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Abstract

In the last two decades, the application of computational fluid dynamics (CFD) to study the blood flow in intracranial aneu-
rysms has gained popularity since hemodynamics plays a key role in the inception, growth, and rupture of these aneurysms.
Although the rupture event has been the main focus of these studies, other researches have shown the importance of hemody-
namics also on the initiation and growth of intracranial aneurysms. However, due to the lack of follow up examinations of a
single aneurysm case, these studies are scarcer. In this work, two consecutive examinations of an unruptured lateral aneurysm
followed up for 5 years were used to investigate the growth of the aneurysm by using CFD. By simulating the flow in these two
geometries and in the virtually reconstructed hypothetical healthy vasculature, correlations between hemodynamic parameters
and the growth of the aneurysm were evaluated. The results showed that the inception of the aneurysm correlated positively
with high wall shear stress (WSS) and high positive WSS spatial gradient, as other studies also suggest. Furthermore, and
most importantly, as different biological pathways may explain the influence of hemodynamics on the growth process, the
results also pointed out that the hemodynamic effects that drove the subsequent growth of the aneurysm have changed to a
combination of low WSS and high oscillatory shear index (OSI). Thus, even though the driving mechanisms observed during
each period are distinct, they strongly agree with two main theories that currently explain aneurysm inception and growth.
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1 Introduction tree (terminal aneurysms) or laterally to the arteries (lateral

aneurysms, Fig. 1). Most of them are asymptomatic and

Intracranial aneurysms (IAs) are pathological dilatations in
the vascular system occurring in the arteries that reach the
brain. They are usually found in bifurcations of the vessel
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represent a high risk to the patient if they rupture, being the
subarachnoid hemorrhage (SAH) one of the most dangerous
and common outcomes. In a review by Nieuwkamp et al.
[1], the authors found that aneurysmal SAH case fatality var-
ies from 27 to 44% and, among the studies that the authors
selected in their review that reported SAH outcome, 19% of
the patients present morbidity, a high fatality rate especially
when reports show that SAH is caused by aneurysm rupture
in 85% of cases [2].

Although in very early studies aneurysms were consid-
ered a congenital disease [3], it is widely accepted today that
they are acquired lesions related to the interaction between
the hemodynamic environment in the aneurysm lumen and
its wall. In this context, the wall shear stress (WSS) is one
of the most important factors because it acts as a mechani-
cal regulator to several processes occurring in the vessel
tissue—in the studies cited in this section, WSS generally
means the time-averaged WSS magnitude over one cardiac
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Fig.1 Schematic of a typical lateral IA occurring in the
internal carotid artery (ICA), indicating the main one-dimensional
sizes: aneurysm dome height, A4; aneurysm neck diameter, d,; and
the parent artery diameter, d,

cycle since the WSS is a vector, whose precise definition is
postponed to the methodology section. Biological changes
in the arterial wall have already been shown to be related
to abnormal levels of WSS on the vessel wall lumen: from
changes in its permeability [4] to a possible indicator of ath-
erosclerosis [5] and plaque formation, which has been corre-
lated with low and oscillating shear stress since early studies
[6]. Furthermore, the changes in WSS caused by abnormal
hemodynamics are rapidly sensed by the endothelial cells
lining the vascular lumen, triggering biological signals that
not only regulate vascular tone but also initiate vascular
remodeling when WSS deviates from baseline values [7].
For example, after surgically creating a bifurcation in a dog’s
artery, Meng et al. [8] mapped high levels of WSS and high
positive WSS spatial gradient on the flanks of the bifurca-
tion with destructive remodeling of the artery, characterized
by internal elastic lamina disruption, endothelial cells loss
with smooth muscle cells reduction and media thinning that
resembles the type of vascular remodeling found in aneu-
rysm samples [9]. Other studies supported their findings [10]
and, currently, most studies agree that the inception of IAs
occurs due to abnormally high WSS together with positive
WSS spatial gradients [11], normally called “high-flow”
effects acting on the vessels surface.

