measurements of flow rates in healthy subjects are used to produce a population-averaged
waveform.”® These measurements are scaled based on an empirical law relating to mean flow rate and arterial cross-
sectional area to achieve a mean WSS of 15 dyne/cm? in the inlet vessels. Fully developed velocity profiles are then
mapped to the inlet boundary using the Womersley solution. Outflow boundary conditions are carefully selected to pre-
vent unphysiological pressure drops across various arterial branches. Traction-free conditions are applied at the major
model outlets. For models including smaller arterial branches, the flow rates in these branches are estimated in accor-
dance with Murray's law. This estimation helps maintain consistent wall WSS levels from the parent artery when
imposing outflow boundary conditions. Vessel walls were approximated as rigid, and no-slip boundary conditions were
applied to the walls.'>*!

Blood flow was modeled by solving the unsteady Navier-Stokes equations for an incompressible fluid treated as a
Newtonian fluid (density of 1.0 g/cm® and viscosity of 0.04 g/cm.s) using in-house code based on a fully implicit finite
element formulation on unstructured grid.**~** This setup involves solving the equations as a steady-state problem at
each time step in a pseudo-time framework, updating variables such as velocity and pressure. The numerical solution
involves selectable schemes—first-order implicit and explicit Euler schemes, and a second-order Crank-Nicholson
scheme—each tailored to enhance computational efficiency and accuracy. We employed a pressure-projection method
with an edge-based upwind finite element method for spatial discretization. The momentum and pressure Poisson
equations were respectively solved using the Generalized Minimal Residuals (GMRES) method and a deflated
preconditioned conjugate gradients method. These simulations were conducted over two cardiac cycles, with data from
100-time points during the second cycle analyzed to evaluate various flow variables (more details are provided below)
and characterize the local hemodynamic environment.

2.3 | Aneurysm wall subdivision

To analyze and compare the local flow environment in different subregions of the aneurysm wall, the aneurysm surface
was subdivided in three different manners, denoted “saccular,” “streamwise,” and “topographical” subdivisions, as
detailed below.

a. Saccular Subdivision. As in previous studies,® the aneurysm neck was first manually delineated on the vascular
model (see Figure 1C) by interactively selecting a few points along the neck and connecting them along the path of
minimum geodesic distance (distance on the surface). Next, the geodesic distance (gd) to this neck-line was com-
puted for all points on the aneurysm sac. Subsequently, aneurysm elements (triangles) were classified as belonging
to the “neck,” “body,” or “dome” regions depending on the geodesic distance to the neck of their nodes:

0<gd, i <0.2gd,,., = neck region
0.2gd,,,. <8d,. <0.6gd,,. = bodyregion,
0.68d,,, <8d,er <1.0gd,,,, = dome region

where, gdmax is the maximum distance to the neck (of all aneurysm points) and gd,. is the distance to the neck of
the element nodes (see Figure 1D). The chosen thresholds for saccular subdivision, though arbitrary, are objective
and reproducible. These align more closely with clinicians' definitions of the neck than divisions of equal length.

b. Streamwise Subdivision. Second, aneurysm surface elements were classified according to their location along flow
streamlines (see Figure 1E). For this purpose, the mean flow velocity field was first computed by taking the
time-average of the velocity field over the cardiac cycle. Then, for each surface (wall) element, a nearby streamline
that passed through a point inside the aneurysm volume close to the centroid of the surface element (origin) was
computed. This streamline was computed both in the positive (downstream towards the outflow) and negative
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(upstream towards the inflow) velocity directions until it crossed the aneurysm orifice surface. Subsequently, the
surface element was classified as in the “inflow,” “central,” or “outflow” region depending on the distance of
the streamline origin point to the aneurysm inflow along the streamline (sd):

0 < 5dinfow <1/3 Lstrm = inflow region
1/3 Lyrm < Sdinfiow <2/3 Lyrm = central region,,
2/3 Lgyym < Sdinflow < Lsirm = outflow region

where, Ly, is the total streamline length from the aneurysm inflow to the outflow, and sd,s0w is the distance along
the streamline from the origin to the aneurysm inflow. Figure 1E shows streamwise subdivision regions. Computing
and testing the mean flow rate from simulations, whether pulsatile or steady, yields a similar aneurysm streamwise
subdivision, as the results are largely independent of the flow waveform.

