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A B S T R A C T

Background and Objective: Some patients experience life-threatening strokes during coronary revascular-
ization. Despite its clinical importance, few numerical studies have investigated the impact of coronary
revascularization on cardio-cerebral hemodynamics. This study aims to address this gap by evaluating the
effects of eliminating coronary stenosis on both coronary and cerebral blood flow using patient-specific
simulations.
Methods: A patient-specific cardio-cerebral arterial network with a 70% stenosis in the left main coronary
artery was reconstructed, and computational fluid dynamics were employed to evaluate the effects of
eliminating coronary stenosis. The three-dimensional time-dependent incompressible Navier–Stokes equations
were discretized using a stabilized 𝑃1-𝑃1 Galerkin finite element method and an implicit second-order backward
differentiation formula. A regional blood flow distribution model, coupled with a lumped Windkessel model,
was applied at the outlet boundaries. The 3D pulsatile blood flow was solved using a parallel solver based on
a scalable Newton–Krylov–Schwarz algorithm, enabling fast and efficient simulations.
Results: Coronary revascularization significantly improved myocardial blood flow, increasing the coronary
fractional flow reserve from 0.742 to 0.904, indicating enhanced myocardial perfusion. However, cerebral
hemodynamics were negatively affected, with a 2.49% reduction in blood flow through the main cerebral
artery, suggesting an elevated risk of cerebral ischemia. The proposed computational framework demonstrated
good parallel scalability across thousands of processor cores.
Conclusions: This study highlights the dual impact of coronary revascularization, improving myocardial
perfusion while potentially elevating the risk of cerebral ischemic complications. The efficient computational
approach provides a valuable tool for evaluating cardio-cerebral hemodynamics in patient-specific settings,
making it suitable for complex and time-intensive simulations.
1. Introduction

Coronary artery disease (CAD) remains the leading cause of mortal-
ity worldwide, primarily due to coronary artery stenosis and myocar-
dial ischemia. Coronary revascularization procedures, such as coronary
stenting, are commonly employed to enhance the myocardial blood
flow and reduce the ischemic risk by modifying vascular anatomy to
improve cardiovascular hemodynamics. Over the past decades, these
procedures have become a standard treatment for CAD [1]. However,
despite their widespread use, coronary revascularization procedures
can still result in life-threatening ischemic strokes in some patients,
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even when significant cerebral artery stenosis is absent [2]. This neu-
rological complication continues to be a major concern, despite sig-
nificant advancements in revascularization techniques, and remains
frequently observed in clinical settings [3,4]. Ischemic stroke occurs
when cerebral blood flow is insufficient to meet the metabolic needs
of brain tissue, with in-hospital mortality rates reaching as high as
20% [5]. This severe complication highlights the potential negative
impact that alterations in coronary artery anatomy, following revas-
cularization, can have on cerebral blood flow. Therefore, it is essential
for clinicians to carefully assess patients, particularly those with more
than 50% stenosis in carotid artery or large intracranial arteries, prior
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to coronary stenting to mitigate the risk of ischemic stroke [6].
Current assessments of stroke risk primarily rely on anatomical

stenosis measurements obtained through angiography and other imag-
ing techniques. However, stenosis alone may not always result in
functional ischemia, and an incorrect estimation of the ischemic burden
could negatively affect graft blood flow [7]. It is therefore crucial to use
reliable indicators to assess the hemodynamic significance of arterial
stenosis. For coronary blood flow, fractional flow reserve (FFR) is a
well-established indicator measured via sensor-equipped guide wires
during hyperemia [8–10]. FFR values below 0.75 indicate a need for
revascularization. In cerebral circulation, indices such as fractional
flow [11] and fractional pressure ratio (FPR) [12,13] have been pro-
osed to assess the functional significance of stenosis. However, there is
o universally accepted gold standard equivalent to FFR for evaluating
erebral hemodynamics. Moreover, passing guidewires through the
mall-diameter vessels of the cerebrovascular system poses higher risks,
urther complicating the assessment of cerebral blood flow.

In recent years, substantial progress has been made in the applica-
tion of computational fluid dynamics (CFD) to determine the functional
significance of coronary artery disease and ischemic stroke. Notably,
non-invasive calculation of FFR from coronary computed tomogra-
phy angiography (CTA), known as FFRCT, has shown high diagnostic
accuracy for CAD [14,15]. CFD approaches have also been applied
to neurology, where they have demonstrated potential for predicting
stroke risk. Leng et al. utilized CFD to assess hemodynamic parameters
in intracranial atherosclerosis [16,17], and Liu et al. employed CFD to
compute FPR, with results comparable to invasive measurements [12].
Rashad et al. applied high-resolution large eddy simulations to investi-
gate complex hemodynamic phenomena in the branching regions that
lead to cerebral ischemia in early-stage Moyamoya disease patients,
using FLUENT (ANSYS, Inc., USA) with a grid size of approximately
100,000 cells [18]. More recent studies, such as that by Zingaro et al.
ave integrated CFD simulations with cardiac magnetic resonance to
ssess stroke risk [19]. These advancements highlight the growing role
f CFD in diagnosing and treating cerebrovascular diseases.

