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Abstract: The optimal management strategy of patients with concomitant anterior communicating
artery aneurysm (ACoAA) and internal carotid artery (ICA) stenosis is unclear. This study aims
to evaluate the impacts of unilateral ICA revascularization on hemodynamics factors associated
with rupture in an ACoAA. In the present study, a multiscale computational model of ACoAA
was developed by coupling zero-dimensional (0D) models of the cerebral vascular system with a
three-dimensional (3D) patient-specific ACoAA model. Distributions of flow patterns, wall shear
stress (WSS), relative residence time (RRT) and oscillating shear index (OSI) in the ACoAA under left
ICA revascularization procedure were quantitatively assessed by using transient computational fluid
dynamics (CFD) simulations. Our results showed that the revascularization procedures significantly
changed the hemodynamic environments in the ACoAA. The flow disturbance in the ACoAA was
enhanced by the resumed flow from the affected side. In addition, higher OSI (0.057 vs. 0.02),
prolonged RRT (1.14 vs. 0.39) and larger low WSS area (66 vs. 50 mm?) in ACoAA were found in the
non-stenotic case. These acute changes in hemodynamics after revascularization may elevate the
rupture risk of ACoAA. The preliminary results validated the feasibility of predicting aneurismal
hemodynamics characteristics in revascularization procedures by using multiscale CFD simulations,
which would benefit the management of this group of patients.

Keywords: intracranial aneurysm; revascularization; computational fluid dynamics; multiscale;
hemodynamics

1. Introduction

The prevalence of concurrent unruptured intracranial aneurysms (UIAs) with carotid artery
stenosis is significant, and the incident rate of concomitant UIAs and internal carotid artery (ICA)
stenosis is approximately between 1% and 14.2% [1,2]. Most of the cases were screened incidentally in
the preoperative radiology evaluations [3]. However, the optimal treatment decision for these patients
is still a therapeutic dilemma in front of endovascular and surgeon teams [4]. Treatment of UIAs first
may lead to an intra-operative ischemic stroke due to the compromised cerebral blood flow (CBF) [3].
Revascularization of ICA stenosis first, contrariwise, not only elevates the cerebral perfusion but also
requires post-operative anticoagulation, which could subsequently elevate the rupture risk of the
UIA [5,6].
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In current clinical practices, the rupture risk assessment of IAs is mainly base on aneurysm
size [7]. However, although some clinical studies have suggested that carotid revascularization could
be safely performed without treatment of small IAs [8-10], IA rupture cases during the perioperative
period of revascularization procedures have been continuously reported in the literature [1,11-13].
This phenomenon indicated that size alone might not be sufficient for reliable risk estimation of IAs
rupture in the revascularization procedures.

Hemodynamics characteristics have been suggested to play key roles in the initiation, development
and rupture of IAs [14-16]. Various hemodynamic factors, including wall shear stress (WSS) and
high oscillating shear index (OSI), are involved in IA development through regulating arterial wall
remodeling [17-19]. Subsequently, rupture may occur when internal mechanical loadings outweigh
the strength of dilated and deteriorated wall of UIAs [15]. Due to the complex local flow environment,
the incidence of an anterior communicating artery aneurysm (ACoAA), as well as its rupture risk,
are particularly high [20-22]. ACoAA accounts for nearly 25% of IAs [23]. Moreover, the unilateral
ICA stenosis could drastically influence the local hemodynamics characteristics in the ACoAA [24,25].
Thus, the understanding of hemodynamics consequences of ICA revascularization on ACoAA would
benefit the management of patients concurrent ACoAA and unilateral stenosis. Since there are limited
studies which focus on this situation, our study aimed to identify the change of hemodynamics
characteristics in ACoAA caused by unilateral ICA revascularization procedures.

2. Methods

2.1. Multiscale Modeling Approach

The multiscale model in this study was composed of two components: (1) the three dimensional
(3D) patient-specific ACOAA model with anterior cerebral circulation; and (2) the efferent arteries of
the 3D model were coupled with zero-dimensional (0D) models that represent the distal resistance and
compliance of the cerebral vascular system.