c. Topographical Subdivision. Finally, the aneurysm surface was subdivided into topographical regions denoted “bleb,”
“transition,” or “parent aneurysm.” After identifying and marking the bleb elements as explained before®® (see
Figure 1G), an advancing front approach was used to mark the transition elements within a 500 pm distance of the
bleb elements and the remaining elements were classified as in the parent aneurysm. An example is shown in
Figure 1H, where the bleb is labeled in green, the transition in blue, and the parent aneurysm in red. All elements
were labeled as belonging to the parent aneurysm region in aneurysms without blebs.

24 | Hemodynamic characterization of aneurysm regions

The local hemodynamic environment at the aneurysm wall was characterized by computing a number of flow variables
defined on the aneurysm surface. Specifically, given the flow velocity field u(x,t) at a given position x and time ¢, 7 the
shear stress vector (frictional force per unit area) acting on a surface element with normal n is defined as:

t=u(Vu+vu') -n

where, y is the viscosity. The wall shear stress vector is then defined as the shear stress acting on the vessel wall in the
tangential direction (i.e., along the surface):
tw=[t—(z-n)n]y

Based on these quantities, the list of variables considered and their definition and meaning (i.e., what aspect of the
flow environment they measure) is provided in Table 2. The wall shear stress magnitude, divergence, and gradient were
time-averaged over the cardiac cycle with period T.

In addition, critical points in the WSS vector field?° were identified at each instant of time in each surface element
by finding local element coordinates (£,7) where the wall shear stress vector becomes zero: 7,,(&,77) =0, inside the ele-
ment 0 <&, <1. Decomposing the WSS vector along (x,y) coordinates perpendicular to the element normal, the 2-by-2
Jacobian matrix is:

OTux  OTwx
ox dy
Oty ITwy
ox dy

The trace, determinant, and discriminant of the Jacobian matrix can be written as:

tl’a:tr(.]):]n-l-.]zz:/ll-i-/lz
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TABLE 2 Hemodynamic variables.

Symbol Variable Definition Measures
WSS Wall Shear Stress  wss — 1 j;JT |7 | dt Magnitude of frictional force per unit area on the aneurysm wall
DIV WSS Divergence  pIv — 1 fOTV Ty dt Convergence (<0) or divergence (>0) of WSS vector field, felt as compressive or
tensile forces by wall cells*”
GRD WSS Gradient GRD=1 fOTV\Tw| dt Spatial changes of WSS magnitude on the aneurysm wall
OSI Oscillatory Shear fTT @ Oscillations of the WSS vector (z,,) over the cardiac cycle
Index osI=1|1-1%
S lewldt
RRT Relative RRT~ m Estimation of the time spent by fluid elements near the wall

Residence Time

det = det(J) 2111]22 —121J12 :/11/12

dis = tra2 —4xdet = (]11 +]22)2 — 4% (]11]22 *]21]12) = (/11 +/12)2 74&1/12

where, (11,4,) are the eigenvalues. The local behavior of the vector field is determined by these eigenvalues. Their real
part represents divergence from (>0) or convergence towards (<0) the critical point, while the imaginary parts repre-
sent rotations around the critical point (positive or negative indicate clockwise or anti-clockwise direction). Thus, the
critical points are classified depending on the eigenvalues or equivalently according to the trace, determinant, and dis-
criminant of the Jacobian matrix, as detailed in Table 3. Note that the case with two pure imaginary eigenvalues
(no real part), that is, a “center” point, which represents a pure rotation, was left out as it never occurred in the aneu-
rysm flows analyzed.