Despite these developments, most numerical studies have focused
on simulating hemodynamics within a single organ system, such as the
coronary [20,21] or cerebral vessels [22,23]. The effect of coronary
evascularization on cerebral hemodynamics has not been extensively

studied within a three-dimensional, patient-specific cardio-cerebral ar-
terial network, which is of significant clinical relevance. Changes in
the geometry of this network can influence the progression of cere-
rovascular diseases [24]. The cardio-cerebral network, consisting of

the coronary arteries, aortic arch, internal carotid arteries (ICAs), and
he circle of Willis (CoW), poses significant computational challenges

due to its intricate morphology and complex flow dynamics [25].
Accurate simulation of pulsatile blood flow demands the use of high-
resolution meshes to capture the intricate flow characteristics in critical
areas such as bifurcations, bends, and stenoses. The nonlinear nature of
blood flow, coupled with the substantial computational resources re-
quired, further complicates the task of modeling cardio-cerebral hemo-
dynamics. Additionally, patient-specific physiological boundary con-
ditions must be applied at key locations, including the descending
aorta, coronary arteries, and cerebral vessels, to accurately reflect
real-world hemodynamic conditions. For this reason, a robust computa-
tional solver is essential to simulate cardio-cerebral blood flow at high
resolutions [26].

In this study, we introduce a regional blood flow distribution model
integrated with a 3-element Windkessel lumped parameter model and
mploy a parallel Newton–Krylov–Schwarz algorithm-based solver to

address the computational challenges of simulating 3D patient-specific
cardio-cerebral blood flow. This scalable parallel method enables us
to investigate the hemodynamic effects of coronary revascularization
by artificially removing coronary stenosis and analyzing the result-
ing hemodynamic changes in both coronary and cerebral circulations.

Our results capture the complex fluid dynamics of pulsatile blood

2 
flow within intricate arterial geometries, revealing potential cerebral
ischemic complications following coronary revascularization. We also
evaluate the parallel performance of our solver on a supercomputer,
demonstrating its scalability across thousands of processors.

2. Algorithm

2.1. Construction of the patient-specific cardio-cerebral arterial geometry

A 3D patient-specific cardio-cerebral arterial model was recon-
tructed from high-resolution multi-slice coronary computed tomogra-
hy angiography (CTA) and magnetic resonance angiography (MRA)

scans of a 58-year-old Asian male patient, measuring 172 cm in height
and weighting 68 kg. Coronary CTA imaging was performed using a
64-slice scanner (Somatom Definition, Siemens), while MRA imaging
was conducted using a 3.0 T magnetic resonance imaging (MRI) system
(Magnetom Prisma, Siemens). The coronary CTA images were acquired
with a slice thickness of 0.75 mm, a pixel size of 0.326 mm, and an
image resolution of 512 × 512 pixels, covering 312 slices. The MRA
images had a slice thickness of 0.5 mm, a pixel size of 0.5 mm, and an
identical resolution of 512 × 512 pixels, with a total of 488 slices.

Fig. 1 illustrates the reconstructed intricate cardio-cerebral arterial
network, including the aortic sinus, aorta, coronary artery, carotid
artery, and intracranial/extracranial cerebral arteries. Notable anatom-
ical structures such as the circle of Willis and the aortic arch were also
incorporated into the model. Segmentation of arteries with diameters of
.0 mm or larger was performed using Mimics software (Version 21.0,
aterialise NV, Leuven, Belgium). The coronary and cerebral arterial

geometries were cropped, merged, and further refined using manual
moothing techniques. An experienced team of medical professionals
valuated the reconstructed model to ensure anatomical accuracy. The
inal model included 118 outlets, including the descending aorta.

A significant stenosis of approximately 70% was identified in the left
ain (LM) coronary artery, as depicted in Fig. 1. The stenotic segment

measured 11.95 mm in length, with a minimum diameter of 1.7 mm. To
simulate the effects of coronary artery revascularization, the stenotic
segment was replaced with a normal artery segment, modeling the
tent expansion procedure. The baseline diameter of the replacement
egment was set at 4.65 mm, based on the distal diameter of the stenosis
nd clinical stent sizing guidelines. The transition between the stented
egion and the surrounding healthy arteries was smoothed to ensure
eometric continuity.