While Meng et al. [8] focused on bifurcation aneurysms,
it is generally accepted that lateral aneurysms also initiate in
regions of high-flow effects [12]. Lauric et al. [13] explored
the influence of the ICA inner bend curvature on the onset of
lateral aneurysms by virtually reconstructing the hypotheti-
cal healthy parent artery. In contrast with healthy arteries
with similar morphological features, their conclusions sug-
gest that peak local curvature in the arteries that developed
aneurysms correlates with regions of high WSS, flanked by
high and positive WSS spatial gradient.

Other studies proposed new hemodynamic parameters
that may indicate the initiation site of an aneurysm [14, 15].
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Mantha et al. [14] virtually reconstructed the healthy artery
to study the initiation of three paraclinoid lateral aneurysms
through a “potential” aneurysm formation indicator (AFI)
that measures the degree of misalignment of the instantane-
ous WSS vector with its time-averaged direction. They based
this definition on the biological observation that healthy
endothelial cells are oriented according to the time-averaged
WSS vector direction. Thus, randomly oriented vectors dur-
ing the cardiac cycle could “trigger pathological changes in
the endothelial cells, leading to aneurysm formation.” Their
results suggest that aneurysm formation occurs in regions of
low AFl—i.e. AFI = —1.0.

However, the physical mechanism responsible for the
growth of an IA is still not well understood. The literature
suggests both low-flow and high-flow effects as driving
mechanisms for the evolution of an IA [11]. In general, low-
flow effects are a synonym to lower WSS values with high
oscillatory shear index (OSI) on the aneurysm surface—OSI
is a measure of the temporal fluctuations in the direction
of the WSS vector over the cardiac cycle [16]. Low-flow
effects are responsible for blood flow stagnation adjacent
to the vessel lumen, which causes accumulation of blood
cells—red blood cells, leukocytes, and platelets [17]. Inflam-
matory cells cause degradative processes on the wall, which
are exacerbated by the formation of plaque caused by low
and oscillating WSS, as highlighted by Meng et al. [11],
driving aneurysm growth. High-flow effects, on the other
hand, are a synonym of high WSS with high positive WSS
spatial gradients, that is, the same mechanisms responsible
for the aneurysm inception. Of course, due to the complex
flow that may emerge inside an aneurysm lumen depending
on its morphology, both effects can occur on the aneurysm
surface. Meng et al. [11] also related these two pathways
with different morphological features that may arise in the
aneurysm wall.

In this context, computational fluid dynamics (CFD) has
been widely used to simulate the flow in virtual and patient-
specific aneurysms geometries and vessel networks. The
simulations have been used to improve the understanding
of the flow dynamics and to correlate morphological and
hemodynamic discriminants with aneurysm rupture [18-22].
While several CFD studies have been performed using aneu-
rysm geometries obtained at a single instant of time, few
studies have considered the time evolution of IAs [23, 24].
However, they studied only a single geometry over the tem-
poral evolution of the aneurysm.

To the authors’ knowledge, CFD studies concern-
ing aneurysm inception and growth performed with two
patient-specific aneurysm images obtained over time have
not been reported. The objective of this work is to investi-
gate the correlation between hemodynamic parameters and
the growth of a lateral IA following its evolution during
5 years. The inception of the aneurysm was also studied
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by virtually reconstructing the hypothetical healthy parent
artery, which allowed the evaluation of two periods of the
aneurysm evolution.

2 Methodology
2.1 Images and geometry segmentation

The case studied is a saccular lateral aneurysm born in the
ophthalmic segment of the ICA, a common location of this
kind of aneurysm. Two successive geometries obtained
from digital subtraction angiography (DSA) examinations
collected retrospectively were used to follow the evolution
of the aneurysm.

The geometries of the vessel network
and the aneurysm were segmented using the
Vascular Modeling Toolkit (VMTK)®library with the level-
sets segmentation approach [25]. Figure 2b and ¢ shows the
aneurysm geometry on the ICA inner bend at two different
stages, labeled T1 and T2, when the aneurysm height was
1.6 mm and 4 mm, respectively. A large portion of the ICA and
the daughter arteries—the anterior cerebral artery (ACA),
the middle cerebral artery (MCA) , and the
ophthalmic artery (OA)—were included to avoid the influ-
ence of the inlet and outlets positions on the intra-aneu-
rysmal and peri-aneurysmal flow [26]. At these positions,
the diameter of each artery was: 3.8 mm at the ICA inlet,
2.4mm, 1.8 mm, and 0.9 mm at the MCA, ACA, and OA
outlets, respectively.