Once identified, the critical points are tracked over the cardiac cycle, and a “critical point influence field” is calcu-
lated by convolution with a smoothing kernel (i.e., a Gaussian) that spreads the influence of the point over an area with
a selected kernel size (e.g., 500 pm) and averaged over the cardiac cycle. These fields provide a measure of the area of
influence of the critical point over the cardiac cycle and are used to quantify the effect of critical points on the wall.
Examples of critical points, associated flow structures, and local WSS characteristics (such as flow impingement, inflow
jet-wall contact, vortex or swirling flow, crossflows, etc.) are shown in Figure 2. This figure shows flow impingement
(A), associated node source point at the peak time of the cardiac cycle (B), and area of influence of hits node source dur-
ing a single cardiac cycle (C) in an ICA bifurcation aneurysm; in the middle row, we see a PCOM aneurysm with a bleb
near the inflow jet contact region (D), swirling flow around a vortex ending at the neck of the bleb (E), and vortex core
line and associated focus point at the vortex end along with other points within the aneurysm (F); and in the bottom
row, we see, shear cross-flows and saddle point near the neck (G) and associated focus point at the vortex end (H) in
another PCOM aneurysm.

2.5 | Data analysis

All hemodynamic variables (WSS, DIV, GRD, OSI, and RRT) and critical point fields (SADDLE, FOCUS-SRC, FOCUS-
SNK, NODE-SRC, and NODE-SNK) were spatially averaged over each aneurysm sub-region, including the saccular
(neck, body, and dome), streamwise (inflow, central, and outflow), and topographical (bleb, transition, and parent) sub-
divisions described above. Next, the mean values of these variables were compared across sub-regions using ANOVA or
Kruskal-Wallis tests, depending on the normality of the data distribution. These comparisons were repeated for aneu-
rysms at different anatomical locations (i.e., ACOM, PCOM, MCA, and ICA). Statistical differences were considered sig-
nificant if p < .05, corresponding to a 95% confidence level. In order to provide deeper insight into these comparisons,
visual plots illustrating mean trends and standard errors were produced (see Figures 3-8). The text in plot legends
shows the Kruskal-Wallis test p-value, where *p means the value is significant (p < .05).

Additionally, the percentage of the area of each bleb overlapping with the different saccular (neck, body, and dome)
and streamwise (inflow, central, and outflow) regions of the aneurysm were calculated (see Figure 9). These
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TABLE 3 Critical points of the WSS vector field.

Type Definition Picture Associated with
SADDLE M, ER Shearing flow
A1>0
1, <0

tra=0,det <0,dis >0

FOCUS Source (SRC) MM €C Vortex swirling flow
Re (ﬂl) >0
Re (}.2) >0

tra> 0,det > 0,dis <0

FOCUS Sink (SNK) M,A €C Vortex swirling flow
Re (ﬂl) <0
Re (}.2) <0

tra <0,det > 0,dis <0

NODE Source (SRC) M ER Impinging flow
M>0
>0

tra>0,det > 0,dis >0

NODE Sink (SNK) A ER Suction flow
1 <0
1, <0

tra < 0,det > 0,dis >0

KIPKIOIGIRE

percentages were compared using Kruskal-Wallis tests for all rupture sites and across aneurysm locations. Pairwise
comparisons for each subregion were carried out using the non-parametric Wilcoxon (Mann-Whitney) test. All statisti-
cal analyses were carried out with scripts written in R and Python.

3 | RESULTS
3.1 | Hemodynamic characterization of saccular subregions

The distributions of hemodynamic variables across saccular subregions for different aneurysm locations are presented
in Figure 3. In general, WSS and WSS gradient were larger at the aneurysm neck than at the body and dome
(p <.0001) for all aneurysm locations. WSS divergence was positive and larger at the aneurysm neck of ACOM and
MCA aneurysms (p < .0001), but negative at the neck of ICA aneurysms (p = .037). OSI was not significantly different
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FIGURE 2 Example flow features associated with different critical points (arrows): (A-C) flow impingement and node sources; (D-G)
vortex flow and focus sources; (H) cross-flows and saddle point.

between the neck, body, and dome for ACOM, PCOM, and MCA aneurysms but was higher in the body of ICA aneu-
rysms (p = .01). RRT was larger at the dome of PCOM (p < .0001) and MCA (p = .009) aneurysms but higher at the
body of ICA aneurysms (p = .001).