2.2. Governing equations and boundary conditions

In this study, blood flow in the cardio-cerebral system is modeled
as a Newtonian, incompressible fluid with a constant density of 𝜌 =
.050 g∕cm3 and viscosity 𝜇 = 0.035 cm2∕s. The governing equations for
he unsteady, incompressible 3D Navier–Stokes equations in the arterial
omputational domain 𝛺 are expressed as:
𝜕𝐮
𝜕 𝑡 + (𝐮 ⋅ ∇)𝐮 = 𝜇 𝛥𝐮 − 1

𝜌
∇𝑝 in 𝛺 (1)

∇ ⋅ 𝐮 = 0 in 𝛺 (2)

where 𝐮 and 𝑝 represent the blood velocity and pressure, respectively.
A no-slip boundary condition is enforced at the arterial wall 𝛤W,

assuming zero fluid velocity at the wall:

𝐮 = 𝟎, on 𝛤W. (3)

At the inlet boundary 𝛤I, located at the junction between the left
entricle and the aorta, a time-varying velocity profile is imposed
ormal to the inlet plane:
𝐮 = 𝐠 on 𝛤I,
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Fig. 1. Reconstructed 3D patient-specific cardio-cerebral vascular model, derived from
computed tomography angiography and magnetic resonance angiography images. The
model highlights the left main coronary artery stenosis. The stenotic region was
replaced with a normal artery segment to simulate the coronary revascularization
procedure.

where 𝐠 is determined by the time-varying volumetric flow rate 𝑄in.
The mean value of 𝑄in over one cardiac cycle corresponds to the car-
diac output, which is estimated as 95.2 cm3∕s using allometric scaling
laws based on the segmented myocardium volume 𝑉my o obtained from
coronary CTA images. The inflow waveform 𝑄in is derived from phase-
contrast magnetic resonance imaging, following the method described
by Alastruey et al. [27]. The resulting inflow rate profile is shown in
Fig. 2.

An impedance boundary condition was applied at the outlets of
the cardio-cerebral arterial network, as described in [28]. The total
resistance of the vascular network, 𝑅T, was first calculated using the
following electrical relation:

𝑅T =
𝑃m
CO

, (4)

where 𝑃m = 93.3mmHg represents the mean arterial pressure, deter-
mined from the weighted systolic (SBP, 120 mmHg) and diastolic (DBP,
80 mmHg) blood pressures, calculated as (SBP + 2DBP)∕3.

Next, the outlets were grouped into eight anatomical regions, as
illustrated in Fig. 2. The total resistance and peripheral compliance for
each group 𝐺𝑖 were defined by:

𝑅𝑖 =
𝑅T

BFFi
, (5)

𝐶 𝑖 = 𝐶per × BFFi, 𝑖 = 1,… , 8, (6)

where BFFi represents the blood flow fraction for group 𝐺𝑖, derived
from the total cardiac output. These blood flow fractions were based on
literature values from healthy subjects [29,30]. A baseline peripheral
compliance value of 𝐶per = 7.0 × 10−4 cm5∕dy n was used. Within
each group 𝐺𝑖, the resistance and capacitance for individual outlet 𝑗
were computed based on the outlet cross-sectional area 𝐴𝑗 , using the
following relations:

𝑅𝑗 = 𝑅𝑖
∑

(𝐴𝑗 )1.5

1.5
, (7)
(𝐴𝑗 )

3 
Fig. 2. Boundary condition settings. The time-averaged blood inflow rate is determined
based on the reconstructed, subject-specific myocardium. The inflow waveform is
adopted from the methodology described by Alastruey et al. [27]. The arterial outlets
are categorized into eight distinct groups, with impedance boundary conditions applied
to each group accordingly.

Table 1
Grouping of vascular outlets by supplying regions and the corresponding outlet
boundary condition parameters.

Group 𝐺𝑖 Vessels #O 𝑅𝑖 (dy ness∕cm5) 𝐶 𝑖 (cm5∕dy n)

A Descending Aorta 1 2164 4.2E−4
B LMCA, RMCA 27 22 933 4.0E−5
C LACA, RACA 17 42 167 2.2E−5
D LPCA, RPCA 6 62 246 1.5E−5
E LECA, RECA 25 20 424 4.5E−5
F OTHERS 6 93 370 9.8E−6
G LSA, RSA 13 8218 1.1E−4
H CORONARY 23 26 143 3.5E−5

Notes: #O: number of outlets; 𝑅𝑖 and 𝐶 𝑖: the resistance and peripheral compliance of
group 𝐺𝑖; LMCA, RMCA = Left and right main cerebral artery; LACA, RACA = Left and
right anterior cerebral artery; LPCA, RPCA = Left and right posterior cerebral artery;
LECA, RECA = Left and right extracranial artery; LSA, RSA = Left and right subclavian
artery.

𝐶𝑗 = 𝐶 𝑖
∑

𝐴𝑗

𝐴𝑗 , 𝑗 = 1,… , 𝑛, (8)

where 𝑛 is the number of outlets in group 𝐺𝑖. Table 1 summarizes
the key parameters for each group, including the number of outlets,
resistance, and compliance.

At time 𝑡, a time-varying blood pressure 𝑝𝑘(𝑡) is imposed at the 𝑘th
outlet according to the following equation:

𝑝𝑘(𝑡) = [𝑝𝑘(0) − 𝑅𝑘
𝑝𝑄

𝑘(0) − 𝑝𝑘𝑑 (0)]𝑒
− 𝑡

𝜏𝑘 + 𝑝𝑘𝑑 (𝑡)

+𝑅𝑘
𝑝𝑄

𝑘 + ∫

𝑡

0

(

𝑒−(𝑡−𝑠)∕𝜏

𝐶𝑘

)

𝑄𝑘(𝑠)𝑑 𝑠,
(9)

where 𝑅𝑘 = 𝑅𝑘
𝑝 + 𝑅𝑘

𝑑 , 𝑅𝑘
𝑑 = 0.8𝑅𝑘, and 𝜏𝑘 = 𝑅𝑘

𝑑𝐶
𝑘. The initial

pressure 𝑝𝑘(0) is set to 70 mmHg, while 𝑝𝑘𝑑 (𝑡) represents the downstream
pressure, assumed to be zero.