The hypothetical healthy artery was reconstructed by vir-
tually removing the aneurysm at stage T1 by applying a local
Laplacian filter on the aneurysm portion, i.e., the aneurysm
surface was consecutively smoothed until only the parent
artery remained. The final reconstructed healthy vascula-
ture was labeled TO (Fig. 2a). Although this procedure is
operator dependent, it preserves the surrounding vasculature.
Nevertheless, it is reasonable to expect that the overall vas-
cular geometry would remain the same between stages TO
and T1 because they are almost identical when the vascular

(a) (b)

Aneurysm
region virtually
reconstructed

Aneurysm
stage T1
IC/§

geometries of stages T1 and T2 are compared—except for
possible minor differences arising from the segmentation
process.

2.2 Physical and mathematical model of the blood
flow

The governing equations for an incompressible, isothermal,
and laminar flow, written in the integral form for a control
volume V, with surface S, are:

jlgpv-ndS=0, (1)

and

i/pv(x, t)dV+?§pvv-ndS

@)
= —;Z{pndS+}2{1-ndS,
S s

where p = 1056 kg/m’ is the blood density [27], n is the nor-
mal unit vector to S pointing outwards, v is the flow velocity
field, p is the hydrostatic pressure, and 7 is the viscous part
of the Cauchy stress tensor, which for a Newtonian fluid is
given by:

= (Vv + V), 3

where ' = 3.5 x 1073 Pa s is the dynamic viscosity of the
blood [27, 28]. Equation (3) can be directly substituted into
Eq. (2) to yield the Navier—Stokes equations. The Newtonian
model was chosen after verifying that in the aneurysm sacs
and surrounding arteries strain rates were much higher than
1005~ a well-known level below which the non-Newtonian
behavior of blood is revealed [29].

A trivial initial condition was used for the velocity and
pressure fields, i.e., they were assumed zero throughout the
domain. At the inlet, a time-varying blood flow rate, g, (f),
corresponding to the flow pulse from the beginning of sys-
tole until the end of the diastole (Fig. 3) was imposed. This

Aneurysm
stage T2

Fig.2 a Vessel network virtually reconstructed and labeled as stage TO; b vessel network and aneurysm geometry at the stage T1, and ¢ vessel

network and aneurysm geometry at the stage T2
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Fig.3 Instantaneous flow rate profile in the internal carotid
artery (prepared by the authors with data from Ford et al. [30] and
Zarrinkoob et al. [31])

flow rate was obtained by multiplying the normalized flow
rate reported by Ford et al. [30] by the mean blood flow rate
in the aneurysm parent artery (ICA), g, = 4.3 ml/s, reported
by Zarrinkoob et al. [31]. This average flow rate was used
because the patient-specific blood flow rate waveform at the
ICA was not available. The parabolic velocity profile for
a fully developed laminar flow in a pipe was used for the
spatial velocity distribution at the inlet,

q, 452
Vinlet(r) = 2A [1 - _] d (4)
inlet

where A, 1S the cross-sectional area of the inlet artery, d,
is its diameter, and r is the radial coordinate of the circular
inlet section—an artificial circular section extension was
added to the artery inlet to impose this inlet flow condition.
Additionally, the pressure gradient was set to zero at the
inlet.

To obtain the correct pressure in the results, a flux-cor-
rected velocity with a constant pressure equal to 100 mmHg
(13,333 Pa)—the averaged human body pressure level for a
cardiac cycle—was prescribed as boundary conditions at the
outlet sections. Since the distances between the outlets and
the aneurysm are sufficiently large, this boundary condition
approximates the outflow resistance condition [26], in which
the outlet pressure is proportional to the flow rate. The vessel
walls were considered rigid with zero mass flux, zero pres-
sure gradient, and no-slip as boundary conditions. Although
there is evidence suggesting that the elasticity of the wall
may impact the hemodynamic results [32, 33], the even-
tual changes in hemodynamics caused by the wall elasticity

@ Springer

Fig.4 Polyhedral control volume V. with its geometric parameters
used in the finite-volume discretization; N is the centroid of a neigh-
boring cell

would be consistent among the three geometries simulated,
since our comparison was based on a single vasculature case.
Then, it is reasonable to consider that the conclusions drawn
from our analysis would not be invalidated by using the rigid
wall model.