The patient-specific 3D model of anterior cerebral circulation with an ACoAA was reconstructed
based on computed tomography angiography (CTA) images of a patient with ACoAA. Different
degrees of stenosis, including severe stenosis (75%), moderate stenosis (50%) and mild stenosis (15%),
were artificially modeled and inserted into the left ICA (LICA) of the 3D model to represent the
revascularization progress, and the non-stenotic model served as the post-operative control (Figure 1).
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Figure 1. Models of the anterior cerebral circulation with anterior communicating artery aneurysm
(ACoAA): (a) severe stenosis (75%); (b) moderate stenosis model (50%); (c) mild stenosis model (15%);
and (d) non-stenotic model.
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According to the North American Symptomatic Carotid Endarterectomy Trial (NASCET) [26],
the definition of stenosis degree was given as Equation (1).

S= (1 - E) % 100% 1)
dn

where S is the stenosis degree, d is the ICA lumen diameter of the stenosis segment and d,, is the ICA

lumen diameter of the normal segment. To compute the d,, the cross-sectional area of the distal joints

of stenosis models and the patient-specific model were calculated in MIMICS software (Materialise

Inc., Leuven, Belgium) first, then the d,, could be calculated from the equation of the circle area.

The blood flow in arteries was assumed to be incompressible Newtonian fluid. The 3D flow
domain was governed by the mass conservation equation (Equation (2)) and unsteady Navier-Stokes
equation (Equation (3))

VvV =0 2)

p(%—‘: + (V-VV)) = ~Vp+uv?v ®)

where p is the blood density, V is the velocity vector, p is the pressure and i is the dynamic viscosity.
The arterial wall was assumed as rigid for the 3D model and no-slip wall boundary conditions were
imposed at the wall boundary. The dynamic viscosity and density of the blood were 0.004 Pa-s and
1060 kg/cm?3, respectively.

Due to the limited resolution of clinical imaging techniques and restricted computational resources,
3D modeling of the entire cerebral circulation is still a challenge. Alternatively, the 0D Windkessel
model has been extensively utilized in hemodynamics studies of the cerebral vascular system. In the
0D model, a set of lumped parameters were set to represent the arterial tree distal to their 3D parental
vessel. The lumped parameters including proximal resistance (Ry,), compliance (C) and distal resistance
(Ry), reflect the proximal viscous resistance, arterial wall elasticity and the resistance of the capillaries
and venous circulation, respectively. Equation (4) gives the differential description of the 0D model.

4
dt

Piy — (Qian + Pout)

Qin =C Rd

(Pin - (Qian + Pc)) =+ (4)

where Qjy,, P;, and Py, are the proximal flow rate, proximal pressure and terminal pressure of the 0D
model, respectively. Table 1 listed the values of lumped parameters.

Table 1. The values of optimal lumped parameters for the 0D model.

Rp (dyne-s/cm®) C (cm5/dyne) R4 (dyne-s/cm®)
Left Middle Cerebral Artery (LMCA) 4168.21 6.50368 x 107° 41,682.1
Right Middle Cerebral Artery (RMCA) 3989.86 6.7944 x 107° 39,898.6
Left Anterior Cerebral Artery (LACA) 6304.05 4.30021 x 107° 63,040.5
Right Anterior Cerebral Artery (RACA) 5891.02 4.6017 x 107 58,910.2

To set matching conditions in the stenotic cases, the volumetric flow rates at the inlets were
adjusted based on the stenosis degree to maintain the physiological pressure level. The pressure was
maintained in all the cases studied. Figure 2 illustrates the scheme of boundary conditions.
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Figure 2. Schematic of boundary conditions.