As shown in Figure 4, saddle points associated with inflow/outflow cross or shear flow were more frequent at the
neck, followed by the body and the dome of aneurysms at all locations (p < .0001). Focus sources and sinks, associated
with swirling flow at vortex ends, were more frequent at the body of aneurysms at all locations (p < .0001). Node
sources associated with flow impingement were more frequent at the aneurysm body for all aneurysm locations
(p < .0001) but were also common at the neck of PCOM and MCA aneurysms. Node sinks, associated with flow conver-
gence, were, in general, most frequent at the aneurysm body (p < .0001), but they were also common at the body of
ACOM aneurysms and the dome of PCOM and MCA aneurysms.
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FIGURE 3 Hemodynamic characterization of saccular regions.

3.2 | Hemodynamic characterization of streamwise subregions

The distributions of hemodynamic variables across streamwise subregions for different aneurysm locations are pres-
ented in Figure 5. The WSS and WSS gradient were larger at the inflow region, followed by the outflow region, and
smaller in the central region (p < .0001), and this distribution was consistent across aneurysm locations. WSS diver-
gence was positive and larger in the outflow region of ACOM, PCOM, and MCA aneurysms (p < .003) but negative and
of larger magnitude at the inflow region of ICA aneurysms although this latter trend did not reach statistical signifi-
cance (p = .147). OSI and RRT were larger in the central region than in the inflow and outflow regions for all aneu-
rysm locations (p < .0001).

Critical point distributions across streamwise subregions are presented in Figure 6. Saddle points (cross flows) were,
in general, more frequent at the inflow region for all aneurysm locations (p < .0001). Focus sinks (vortex ends) were
more common at the central region for all aneurysm locations (p < .02 for all locations) but were also common at the
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FIGURE 4 Critical points in saccular regions.

inflow region of PCOM and MCA aneurysms. In general, node sources (flow impingement) were more frequent in the
inflow region (p = .001), but they were more frequent in the central region of ACOM aneurysms (p = .006).

3.3 | Hemodynamic characterization of topographical subregions

As observed in Figure 7, in general, WSS and WSS gradient were larger at the blebs than on the parent aneurysm or the
transition regions, consistently for all aneurysm locations (p < .05). On the other hand, WSS divergence was larger in
the transition region; however, this association was statistically significant in all but the PCOM (p = .595) and MCA
(p = .19) locations. Similarly, OSI was larger at the transition region in all locations (p = .021); however, individually,
ACOM, PCOM, MCA, and ICA locations showed no statistically significant differences. Lastly, RRT also presented a
generally larger value in the transition region, reaching statistical significance in all locations (p < .006) except
ACOM (p = .169).

Critical point distributions across topographical subregions are presented in Figure 8. Saddle points were, in general,
more common in the parent aneurysm (p = .024) but were more frequent at the transition region of PCOM aneurysms,
but this trend did not reach statistical significance. Focus sources (vortex ends) were consistently more frequent at the
bleb regions for all aneurysm locations (p < .001). Node sources (flow impingement) and sinks (flow convergence)
were, in general, more frequent at the bleb than at the transition or parent aneurysm regions (p < .0001), and in partic-
ular, node sinks were significantly more frequent at the blebs of ACOM (p < .023) and MCA (p < .0001) aneurysms.

3.4 | Bleb Locations on aneurysm subregions
The distribution of bleb surface with respect to saccular and streamwise subdivisions of the aneurysm wall is presented

Figure 9. In general, blebs were more frequently located at the body of the aneurysm, followed by the dome, and less
frequently at the neck. While this trend was consistent across aneurysm locations (p < .0001), the proportion of blebs
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FIGURE 5 Hemodynamic characterization of streamwise regions.

involving the dome was smaller in ICA aneurysms and larger in ACOM, PCOM, and MCA aneurysms. Similarly,
blebs were most commonly found at the central flow region and less frequently at the inflow or outflow regions
(p <.0001). In ICA aneurysms, the proportion of blebs found at the outflow region was larger than at the other
locations.