2.3 Numerical methodology
2.3.1 Equations discretization

The mathematical model was solved using the foam-
extend-4.0 CFD package [34, 35], which implements
the FiniteVolume Method (FVM) to discretize the governing
equations, yielding a second-order accurate discretization,
with collocated variables arranged in a cell-centered manner.
A finite-volume mesh used by foam-extend is composed
of non-overlapping polyhedral cells with polygonal flat faces
(Fig. 4).

The first step in this particular implementation of the
FVM is to write the governing equations, Egs. (1)-(3), for
the polyhedral cell shown in Fig. 4. By using the second-
order Euler scheme to discretize the temporal term, we find
the following semi-discretized equations:

Zf:mf =0, 5)
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where the subscripts f and C represent values evalu-
ated at the control volume face and centroid, respectively.
The superscript “n” represents the current time level,
iy = pvf-Sf is the mass flow rate through face f, which
must satisfy the mass conservation principle, Eq. (5), where
S, is the normal vector to face f pointing outward. The flow
rate rin; is evaluated explicitly, i.e. from values available from
the last iteration to linearize the advective term.

To complete the discretization procedure, the face val-
ues are interpolated using the cell centroid values and, to
assure the second-order accuracy level, only second-order
interpolation profiles were selected: the second-order
upwind scheme for the advective term discretization with
the Green-Gauss scheme for both velocity and pressure gra-
dients discretizations and the second-order central differ-
ences for the surface-normal gradient in the diffusion term
with non-orthogonal and skew corrections [36, 37]. The
pressure implicit with splitting operators (PISO) algorithm
[38] was used as the pressure-velocity coupling algorithm.
Therefore, a pressure equation is derived from Eq. (5). Once
discretized for a cell, the resulting algebraic linearized equa-
tions are assembled in two systems of equations for the
velocity and pressure fields.

Finally, the solution algorithm is as follows:

(1) solve the discretized momentum equation for flow
velocity components sequentially and separately, with
the available pressure and velocity fields (in the first
time-step, use initial condition values; after the first
time-step, use values of the last coupling iteration);
then start the PISO loop;

(2) with the momentum-satisfying velocity field, solve the
pressure system of equations;

(3) correct the flow velocity field with the new continuity-
satisfying pressure and mass flow rate fields and iterate
over the pressure equation;

(4) calculate the residuals and check for convergence, if not
converged, return to step 2.

Normalized residuals of 1 x 10~ for the pressure equation
and 1 x 107 for the momentum equations were used as con-
vergence criteria.

2.3.2 Spatial and temporal discretization
The computational meshes were created using the utility

snappyHexMesh of foam-extend-4. 0, which gener-
ates hexahedral-dominant meshes by snapping a Cartesian

mesh to the surface geometry. The final mesh is dominantly
composed of hexahedral cells, i.e. the interior of the mesh
consists of pure hexahedra. To fit the curved boundary, the
cells near the wall are general polyhedra with a prismatic
boundary-layer refinement composed of five layers. The
structure of the mesh was created to provide systematically
finer elements closer to the wall, instead of only the pris-
matic layer near the wall. Thus, a cell size grading from the
interior of the mesh towards the wall was created. The mesh-
independence test was performed for the vascular geometry
of stage T2 using three systematically finer meshes with
approximately 1.6 X 10, 4 x 10, and 7 x 10° cells. The tests
were performed by comparing the hemodynamic param-
eters presented in Sect. 2.4 for each mesh. The results for the
time-averaged wall shear stress (TAWSS) and OSI are shown
in Fig. 5, while Fig. 6 shows the results for the instantaneous
surface-averaged WSS, (z,,) (#). As can be seen in these fig-
ures, a mesh with approximately 4 X 10° control volumes can
be used to obtain mesh-independent results.

Based on previous simulations performed for similar vascu-
lar geometries, a time-step of 1 X 107> s has been used. Three
cardiac cycles were solved to avoid initial transient errors, but
only the third one was analyzed in the results.