All the models were discretized into tetrahedral elements. To capture the near-wall flow features,
three layers of boundary prism boundary layers were generated on the arterial wall. To avoid the errors
caused by discretization, mesh independent analyses were conducted. In the mesh independency
study, the temporal-averaged volumetric flow rates of each efferent artery in the non-stenotic case
were obtained under element numbers of 320,000, 400,000, 510,000, 690,000 and 900,000, respectively.
Differences of flow rates at each outlet within 1% from the finest mesh was set as the convergence
criterion. When the element number was higher than 690,000, the flow rates at all outlets became stable

(Figure 3).
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Figure 3. Mesh independency study results. ACAs: anterior cerebral arteries; MCAs: middle
cerebral arteries.

Finally, the model was discretized into approximately 690,000 elements (Figure 4). The governing
equations of the 0D/3D couple models were solved in an open-source solver (SimVascular, ).
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Figure 4. The final result of discretization.
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2.2. Data Analysis

The simulation results were post-processed in ParaView (Kitware, Inc., Clifton Park, NY, USA).
The velocity distributions in all the cases were calculated and visualized. Based on which, the following
hemodynamics parameters associated with rupture in ACoAA before and after the revascularization
was compared.
WSS: The WSS was calculated from Equation (5), which represents the frictional force on the
arterial wall that exerted the blood flow:
du

Tw = /J(a_y)yzo ®)

where 7, is the WSS, i is the dynamic viscosity, u is the velocity and y is the distance from the wall.
Time-averaged WSS (TAWSS): The TAWSS was calculated by integrating the WSS magnitude
over a cardiac cycle (Equation (6)):

dt (6)

Tw

1 T
TAWSS = = f
T Jo

where T is the cardiac cycle.
OSI: OSI represents the directional changes of WSS within a cardiac cycle [27]. Equation (7) gives
the definition of OSI:

T_\
Twdt
OSI—%1—|f0T—j| @)
b Towldt

Relative residence time (RRT): RRT is mathematically defined according to Equation (8), and
represents the residence time of blood near the wall [28].

1
RRT = 8
(1-2+0SI) x TAWSS ®)

2.3. Validation of Numerical Methods

The numerical scheme utilized in this study has been widely adopted in disease evaluation
and surgical planning scenarios. Various simulation results on the cardiovascular system have
been validated through in vivo and in vitro measurements [29]. The validation of this study was
performed by comparing the temporal-averaged efferent flow rates in the non-stenotic case with the
results from the in vitro and in vivo measurements (Table 2). The blood flow in bilateral anterior
cerebral arteries (ACAs) and middle cerebral arteries (MCAs) agree well with data from the literature.
Therefore, the current computational model can be validated to some extent and is capable of providing
physiologically significant results.

Table 2. Comparison of blood flow in efferent arteries.

Volumetric Flow Rate (mL/s)

Study
LACA RACA LMCA RMCA

Current Study 1.81 1.93 2.85 2.79

Zhu et al. [24] 1.39 1.39 2.78 2.78

Zhu et al. [25] 1.34 1.34 3.26 3.26
Enzmann et al. [30] 1.25+0.17 1.47 +0.18 1.80 +£0.12 212 +0.12

Zhao et al. [31] 142 +043 1.33 + 047 2.5+0.52 242 +0.45
Cieslicki et al. [32] 1.54 +0.03 1.56 + 0.03 2.44 +0.05 241 £0.05

Zarrinkoob et al. [33] 1.54 + 0.56 1.68 + 0.56 294 + 042 294 +0.28
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3. Results

3.1. The Impact of Revascularization on the CBF

In the severe stenosis case, the temporal-averaged flow rate over a cardiac cycle was 1.18 mL/s,
which is 75.92% lower than that of the healthy side. With the stenosis degree reduction, the blood
flow from the affected side increased gradually. The symmetrical CBF was finally achieved after the
removal of stenosis (Table 2).

3.2. The Impact of Revascularization on Flow Patterns

The velocity fields in the central ACoAA at the peak systolic are shown in Figure 2. In the severe
stenosis case, the blood from the healthy side supplied bilateral ACAs, and the reversed flow in the
affected proximal segment of ACA (ACA-A1) was observed. Due to the asymmetrical blood supply,
the eccentric jet from the healthy ACA-A1l induced an impinge area at the ACoAA neck (Figure 5a).
Along with the decreasing stenosis degree, blood flow from the bilateral ACA-A1 confluenced in the
ACO0AA and created a jet impinge towards the tip of the aneurysm dome (Figure 5b).