The volume flow rate 𝑄𝑘(𝑡) through the 𝑘th outlet is calculated as:

𝑄𝑘(𝑡) = 𝐮(𝑡) ⋅ 𝐧 𝑑𝜞 , (10)
∫𝛤 𝑘
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where 𝐧 is the outward unit surface normal at the 𝑘th outlet 𝜞 𝑘
O.

2.3. Discretization

A 𝑃1-𝑃1 finite element method is employed to discretize the mo-
entum Eq. (1) within the spatial domain. We first define the trial and

weighting function spaces as follows:

 =

{

𝐮(⋅, 𝑡)
|

|

|

|

|

𝐮(⋅, 𝑡) ∈ [𝐻1(𝛺)]3,

𝐮(⋅, 𝑡) = 𝐠 on 𝛤I

}

,

0 =

{

𝐮(⋅, 𝑡)
|

|

|

|

|

𝐮(⋅, 𝑡) ∈ [𝐻1(𝛺)]3,

𝐮(⋅, 𝑡) = 𝟎 on 𝛤I ∪ 𝛤W

}

,

 =

{

𝑝(⋅, 𝑡)
|

|

|

|

|

𝑝(⋅, 𝑡) ∈ 𝐿2(𝛺)

}

.

(11)

The Galerkin weak form of the Navier–Stokes equations is then
formulated as: Finding 𝐮 ∈  and 𝑝 ∈  such that:

𝜌∫𝛺
𝜕𝐮
𝜕 𝑡 ⋅𝛷 𝑑 𝛺 + 𝜌𝜇 ∫𝛺

∇𝐮 ∶ ∇𝛷 𝑑 𝛺 + 𝜌∫𝛺
(𝐮 ⋅ ∇)𝐮 ⋅𝛷 𝑑 𝛺

− ∫𝛺
𝑝∇ ⋅𝛷 𝑑 𝛺 + ∫𝛺

(∇ ⋅ 𝐮)𝜑𝑑 𝛺 = ∫𝛺
𝐟 ⋅𝛷 𝑑 𝛺 , (12)

for all 𝛷 ∈ 0 and 𝜑 ∈  .
The finite element discretization begins by partitioning the compu-

ational domain into an unstructured tetrahedral mesh  ℎ = 𝐾. The
inite-dimensional trial and weighting spaces are then defined as:

 =

⎧

⎪

⎨

⎪

⎩

𝐮(⋅, 𝑡)
|

|

|

|

|

|

|

|

𝐮(⋅, 𝑡) =
𝑁𝑢
∑

𝑖=1
𝛷ℎ

𝑖 𝐮
ℎ
𝑖 (⋅, 𝑡),

𝐮(⋅, 𝑡) = 𝐠 on 𝛤I

⎫

⎪

⎬

⎪

⎭

,

0 =

⎧

⎪

⎨

⎪

⎩

𝐮(⋅, 𝑡)
|

|

|

|

|

|

|

|

𝐮(⋅, 𝑡) =
𝑁𝑢
∑

𝑖=1
𝛷ℎ

𝑖 𝐮
ℎ
𝑖 (⋅, 𝑡),

𝐮(⋅, 𝑡) = 𝟎 on 𝛤I ∪ 𝛤W

⎫

⎪

⎬

⎪

⎭

,

 =

⎧

⎪

⎨

⎪

⎩

𝑝(⋅, 𝑡)
|

|

|

|

|

𝑝(⋅, 𝑡) =
𝑁𝑝
∑

𝑖=1
𝜑ℎ
𝑖 𝑝

ℎ
𝑖 (⋅, 𝑡)

⎫

⎪

⎬

⎪

⎭

,

(13)

where 𝐮ℎ𝑖 ∈ R3 and 𝑝ℎ𝑖 ∈ R represent the nodal values of the velocity
nd pressure functions, respectively, with 𝑁𝑢 and 𝑁𝑝 denoting the

number of nodes for velocity and pressure. Each component of 𝛷ℎ
𝑖 and

𝜑ℎ
𝑖 represents a piecewise linear function. To address the failure of the

𝑃1-𝑃1 element to satisfy the Ladyzenskaja–Babuska–Brezzi (LBB) con-
dition, stabilization terms are introduced. The semi-discrete stabilized
finite element formulation of (12) can be expressed as follows: Find
ℎ ∈  ℎ and 𝑝ℎ ∈ ℎ such that:

𝜌∫𝛺
𝜕𝐮ℎ
𝜕 𝑡 ⋅𝛷ℎ 𝑑 𝛺 + 𝜌𝜇 ∫𝛺

∇𝐮ℎ ∶ ∇𝛷ℎ 𝑑 𝛺

+ 𝜌∫𝛺
(𝐮ℎ ⋅ ∇)𝐮ℎ ⋅𝛷ℎ 𝑑 𝛺 − ∫𝛺

𝑝ℎ∇ ⋅𝛷ℎ 𝑑 𝛺

+ ∫𝛺
(∇ ⋅ 𝐮ℎ)𝜑ℎ 𝑑 𝛺 +

∑

𝐾∈ ℎ

(

∇ ⋅ 𝐮ℎ, 𝜏𝑐∇ ⋅𝛷ℎ)
𝐾

+
∑

𝐾∈ ℎ

(

𝜕𝐮ℎ
𝜕 𝑡 + (𝐮ℎ ⋅ ∇)𝐮ℎ + ∇𝑝ℎ, 𝜏𝑚(𝐮ℎ ⋅ ∇𝛷ℎ + ∇𝜑ℎ)

)

𝐾

= ∫𝛺
𝐟 ⋅𝛷ℎ 𝑑 𝛺 +

∑

𝐾∈ ℎ

(

𝐟 , 𝜏𝑚(𝐮ℎ ⋅ ∇𝛷ℎ + ∇𝜑ℎ)
)

𝐾 ,

(14)

where 𝛷ℎ ∈  ℎ
0 and 𝜑ℎ ∈ ℎ. The stabilization terms are underlined,

and the parameters 𝜏𝑐 and 𝜏𝑚 are defined as follows:

𝜏𝑚 =

(

4
𝛥𝑡2

+
(

𝐮ℎ ⋅ 𝐺𝐮ℎ
)

+ 36
(

𝜇
𝜌

)2
𝐺 ∶ 𝐺

)− 1
2

, (15)

𝜏 = 1 . (16)
𝑐 8𝜏𝑚𝑡𝑟(𝐺)

4 
Here, 𝐺𝑖𝑗 =
∑3

𝑘=1
𝜕 𝜉𝑘
𝜕 𝑥𝑖

𝜕 𝜉𝑘
𝜕 𝑥𝑗 denotes the covariant metric tensor, and 𝜕 𝜉

𝜕 𝑥
represents the Jacobian of the mapping between the reference and
hysical element. The evaluation of 𝐮 in 𝜏𝑚 uses the computed solution
ℎ at the current timestep.

For temporal discretization, the second-order backward differentia-
ion formula (BDF2) is applied, allowing larger timesteps and reducing
verall simulation time. Let 𝐱𝑛 = (𝐮𝑛, 𝑝𝑛) denote the velocity and
ressure at the 𝑛th timestep, and let 𝑆(𝐱𝑛) represent the semi-discretized
ystem without the time derivative. The BDF2 approximation is given
y:
3𝐱𝑛 − 4𝐱𝑛−1 + 𝐱𝑛−2

2𝛥𝑡
= 𝑆(𝐱𝑛), (17)

This implicit scheme allows stable and accurate time integration over
large timesteps.

2.4. Solver and hardware

After spatial and temporal discretization, at each timestep, the
umerical scheme leads to a large, sparse, and nonlinear system as

represented in (17), which can be expressed as:

𝐅𝑛(𝐱𝑛) = 𝟎. (18)

To efficiently solve this system, we employ a Newton–Krylov–
chwarz (NKS) framework based on domain decomposition methods,

combined with an overlapping restricted additive Schwarz (RAS) pre-
conditioner. The NKS approach supports parallel computing, and the
RAS preconditioner has been demonstrated to significantly accelerate
the convergence of the linear solver. Specifically, an inexact Newton
method is applied to solve the nonlinear equations, while the Krylov
subspace method, restarted Generalized Minimal Residual (GMRES), is
sed to compute the search directions within each Newton iteration.
he RAS preconditioner enhances the convergence of the GMRES
ethod, thus improving overall computational efficiency.

This solver has proven effective for Navier–Stokes equations in
various applications, including airflow [31] and blood flow simula-
tions [32]. The RAS method begins by partitioning the cardio-cerebral
arterial computational domain, 𝛺, into 𝑛𝑝 non-overlapping subdomains
𝛺𝑖, where 𝑖 = 1, 2,… , 𝑛𝑝, with 𝑛𝑝 equal to the number of processors
used in parallel simulation. Fig. 3 shows an example of the domain
partition into subdomains. For each subdomain 𝛺𝑖, overlapping sub-
domains 𝛺𝛿

𝑖 are created by extending 𝛿 layers of mesh elements from
neighboring subdomains. For each 𝛺𝛿

𝑖 , a local Jacobian matrix 𝐉𝑖 is
constructed in a manner consistent with the global Jacobian matrix.
The restriction operators 𝑅𝛿

𝑖 and 𝑅0
𝑖 are defined to map the degrees of

freedom (DOFs) belonging to the overlapping subdomain 𝛺𝛿
𝑖 and the

non-overlapping subdomain 𝛺𝑖, respectively, from the global vector of
unknowns. The RAS preconditioner is constructed as the sum of the
local preconditioners 𝐁−1

𝑖 for each local Jacobian matrix 𝐉𝑖:

𝐌RAS =
𝑛𝑝
∑

𝑖=1
(𝑅0

𝑖 )
𝑇𝐁−1

𝑖 𝑅𝛿
𝑖 . (19)

To efficiently compute the subdomain preconditioner 𝐁−1
𝑖 , a point-

lock incomplete LU (ILU) factorization with fill-ins [33] is used instead
of the more computationally expensive LU factorization method to
balance computational cost with solution accuracy.