2.4 Data analysis

The instantaneous WSS vector field, 7, is defined on a surface
S as:

T,(x,0)=t—(n-t)n, @)

where ¢ is the viscous traction on the surface,f = n-t,and
is the viscous part of the Cauchy stress tensor, given by Eq.
(3). The peak systole wall shear stress (PSWSS) is defined
as:

PSWSS(x) = |7, (x. 1, Il . ®)
where 7, is the peak systole instant—indicated by a red cir-
cle in Fig. 3.

The TAWSS field, TAWSS(x), and the

oscillatory shear index field, OSI(x), defined by Egs. (9) and
(10), were also used to analyze the results:

T
TAWSS(x) = 7.(x) = % / Iz, e, p)lldr ©)
0

and

1 /7
— / T, (x, t)dt
1 T Jo
OSI(x) = 3 1- = , (10)
1

T/o Iz, . 0)lldr

@ Springer



138 Page6of14

Journal of the Brazilian Society of Mechanical Sciences and Engineering (2021) 43:138

Mesh 1.6 x 10° cells

A
-y, ¢
‘

A

5 8

Mesh 4 x 10° cells

} {"‘*:fr’ﬁ f'*"é}ﬁ

LY

Mesh 7 x 10° cells

\

14 17 20

TAWSS (Pa)

0 0.1 02 0.3 0.4 0.5

OSI (-)

Fig.5 TAWSS and OSI fields on the vasculature surface at the stage T2 for computational meshes with ~ 1.6 X 105, ~ 4 x 105, and ~ 7 x 10°
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Fig.6 Surface-averaged WSS over time for the three meshes tested
on the aneurysm sac surface at stage T2

where T is the cardiac cycle period.

Two very used metrics were also computed only on the
surface of the aneurysm sac, S,, to evaluate the results.
The surface-averaged WSS,,,, which is the average of the
TAWSS(x),

@ Springer

WSS, = i/ TAWSS(x)dS,, (11)
a JS§,
and the surface-averaged OSI, OSL,,,:
1
OSL,, = A_a/s,dOSI(x)dSa’ (12)

where A, is the aneurysm sac surface area.
The maximum values of the TAWSS field on the aneu-
rysm sac, S,

WSS,ax

= argg)j( TAWSS(x), 13)

and the maximum value of the OSI field on the aneurysm
sac, OSI

max?

OSI_ .. = max OSI(x).
X€ES,

max (14)
were also analyzed.

To quantify the spatial variation of the TAWSS, the
time-averaged WSS gradient (TAWSSG) field, TAWSSG(x),
as defined by Geers et al. [12], was also computed:
TAWSSG(x) = (V

)P (15)
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where V, is the tangential or surface gradient operator, given
by:

V,=V-nn-V), (16)

where V is the gradient operator in Cartesian coordinates
and p is the unit vector pointing in the time-averaged WSS
vector direction:

T
/"rﬁnom
Jo

T
/11Mnom
0

The instantaneous surface-averaged WSS on the aneurysm
sac surface over time, (z,,) (¢), which provides the total tan-
gential viscous traction on aneurysm surface, was also com-
puted as:

p= (17)

(200 = Ai /S Iz, IIds, (18)

Finally, the AFI, proposed originally by Mantha et al. [14],
and defined as:

T,(x,1) .

Iz,

was also analyzed.

In the Results and discussion section, high values of
WSS are generally assumed higher than 10-20Pa, whereas
low WSS values usually range from 1.5 to 2.5Pa [5].
These values were taken just as reference, as 1.5Pa is
usually associated with endothelial cell damage [39].

AFI(x, 1) =

19)

2.4.1 Growth analysis

To quantify the growth of the aneurysm and explore its rela-
tion with the aforementioned hemodynamic parameters, the
point-wise distance between the aneurysm surfaces for con-
secutive stages was computed using the following procedure.