Pre-operative Post-operative

Velocity (cm/s)
150

113

75

38

0

Figure 5. Impacts of revascularization on velocity vectors (a,b) and streamlines (c,d) in the anterior
communicating artery aneurysm (ACoAA) at peak systolic. The pre-operative and post-operative
results were shown in the left and right column, respectively.

The streamline in the ACoAA dome (Figure 5c,d) further illustrated the change of three-dimensional
(3D) flow patterns caused by the variations of stenosis degree. In the severe stenosis case, clockwise
helical flow generated by right anterior cerebral artery (RACA) blood supply dominated the ACoAA
dome, which was featured by a single vortex and the vortex structure did not vary with time (Figure 5c).
With the decreasing stenosis degree, the helical flow became more complex as the results of the
confluence of ACA-A1 flowed, and finally formed two reversed helical vortices in the ACoAA dome
(Figure 5d). Additionally, time-varying vortex structures were found in the non-stenotic case.

3.3. The Impact of Revascularization on the Hemodynamics Parameters

Figure 6 shows the impact of revascularization on the WSS distributions in the ACoAA. With the
reduction of LICA stenosis degree, the high WSS region shifted from the left of the ACoAA dome
towards the top, and the WSS magnitude on the dome’s anterior region elevated as well.
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Figure 6. Impacts of revascularization on the wall shear stress (WSS) distribution of ACoAA at
peak systolic.

The TAWSS distributions of the cases are shown in Figure 7. The decreasing stenosis degree
resulted in a reduction of overall TAWSS level and maximum TAWSS on the dome of the ACoAA.

(a) (b)
TAWSS (Pa)
20
\ 15
©) d) "
5
0

Figure 7. The distribution of time-averaged wall shear stress (TAWSS) on the ACoAA under different
stenosis degrees: (a) non-stenotic, (b) mild stenosis, (c) moderate stenosis, (d) severe stenosis.

Table 3 listed the low TAWSS (<1.5 Pa) [27,34-37] and high TAWSS (>7 Pa) [38—41] areas on the
ACoAA dome. Compared with the sever stenosis case, a larger low TAWSS area and smaller high
TAWSS area were observed in the case of reduced stenosis degree. The areas of low WSS and high WSS
regions in the non-stenotic case were 32% larger and 67.6% smaller than that of the severe stenosis
situation, respectively.

Table 3. Space-averaged TAWSS magnitude on the ACoAA.

Area (mm?)

Cases
Low TAWSS High TAWSS
Severe stenosis 50 65
Moderate stenosis 72 28
Mild stenosis 69 18

Non-stenotic 66 21
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Table 4 lists the specific magnitudes of the space-averaged TAWSS and maximum TAWSS on the
ACoAA dome. In the non-stenotic case, the space-averaged TAWSS and maximum TAWSS magnitudes
were 48.29% and 67.42% lower than that of the severe stenosis case, respectively.

Table 4. Space-averaged TAWSS magnitude on the ACoAA.

TAWSS Magnitude/Pa

Severe Stenosis  Moderate Stenosis  Mild Stenosis Non-Stenotic

Space-averaged 7.02 4.03 3.57 3.63
Maximum 77.77 40.91 2427 25.34

Figure 8 illustrated the OSI distributions on the ACoAA under different stenosis degrees. In the
severe stenosis case, only small regions of high OSI (>0.2) were observed at the ACoAA neck of
the affected side. With the decreasing stenosis degree, the high OSI regions migrated towards the
ACOAA tip.

(a) (b)
[o}3]]
l 0.20
‘ ‘ 0.15
(c) (d) 010
0.05
‘ ‘ I 0.00

Figure 8. The distribution of oscillating shear index (OSI) on the ACoAA under different degrees of
stenosis: (a) non-stenotic, (b) mild stenosis, (c) moderate stenosis, (d) severe stenosis.