By iteratively updating the solution, calculating the step length,
solving the Jacobian system using the RAS preconditioned GMRES
method, and checking the stopping condition, the algorithm converges
to the solution of the nonlinear system (18). The framework of the
arallel solver can be summarized as follows:

(a). Initialization: Set 𝐱𝑛0 as the initial guess, which is usually the
solution of the previous timestep 𝐱𝑛−1 and set 𝑘 = 0.
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Fig. 3. An example of the cardio-cerebral computational mesh and its partition.
Different colors refer different subdomains. Despite their differences in shape and size,
the number of elements in each subdomain was made nearly equal to ensure good load
balance in parallel computing.

(b). Calculate the function 𝐅𝑛(𝐱𝑛𝑘) and check the stopping condition:
If satisfied, stop and obtain the solution; otherwise, go back to
Step (c).

(c). Jacobian system solution: at each Newton iteration, solve the
preconditioned Jacobian linear system inexactly using a restarted
GMRES method,

𝐉𝑛𝑘(𝐌
𝑛
𝑘)

−1𝐲𝑛𝑘 = −𝐅𝑛(𝐱𝑛𝑘), (20)

where 𝐌𝑛
𝑘 is the RAS preconditioner.

(d). Step length calculation and solution update: Use a cubic back-
tracking line search method to determine the step length 𝜆𝑛𝑘 and
update the solution 𝐱𝑛𝑘+1 in the way:

𝐱𝑛𝑘+1 = 𝐱𝑛𝑘 + 𝜆𝑛𝑘𝐬
𝑛
𝑘, (21)

where 𝐬𝑛𝑘 = (𝐌𝑛
𝑘)

−1𝐲𝑛𝑘 is the search direction calculated in Step
(c).

(e). Set 𝑘 = 𝑘 + 1 and go back to Step (b).

The unstructured tetrahedral computational meshes are generated
using ANSYS ICEMCFD (Version 14.5. Canonsburg, PA: ANSYS, Inc.)
and partitioned into subdomains using the ParMETIS package [34].
The simulation codes were developed on the top of the open source
package PETSc [35], and all the simulations were executed on the
TianHe-2A supercomputer at China’s National Supercomputing Center
at Guangzhou, which is equipped with two 12-core Intel Xeon E5-2692
v2 2.6 GHz CPU processors with 64 GB RAM for each computing node.
Visualization of the results was performed using ParaView [36]. The
total simulation time is one cardiac cycle 𝑇 = 1.0 s, and the timestep
size 𝛥𝑡 = 5.0 × 10−3 s. The stopping criteria for the NKS algorithm were
set as follows: the relative residuals 𝜁 ≤ 1.0 × 10−4 and 𝜀 ≤ 1.0 × 10−6 for
the linear and nonlinear solvers, respectively. The default overlapping
size 𝛿 = 2 and levels of ILU fill-ins 𝓁 = 2. A maximum restarted iteration
𝑘 = 200 was used for the restart GMRES(𝑘) algorithm.
5 
Table 2
Mesh sets for the mesh independence study.

Mesh Size NEs DoFs

M1 1.92 mm 2.94 ×106 3.89 ×106

M2 0.68 mm 6.69 ×106 5.79 ×106

M3 0.37 mm 1.34 ×107 1.14 ×107

M4 0.23 mm 2.53 ×107 2.01 ×107

Notes: Size: maximum mesh size set on the vascular wall; NE: total
number of elements; DoFs: total number of degrees of freedom.

3. Results

This section presents the results from numerical experiments that
examine the hemodynamic effects of coronary revascularization on
the cardio-cerebral system. We evaluate the mesh independence, pres-
sure variations, ischemia indicators, blood flow distributions, and the
solver’s parallel performance.

3.1. Mesh independence test

We performed a mesh independence study using four different
mesh resolutions, denoted as M1, M2, M3, and M4. The characteristics
and details of these meshes are summarized in Table 2 and Fig. 4.
Simulations were conducted for each mesh, and pressure profiles were
analyzed to determine the convergence of the solution.

Fig. 5 illustrates the comparison of pressure profiles at the aorta
and the left anterior descending (LAD) artery across the four mesh
resolutions. The results show that mesh M3 provides sufficient accuracy
for cardio-cerebral blood flow simulations. Although mesh M4, with
a higher node count, yields results comparable to M3, it requires
significantly more computational resources. On the other hand, meshes
M1 and M2, with fewer nodes, result in less accurate simulations.
Therefore, mesh M3 is recommended for future studies as it offers an
optimal balance between accuracy and computational efficiency.