First, only the aneurysm sac portion of the vasculature
at stages T1 and T2 was extracted by manually selecting the
aneurysm neck contour. Since at stage TO the aneurysm is
absent, the region of the aneurysm inception on the parent
artery was virtually reconstructed by comparison with the
aneurysm region at stage T1 (the blue portion on the vascu-
lature in Fig. 7a). This was accomplished after registering
the vascular surface of the stage T2 to the surface of stage
T1, by using the iterative closest point algorithm [40] imple-
mented in VMTK®, as shown in Fig. 7b. At the end of this
procedure, three surfaces were obtained: S for stage TO,
and the aneurysm surfaces for stages T1and T2, Sy, and Sy,
respectively (shown in light gray in Fig. 7b).

Subsequently, the minimum point-wise distance between
the surfaces of the two consecutive stages was computed
using VMTK®, i.e. between surfaces Sy, and Sy, , and
between Sy, and Sp,, respectively. These distances were
interpreted as growth distance fields defined on the aneu-
rysm sac surfaces, allowing to split the growth of the aneu-
rysm into two periods: growth period 1, defined between
stages TO and T1 and characterized by the distance field dy;;
and growth period 2, defined between stages T1 and T2 and
characterized by the distance field d,,. Both fields d;; and
d,, are, consequently, defined on the surfaces S; and Sy,
respectively. Correlations between these parameters and the
hemodynamic parameters on the aneurysm sac surface were
investigated for each growth period by considering that the
points on each surface were samples subject to statistical
analysis.

Fig.7 Aneurysm surface selection used for the growth analysis: a region of the inception of the aneurysm in blue, b aneurysms surfaces at
stages T1and T2 in light gray, overlapped on the healthy vasculature after surface registration

@ Springer
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3 Results and discussion
3.1 Hemodynamic analysis

Figure 8 shows the PSWSS (x) and the TAWSS (x) fields
on the whole surface over one cardiac cycle for the three
geometries, together with the detailed fields only on the
surface of the aneurysm sac. These results show that the
overall PSWSS is much higher than the reference value of
1.5Pa on the aneurysm surface for both evolution stages.
However, regions with lower levels of WSS—but still
higher than 1.5 Pa—appear at stage T2 (green and blue
patches of the aneurysm surface). The TAWSS field pre-
sent similar patterns, but with lower values, which is an
expected result because TAWSS also accounts for the WSS
values along the diastole. It is important to highlight that
at the initiation site of the aneurysm, PSWSS (Fig. 8a)
and TAWSS (Fig. 8d) are both very high. It can also be
observed that the TAWSSG (Fig. 8j) presents high positive
values at the initiation site of the aneurysm. These results
agree with previous researches that concluded that high
levels of WSS and high positive TAWSSG are responsi-
ble for the initiation of intracranial aneurysms [12, 13].
In addition, Fig. 9 shows that the instantaneous surface-
averaged WSS, (z,,) (t), decreases after the peak systole,
evidencing the increase of low WSS area over time. This
figure also shows the decrease of (z,,) (¢) at stage T2.

The decreasing WSS levels over the aneurysm growth
period can be explained by the pattern of the intra-aneu-
rysmal flow type. As can be seen in Fig. 10a, a recircula-
tion zone with relatively high velocities, and consequently
with high WSS levels, begins to form inside the aneurysm
sac at stage T1. The size of the recirculation zone increases
with the growth of the aneurysm sac (Fig. 10b), inducing
lower velocities at stage T2. This is a typical flow pattern
that occurs in lateral aneurysms, yielding smaller velocity
levels in the aneurysm lumen and, consequently, decreas-
ing the WSS levels on its inner surface [41].

Figure 11 shows the metrics WSS, ,, WSS,,,, and OSL,,,
for each stage. For stage TO, the area of the artery portion
where the aneurysm effectively developed was used for
the calculations (Fig. 7a). This area is equivalent to the
ostium area of the aneurysm at stage T1. It is evident that
the WSS,,, is decreasing on the aneurysm surface because
of the increase of the area of low WSS, as previously
explained, mainly at stage T2. However, WSS, increases
during the growth period. As can be seen in Figs. 8e and
f, although the area of low WSS on the aneurysm sac is
larger at stage T2, a small area of very high WSS still
remains.