Meanwhile, the blood supply from the affected side restored gradually with the decreasing LICA
stenosis degree. The confluence of bilateral blood flow in the ACoAA resulted in more complex flow
patterns, which elevated the flow instability and led to an increase in high OSI area as well as the
average OSI magnitude on the ACoAA dome. The high OSI area and space-averaged OSI magnitude
on the ACoAA dome of the non-stenotic case were 34 times and 2.85 times larger than that of the severe
stenosis case, respectively. The space-averaged OSI magnitudes on the ACoAA dome of all cases were

given in Table 5.
Table 5. Space-averaged OSI magnitude on the ACoAA.
Severe Stenosis Moderate Stenosis Mild Stenosis Non-Stenotic
0.020 0.035 0.059 0.057

Figure 9 illustrated RRT distribution on the ACoAA for each of the four cases. An elevation of the
maximum RRT and space-averaged RRT on the ACoAA dome with the decreased stenosis degree was
observed. Meanwhile, the high RRT region migrates from the ACoAA neck towards the tip.
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Figure 9. The distribution of relative residence time (RRT) on the ACoAA under different degrees of
stenosis: (a) severe stenosis, (b) moderate stenosis, (c) mild stenosis, (d) non-stenotic.

Table 6 lists the specific values of maximum and space-averaged RRT on the ACoAA dome of

all cases.
Table 6. Maximum and space-averaged RRT on the ACoAA.
RRT/Pa~1
Severe Stenosis  Moderate Stenosis  Mild Stenosis Non-Stenotic
Maximum 28.63 58.94 70.52 184.82
Space-averaged 0.39 0.67 0.83 1.14

4. Discussion

This study indicates that in the case of concomitant ACoAA and unilateral ICA stenosis, complex
changes of hemodynamics characteristics in the ACoAA occurs after the revascularization of stenosis.
As far as we know, this is the first investigation that reveals the acute hemodynamics impacts of
unilateral ICA revascularization on the distal ACoAA by using a 0D/3D computational fluid dynamics
(CFD) scheme.

4.1. Modeling Considerations

The ACoAA is a vital collateral pathway of the circle of Willis as well as a preferential site of
the IA [42]. Inter-hemispheric blood flow through the ACoAA and the reversed blood supply in the
ACA-A1 provided critical collateral blood supply to the anterior cerebral circulation when unilateral
ICA stenosis occurred [24,43]. Our previous studies have shown that in the situation of PCoA absence,
the collateral flow in ACoAA changes non-linearly with the unilateral ICA stenosis degree due to
the collateral mechanism [24,25]. Therefore, instead of considering the region of UIAs alone in the
computational domain [44-46], modeling the whole anterior circulation would be more appropriate to
provide better insight into the hemodynamics change in ACoAA during ICA revascularization.

The proper selection of BCs in hemodynamics simulations is essential to obtain physiologically
significance results. In literature, both steady and pulsatile volumetric flow rates were usually defined
as inlet BC [47]. Although the steady-state simulations were regarded as a quick alternative to transient
simulations in the previous study [24,48], their incapability of providing temporal hemodynamic
parameters limited their applications. Hence, transient simulations were adopted in this study, and the
physiological volumetric ICA flow profiles from a 4D-MRI of a healthy patient were imposed at
the afferents of the non-stenotic post-operative computational model. At the outlets of the model,
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0D lumped parameter models were coupled with the efferent arteries of a 3D computational domain
in the current study, in which, the compliances of large arteries and resistance of distal capillaries
were simulated by using the lumped parameter method. Compared with the widely adopted free
outflow conditions, the 0D/3D coupled outlet boundaries are capable of reflecting the influence of the
downstream vasculature outside the 3D computational region and provide an effective prediction of
velocity fields and pressure-flow relationship [29,44,49,50].