3.2. Pressure and ischemia indicators

We then analyzed the hemodynamic status of the cardio-cerebral
arterial network before and after revascularization. Fig. 6 displays
the pressure field at different phases: systolic, diastolic, and averaged
over one cardiac cycle. After revascularization of the left main coro-
nary artery, there is a slight decrease in maximum pressure values in
the cardio-cerebral network. Specifically, systolic pressure decreases
from 148.4 mmHg to 146.4 mmHg, diastolic pressure decreases from
82.2 mmHg to 81.4 mmHg, and the time-averaged pressure decreases
from 106.9 mmHg to 106.0 mmHg. Conversely, minimum pressures
show a slight increase after revascularization: from 64.5 mmHg to
64.7 mmHg during systole, from 55.7 mmHg to 55.9 mmHg during
diastole, and from 61.1 mmHg to 61.4 mmHg when averaged over
time. Notable pressure changes were observed in the LAD and the left
circumflex (LCX) arteries, with revascularization reducing the pressure
drop caused by stenosis in the LM coronary artery, particularly during
the systolic phase and in the time-averaged distribution, resulting in
low pressures in the downstream LAD and LCX arteries, which indicated
a compromised blood supply.

Fig. 7 further illustrates the time-dependent pressure profiles at var-
ious locations, while Fig. 8 provides a comparison of coronary FFR and
cerebral FPR. The FFR is calculated as the ratio of the time-averaged
pressure at the coronary artery ostium to the pressure downstream of
the LM lesion in the LAD artery. Similarly, the FPR is computed as the
ratio of the pressure at the right carotid artery to the pressure in the
right middle cerebral artery.

A closer examination of Figs. 7 and 8 reveals that, before revascular-
ization, the time-averaged pressures at the aorta and distal ends of the
LAD lesion were 106.9 mmHg and 76.8 mmHg, respectively, resulting
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Fig. 4. Mesh comparison near the lesion.
Fig. 5. Pressure profiles at the aorta (left) and the left anterior descending artery (right) obtained by the four meshes, based on the post-revascularization simulations.
in an FFR of 0.742, indicating a high risk of myocardial ischemia and
the need for coronary revascularization. After the intervention, the
pressure distribution in both the LAD and LCX became more uniform,
with the pressure drop reduced to 11.4 mmHg, increasing the FFR to
0.904, confirming the success of the revascularization.

For the cerebral arteries, the pressure distribution before revascu-
larization was relatively smooth, with a pressure drop of 5.91 mmHg
between the right carotid artery and the distal right MCA, resulting
in an FPR of 0.950. After coronary revascularization, the FPR of the
right MCA decreased to 0.940, reflecting a reduction of 0.01 compared
to before the revascularization. Since FPR is not the gold standard for
cerebral ischemic indicator like FFR for coronary currently, we cannot
judge whether the subject had cerebral ischemia, but this reduction
in FPR could potentially lead to decreased cerebral perfusion and the
occurrence of ischemic stroke.

3.3. Blood flow distribution and manner

Fig. 9 illustrates the flow distribution across various regions of the
cardio-cerebral arterial network, allowing for an assessment of the coro-
nary revascularization’s impact on both the target arteries and other
arterial regions. Coronary revascularization significantly increases flow
through the coronary arteries, with the flow rate rising from 2.26 cm3∕s
to 4.84 cm3∕s (an increase of 2.58 cm3∕s), and the proportion of total
blood flow through the coronary arteries rising from 2.32% to 5.02%.
The increased flow in the LAD and LCX arteries demonstrates the
procedure’s success in improving myocardial perfusion.

Assuming the patient had severe coronary artery disease and two-
thirds of the myocardium exhibited perfusion abnormalities prior to
revascularization [37], the myocardial blood flow (MBF) increment per
6 
unit mass, 𝐸mbf , is calculated as:

𝐸mbf =
3𝛥𝑄cor
2𝜌𝑉my o

. (22)

where 𝛥𝑄cor is the coronary flow increment. This value of 𝐸mbf =
0.893 cm3∕min∕g aligns well with clinical findings, such as those re-
ported by Bober et al. [38], who observed a post-revascularization flow
increase of 0.6 ± 0.7 cm3∕min∕g in regions with abnormal perfusion.

While coronary flow increases, the flow in other regions of the
network decreases. Notably, flow in the MCA decreases by 2.49%(from
3.533 cm3∕s to 3.445 cm3∕s). The descending aorta experiences the
largest decrease, dropping from 65.300 cm3∕s to 62.973 cm3∕s. These
reductions warrant further exploration, especially concerning the geo-
metric and physiological factors that may influence this redistribution
of blood flow.