4 | DISCUSSION

Different local hemodynamic conditions, including vortex flows, flow impingement, and shear flow, can elicit distinct
biological responses that lead to remodeling, degradation, and weakening of the aneurysm wall. Despite the established
role of global hemodynamics in aneurysm behavior, the specific impact of local flow features on the biological processes
driving wall changes remains poorly understood. This study investigates the varied hemodynamic conditions across
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FIGURE 6 Critical points in streamwise regions.

different aneurysm subregions, stratified by location, characterized by comprehensive wall shear stress WSS metrics
such as magnitude, divergence, gradient, OSI, and RRT, as well as critical points of the WSS field, which are associated
with different flow features. These metrics help elucidate the connection between local hemodynamic stresses and the
structural integrity of the aneurysm wall, offering insights into the mechanisms responsible for aneurysm progression
or stabilization.

41 | Flow in saccular subregions
The dome was generally exposed to the lowest flow conditions, characterized by low WSS, low WSS gradient, and larger
residence times (especially in PCOM and MCA aneurysms).

The body was exposed to low WSS and WSS gradient but, simultaneously, more oscillatory flow (larger OSI, espe-
cially in ICA aneurysms). Furthermore, it contained the largest number of focus (vortex ends) and node critical points
(flow impingement and confluence).

The neck was the saccular region of the aneurysm that, in general, was exposed to the largest WSS and WSS gradi-
ent and contained the largest number of saddle points (shear flow) for aneurysms in all locations. The WSS divergence
was positive and larger (suggesting flow impingement) at the neck of ACOM and MCA aneurysms but was negative
(indicating flow convergence) at the neck of ICA aneurysms.

4.2 | Flow in streamwise subregions

The central region had slow flows with the smallest WSS and WSS gradient but with the largest WSS oscillations (OSI)
and residence times (RRT) and contained the largest numbers of focus critical points (vortex ends). ACOM aneurysms
also contained the largest number of node points (flow impingement and confluence).
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FIGURE 7 Hemodynamic characterization of topographical regions.

The hemodynamic conditions in the inflow region were characterized by the largest WSS and WSS gradient and
consistently contained the largest number of saddle points across aneurysm locations. Interestingly, ICA aneurysms
also had the largest (negative) WSS divergence at the inflow region.

The outflow region was exposed to lower flow conditions compared to the inflow and had the largest (positive) WSS
divergence in ACOM, PCOM, and MCA aneurysms, suggesting strong secondary flow impingement as the flow exits
the aneurysm.

4.3 | Flow in topographical aneurysm regions

Interestingly, bleb dome regions are exposed to higher WSS and WSS gradient than the transition and parent aneurysm
regions. The bleb dome region contained the largest number of focus points (vortex ends) in all aneurysm locations.
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FIGURE 8 Critical points in topographical regions.
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FIGURE 9 Distribution of bleb locations on saccular (top row) and streamwise (bottom row) subregions.

The bleb dome in ACOM and MCA aneurysms also commonly contained node critical points indicating flow impinge-
ment and confluence at the blebs in these aneurysms.

The transition zone was characterized by the largest oscillatory flow (OSI), WSS divergence, residence time (RRT),
and lowest WSS and WSS gradient compared to the bleb dome or parent aneurysm subregions. It also contained the
largest number of saddle points in PCOM aneurysms.
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(A) (B)

impingement vortex

contact

vortex

FIGURE 10 Flow conditions prevalent in aneurysm regions: (A) bifurcation aneurysm with jet impingement at the body and vortex
flow at the dome and (B) sidewall aneurysm with inflow-wall contact at the neck/body and vortex flow at the body. Red arrow = inflow,
yellow arrow = central flow, and green arrow = outflow.

44 | Typical flow trends

The flow conditions that generally prevail in the different subregions of the aneurysm are summarized in Figure 10.
The left panel (A) illustrates the flow in a bifurcation aneurysm (typical of ACOMs) with jet flow impingement and
associated node critical point and high WSS at the body of the aneurysm and a vortex flow with associated focus critical
point, low and oscillatory WSS at the dome. The right panel (B) illustrates the flow in a sidewall aneurysm (typical of
ICAs) with inflow-wall contact and associated high WSS at the neck and part of the body and a vortex flow with associ-
ated focus critical point, low and oscillatory WSS at the body.

The information presented in this study is valuable for understanding the hemodynamic conditions that favor local
changes of the aneurysm wall, such as inflammation, thinning or thickening, growth, bleb formation, rupture, and so
forth. For example, the distribution of blebs with respect to different aneurysm subregions and their prevailing hemody-
namic conditions were analyzed and discussed below.