4.2. Impacts of Unilateral ICA Revascularization on ACoAA Flow Patterns

Our results showed that in the sever stenotic case, the skewed inflow jet from the healthy side
impinged the contralateral aneurysm neck due to the asymmetrical blood supply and formed a single
vortex that rotated towards the posterior of the ACoAA. Along with the relief of ICA stenosis, the flow
pattern in the ACoAA became more complex. As the blood supply from the ACA-A1 of the affected
side restored, the inflow jet moved towards the tip of the ACoAA. Meanwhile, the confluence of
bilateral ACA-A1 flow formed two recirculation zones that vary with the cardiac cycle.

Several investigations have shown that such complex flow patterns play critical roles in aneurysm
rupture via inflammatory remodeling of the aneurysm wall [38,40,51-53]. Xiang et al. analyzed 119
aneurysms and found that complex flow patterns appeared in more than 60% of ruptured aneurysmes,
which were featured by multiple vortices [51]. In contrast, most of the UIAs only presented a single
vortex [51]. Similar observations were reported by some recent studies [54,55]. These phenomena
indicate a potential increase in rupture risk of ACoAA after revascularization.

4.3. Impacts of Unilateral ICA Revascularization on ACoAA Hemodynamics Characteristics

Significant correlations between IA’s rupture status and derivatives of WSS have been highlighted
by several studies [14,27,35,36,38—40,56,57]. Under the pulsatile flow conditions, TAWSS generally
characterizes the overall WSS levels. The normal TAWSS magnitudes in arteries range from 1.5 to
7 Pa, whereas it could reach 1 to 22 Pa in IAs [58]. Despite both aberrantly high (>7 Pa) [38—41]
and low TAWSS (<1.5 Pa) [27,34-37], they have been reported to contribute to the IA rupture via
complex mechanobiological mechanisms [14,17]; associations between low TAWSS and the risk of
rupture of large IAs (>5 mm) have been identified by some of the latest investigations [14,15,59].
Additionally, high OSI (>0.2), which reflects the elevated local flow instability, was also considered
as an important factor in the rupture of IAs by upregulating inflammatory cell-mediated destructive
remodeling [14,56,60—-62]. Moreover, this corresponds with the lower and stronger oscillatory WSS
and the prolonged RRT has been linked with higher rupture risk as well [15].

Our current results showed that besides the flow patterns, the revascularization of unilateral ICA
also greatly affected the magnitudes and distributions of hemodynamics characteristics in the ACoAA.
The main findings include: (1) the region of low TAWSS elevated with the decreasing unilateral ICA
stenosis degree; (2) the overall OSI magnitude as well as high OSI area on the ACoAA increased with
the decreasing LICA stenosis degree, which is mainly due to the elevated flow complexity that was
induced by confluence of bilateral flow from ACA-A1; (3) the RRT was prolonged in the non-stenotic
case. These data further support that revascularization procedures would lead to an elevated rupture
risk in the cases studied.

4.4, Limitations

The current study has some limitations. First and foremost, the rigid wall assumption constrained
the capability of predicting accurate WSS distribution. Several studies have reported that the neglecting
of IAs wall elasticity would lead to an overestimation of WSS [63-66]. However, the quantitative impacts
of wall elasticity on WSS distribution is unclear due to the difficulties in obtaining the patient-specific
aneurysm wall properties from in vivo measurements. In addition, more samples should be included
in future studies to systemically evaluate the impacts of space characteristics of ACoAAs on flow
characteristics. Furthermore, the blood was simplified as a Newtonian fluid in the present study.
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The effect of rheological models on flow characteristics in IAs has been discussed in several studies [65].
Even though their impacts remain inconsistent [67-69], some recent studies showed that the influence
of using the Newtonian model on hemodynamics characteristics is small [70,71].

5. Conclusions

The revascularization of unilateral ICA would significantly affect the hemodynamics characteristics
in large ACoAA. CFD analysis of the postoperative hemodynamics parameters may be useful to
evaluate the rupture risk and benefit the preoperative management of patients with concomitant
ACo0AA and unilateral ICA stenosis.
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