3.4. Parallel performance

The performance of the parallel solver was evaluated for strong
scalability on mesh M4, which has approximately 20.1 million de-
grees of freedom (DoFs). Table 3 presents the results for simulations
conducted on 480 to 3840 processors. To reduce computational costs,
the performance analysis is conducted based on the first 10 timesteps.
While the iterations or computation time of the first timestep may
have some influence on the results, the strong scalability results show
that both the number of nonlinear iterations and GMRES iterations
remain consistent or increase gradually as the number of processors
increases. This behavior aligns with expectations based on our previous
applications of the NKS solver with the RAS preconditioner. These
results indicate the scalability of the solver, demonstrating its efficiency
in cardio-cerebral blood flow simulations. Note that as we continue to
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Fig. 6. Pressure distributions at systole, diastole, and time-averaged values before (top) and after (bottom) coronary revascularization.
Table 3
Parallel performance of NKS algorithm based solver.
𝑛𝑝 NI GMRES Time (s) Speedup Ideal Efficiency

480 3.0 994.57 541.38 1 1 100.00%
960 3.3 1163.67 332.67 1.63 2 81.37%
1920 3.3 1169.73 205.22 2.64 4 65.95%
3840 3.1 923.45 139.85 3.87 8 48.39%

Notes: (𝑛𝑝) = the numbers of processors;NI = the average number of nonlinear iterations
per time step; GMRES = the average number of GMRES iterations per Newton step;
Time = the average wall-clock in seconds per time step.

increase the number of processors, the number of GMRES iterations
increases rapidly. In this case, two-level methods are required.

4. Discussion

The findings from this study demonstrate the effectiveness of coro-
nary revascularization in improving myocardial perfusion while also
highlighting its potential implications for cerebral perfusion under cer-
tain conditions. The pressure analysis reveals that revascularization not
only reduces the pressure drop across the stenotic coronary artery but
7 
also narrows the overall pressure range in the cardio-cerebral vascular
network. This narrowing may enhance hemodynamic stability, which is
critical for maintaining adequate blood supply to downstream regions.
However, the slight decrease in the FPR of the cerebral arteries follow-
ing the intervention indicates a potential risk to cerebral circulation,
necessitating careful monitoring to prevent adverse outcomes, such as
ischemic stroke.

The redistribution of blood flow observed post-revascularization
underscores the interconnected nature of the cardio-cerebral system.
While the coronary arteries benefit significantly from increased flow,
there is a reduction in flow to cerebral regions. This phenomenon
calls for further investigation to identify the underlying factors, such
as geometric variations or physiological adaptations, that contribute to
this redistribution.

Furthermore, the strong scalability of the parallel solver employed
in this study demonstrates its capability to efficiently handle time-
dependent cardio-cerebral simulations. Achieving nearly 50% efficiency
on 3840 processors reduces the total wall-clock time for a full cardiac
cycle simulation to approximately 7.78 h, enabling faster analysis of
complex hemodynamics and accelerating both research efforts and
clinical decision-making.
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Fig. 7. Pressure throughout the cardio-cerebral arterial network before (solid line) and after (dashed line) revascularization.
Fig. 8. Fractional flow reserve of the left anterior descending artery (left) and fractional pressure ratio of the left main cerebral artery(right).
5. Limitation

The primary limitation of this study is the exclusion of physiological
cerebral blood flow regulation mechanisms, which is a complex and
individualized process crucial for maintaining stable cerebral perfusion
under varying conditions. Additionally, the lack of clinical validation
through invasive measurements, such as direct FPR data, limits the
accuracy of the simulation’s predictions regarding ischemic stroke risk
8 
following coronary revascularization. Invasive FPR measurements are
often impractical due to the rapid progression of ischemic stroke and
the physiological constraints of the patients. Despite these limitations,
the framework established in this study provides a valuable foundation
for simulating cardio-cerebral hemodynamics and offers a basis for
future research that could incorporate more sophisticated physiological
factors and patient-specific modeling.
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Fig. 9. The mean volume blood flow rate through coronary and cerebral arteries before
and after coronary revascularization. CorA = Coronary Artery; ECA = Left and Right
Extracranial Artery; PCA = Left and Right Posterior Cerebral Artery; ACA = Left and
Right Anterior Cerebral Artery; MCA = Left and Right Main Cerebral Artery.

6. Conclusions

In this study, we developed and implemented a parallel Newton–
rylov–Schwarz algorithm to simulate realistic cardio-cerebral hemo-
ynamic models. The results from our numerical experiments provide

critical insights into the impact of coronary revascularization on blood
low dynamics, particularly in mitigating myocardial ischemia while
dentifying potential reductions in cerebral blood flow, as indicated by
he decline in cerebral ischemic indicators. Our findings suggest that
evascularization effectively improves coronary blood flow but may
lightly reduce cerebral perfusion, thus highlighting the need for careful
anagement of stroke risks in patients undergoing these procedures.

The use of computational fluid dynamics to model the cardio-
erebral system provides a feasible and promising approach for un-
erstanding the complex hemodynamic interactions between the heart
nd brain, particularly in predicting ischemic stroke risks following
oronary interventions. Future studies could focus on incorporating
ore patient-specific models and boundary conditions, as well as phys-

ological regulatory mechanisms, to enhance the accuracy of these
imulations and provide deeper insights into the hemodynamics of the
ardio-cerebral system. Further improvements in parallel efficiency and
lgorithm optimization are also essential to make these simulations
ore clinically applicable.
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