We also analyzed the OSI field over the aneurysm sur-
face at the stages TO, T1, and T2. Figures 8g and i show

@ Springer

that small portions of the aneurysm surface are under the
effect of higher OSI—i.e., values close to its maximum,
0.5—in regions where the WSS vector changes its direc-
tion over time during a cardiac cycle, evidencing the dis-
turbed flow adjacent to the aneurysm lumen. Although
these areas are still very small, they contribute to the
increasingly higher OSI,,, over the aneurysm surface, as
can be seen in Fig. 11c.

3.2 Growth analysis

The focus of this section in on the possible correlation
between the hemodynamic parameters and the growth
distance fields, d,; and d,,. It is important to note that it
is assumed that the growth distance d,;; was caused by
the hemodynamic conditions on the vascular surface Sy,
whereas the growth distance d|, was caused by the hemody-
namic conditions on the vascular surface St;. Hence, in the
following analysis, the growth distance d), is studied against
the hemodynamic parameters at the stage TO, whereas the
growth distance d, is studied against the hemodynamic
parameters at stage T1.

Figure 12 shows the correlation between the TAWSS
and the TAWSSG fields and the growth distance field d),,
which represents the aneurysm growth between stages TO
and T1. The only difference between Fig. 12a and b is the
interchange between the abscissas and the depth variables,
which are represented by different colors. In Fig. 12a, it can
be observed that the points with larger aneurysm growth
present high values of TAWSS (higher than 20Pa) and
high positive TAWSSG (points inside the red rectangle in
Fig. 12a). This is also observed in Fig. 12b.

A linear regression line and the Pearson correlation coef-
ficient, pp, were included in Fig. 12 for each set of variables.
It is clear that the linear correlation between the growth dis-
tance d,;; and both hemodynamic parameters TAWSS and
TAWSSG is very weak, as indicated by the small absolute
value of the Pearson coefficient. However, it indicates a posi-
tive correlation between the variables for the first period
of the aneurysm growth, i.e., the higher the TAWSS and
TAWSSG the larger the growth distance.

Therefore, for the first period of the aneurysm growth, the
results agree with the studies by Geers et al. [12] and Lauric
et al. [13], which concluded that high TAWSS and high posi-
tive TAWSSG favor the initiation of instracranial aneurysms.
It can be observed in Fig. 8 that very high TAWSS values
(higher than 20 Pa) were found in the aneurysmal region at
stage TO, and in Fig. 12 it is clear that the the TAWSSG field
is dominantly positive for the points of larger growth.

Figure 13 shows the correlations between the TAWSS,
OSI, and the growth distance field for the second period
of the aneurysm growth, d|,. In Fig. 13a, it can be noticed
that the larger values of the OSI are concentrated in the
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Fig. 8 Hemodynamic characterization of the WSS on the whole vascular surface and detail of the aneurysm sac surface at stages TO, T1, and T2,
respectively: a, b, and ¢ show the PSWSS; d, e, and f show the TAWSS; g, h, and i show the OSI; and j, k, and I show the TAWSSG
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region of smaller TAWSS (points inside the red rectangle).
This also can be observed in Fig. 13c by the kernel density
estimation between the growth distance and the TAWSS,
where the concentration of points is close to the blue line at
TAWSS = 5Pa. Figure 13b shows the same variables in the
coordinate axes, but the depth variable is the TAWSSG. It
can be noticed that the TAWSSG is predominantly zero and,
therefore, seems to play no role in the second period of the
aneurysm growth.

The AFI parameter was also computed. However, as in
Chen et al. [42] and Geers et al. [12], a correlation between
the regions of low AFI with the site of the aneurysm initia-
tion was not found. Moreover, as shown by Geers et al. [12],
OSI and AFI fields are strongly correlated, implying that
these variables capture the same flow features generated on
the aneurysm surface. Thus, since OSI does not seem to play
arole in the aneurysm formation for the case studied here, it
is understandable that the AFI yields a similar conclusion.