4.5 | Implications for bleb development

Although the dome was a common location for bleb development, it was not the most frequent. However, the body was
the most common location for bleb development. The neck was the least frequent location. The central flow region
was generally the most frequent location for bleb development. In contrast, the inflow was generally the least frequent
location for blebs. Blebs were relatively common at the outflow but not the most frequent.

Our observations indicate that most blebs develop in regions typically exposed to low WSS and low WSS gradients,
along with oscillatory, slow, and disturbed swirling flows marked by vortex ends. These conditions, prevalent in the
body and central flow subregions of the aneurysm, are correlated with the locations of bleb formation. Previously, we
found that such hemodynamic conditions are common within blebs and may promote an environment conducive to
wall remodeling.'®*

However, blebs are also observed, albeit less frequently, in regions exposed to higher WSS and WSS gradients, par-
ticularly where flow impingement and confluence (node critical points), as well as vortices (focus critical points), are
prevalent. These conditions are more common at the neck, inflow, and outflow regions of the aneurysm, suggesting that
while high shear conditions are less typical for bleb development, they do not entirely preclude it. Previous research'®*°
has shown that blebs forming in areas with flow impingement and elevated WSS exhibit distinct structural characteris-
tics such as thinning due to wall degradation and/or thickening due to wall remodeling.

These observations suggest that there could be two distinct pathways for bleb development favored by different local
hemodynamic conditions. While these findings highlight potential correlations between various hemodynamic condi-
tions and the presence of blebs in different aneurysm subregions across different aneurysm locations, as summarized in
Table 1, they do not demonstrate a causal relationship; instead, they indicate that further research is necessary to
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elucidate these potential causal links between hemodynamic conditions at bleb initiation and the altered flow patterns
observed as blebs evolve and associate with rupture risks.

4.6 | Limitations

The current study has several limitations—first, the CFD models approximate vessel walls as rigid and the blood flow
as Newtonian. The inflow boundary conditions are derived from population average waveforms scaled to the
patient-specific arterial cross-sectional area, for the outflow using Murray's law for estimating flow rates in smaller arte-
rial branches may not fully capture the inter-patient anatomical variations in the cerebral artery network, and the time
resolution used in the numerical models cannot detect high-frequency oscillations. However, previous studies'® have
shown that these approximations yield physiologically reasonable estimations of the aneurysm hemodynamic environ-
ment, especially time-averaged flow parameters. Second, splitting the aneurysm into different regions (saccular,
streamwise, and topographical) is arbitrary. Nevertheless, this splitting is well-defined, automatic, and objective and
can be reproduced. Third, identifying and marking blebs is subjective, but previous work showed good inter-observer
agreement.”’ Finally, this study does not include other non-hemodynamic characteristics such as aneurysm surface cur-
vature, intramural stress, wall structure, and so forth. Still, it could be an important factor influencing wall remodeling,
degradation, and bleb development. Despite these limitations, the current study contributes valuable information and
quantitative data regarding the local hemodynamic conditions typically found in different regions of the aneurysm. This
information is important to understand further the mechanisms leading to aneurysm wall degeneration and, ultimately,
rupture.

5 | CONCLUSIONS

Our findings underscore the differential impact of flow characteristics such as WSS, its metrics, and the presence of crit-
ical points in the flow field on the biological processes that govern aneurysm wall behavior, characterizing the varied
hemodynamic conditions across different aneurysm subregions. Particularly, regions subjected to low WSS and high
OSI, like the body and central flow regions, tend to harbor conditions conducive to bleb formation and subsequent
weakening of the wall, commonly leading to bleb development. In contrast, areas experiencing high WSS and positive
WSS divergence, such as the neck and inflow/outflow regions, also present a substantial, albeit less frequent, risk of
bleb formation due to different mechanisms driven by flow impingement and confluence. These findings suggest that
distinct pathways for aneurysm wall degradation and bleb development are influenced predominantly by local hemody-
namic conditions. The study underscores the complexity of aneurysm behavior, indicating that both low and high-shear
stress environments can contribute to the progression of blebs, albeit through different mechanisms.
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