N W =

0 03 0.6 09 1.2 1.5 0 03 0.6 09 1.2 1.5
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(a) (b)
Fig. 10 Flow velocity vector field in the aneurysm a at stage T1and b at stage T2
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Fig. 11 WSS and OSI metrics over the aneurysm surface at each stage: a WSS,,,, b WSS, and ¢ OSI,,
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Fig. 13 Correlations between aneurysm growth distance field d;, and the TAWSS, TAWSSG, and OSI fields
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Table 1 Three-dimensional shape indices for the aneurysm: the undu-
lation and non-sphericity indices computed as defined by Raghavan
et al. [43]

Non-sphericity Index
)

0.043
0.148

Undulation Index (-)

Stage T1
Stage T2

15.6 x 1073
5.5x1073

In summary, in the first period of the aneurysm growth,
high TAWSS and high positive TAWSSG correlated posi-
tively with the aneurysm growth, which agrees with the
main current theory that explain intracranial aneurysms
formation. However, there is no unique theory explaining
intracranial aneurysms growth, on the contrary, two major
theories exist based on different hemodynamic effects.
The results presented here showed that high OSI and small
TAWSS values play the major role on the second period of
the aneurysm. Hence, this effectively identifies the low-flow
theory pathway as the driving mechanism behind the growth
of this aneurysm. Furthermore, by contrasting the plots in
Figs. 12 and 13, one can state that the hemodynamic data
clearly reveal the change of the mechanism that drove the
aneurysm growth.

If hemodynamics drives aneurysm growth, it also influ-
ences the aneurysm morphology. Table 1 shows two indices
defined by Raghavan et al. [43] to evaluate the shape of an
aneurysm. The non-sphericity index measures how close the
aneurysm morphology is to a hemisphere—zero indicates a
perfect hemisphere and one a collapsed aneurysm—whereas
the undulation index quantifies the presence of blebs or lobu-
lar regions on the aneurysm surface. The low values of the
non-sphericity and undulation indices computed at each
growing stage reveal that the aneurysm evolved in a spheri-
cal shape, as can also be observed qualitatively in Fig. 2.
These results suggest that the aneurysm growth could be due
to a single mechanism influencing the whole aneurysm sac
surface. Different mechanisms acting on different portions of
the aneurysm surface would probably lead to blebs or lobu-
lar regions on the surface, hence, to a more irregular surface
[44]. Moreover, the aneurysm growth analysis performed
could help predict whether any of these morphological
changes may occur on the aneurysm surface because groups
of points with specific hemodynamic characteristics—shown
in the format of Fig. 12 and 13—could be mapped back on
to the aneurysm sac surface. Therefore, this study presents
an analysis that can be used to predict how an aneurysm can
grow and help identify regions prone to develop bleb and
lobular regions, once the mechanisms responsible for these
two morphological features are found [45].

It is worth noting that this kind of study seems to be a
good example of how CFD can be a complementary tool to
clinically study aneurysms cases. Nevertheless, as suggested

@ Springer

in literature discussions [46], CFD should be included in the
medical practice with warnings of its limitations, simplifica-
tions, and complexities.

4 Conclusions

This work used the CFD methodology to study longitudi-
nally the flow dynamics in a patient-specific lateral intrac-
ranial aneurysm. The objective was to investigate the main
hemodynamic parameters related to the anatomy and growth
of the intracranial aneurysm, following its evolution dur-
ing 5 years, and virtually reconstructing the hypothetical
healthy parent artery to predict the hemodynamic pattern in
the inception of the aneurysm. A complete description of the
flow was provided and the main hemodynamic parameters
usually accepted as playing crucial roles in this pathology
were correlated with parameters quantifying the growth of
the aneurysm.

The analysis of the hemodynamic parameters at each
stage of the aneurysm growth was important in itself. How-
ever, when the hemodynamics parameters are combined with
the data of the aneurysm growth field, the analysis becomes
even more valuable. This analysis was only possible because
two consecutive DSA exams of the same aneurysm were
available. The results revealed that the aneurysm probably
initiated mainly due to high levels of WSS and high positive
values of TAWSSG. This conclusion agrees with the most
accepted hypothesis on intracranial aneurysm formation.
The results also suggest that the subsequent growth of the
aneurysm was due to the combination of low WSS and high
OSI values. Hence, to the authors’ knowledge, this might be
the first study identifying the mechanism behind the aneu-
rysm growth in a scenario where two mainstream theories
explain intracranial aneurysms growth over time. For clini-
cians, this can be a valuable information as it can potentially
help identify the regions prone to dangerous manifestations
of growth, such as blebs, normally associated with sites of
aneurysm rupture.
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