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Maximum admittance method for
cerebrovascular outlet boundary
conditions and importance of
stenosis severity as a dominant
factor on hemodynamics
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In this study, we propose the maximum admittance method based on an analytical solution of two-
element Windkessel model to generate pressure waveforms for imposing outlet boundary conditions
in blood flow simulations in the absence of in vivo pressure data. The lumped parameters of the
Windkessel model, which were not calibrated from the in vivo pressure, were determined to maximize
peripheral admittance. By applying the pressure waveforms at outlet boundaries, hemodynamic
characteristics of human cerebrovascular networks, including stenotic middle cerebral arteries
(MCAs), were investigated through transient flow simulations. Two age-related flow waveforms, in
addition to three different blood viscosities, were applied across each severity case (total 24 simulation
cases). The age-related flow waveforms introduced normalized relative residence time disparities
exceeding 30% in post-stenosis regions with over 50% severity. Additionally, stenosis exceeding 50%
severity redirected more blood flow toward anterior cerebral artery, leading to MCA ischemia at 88%
severity. The maximum pressure gradient on the stenotic walls and fractional pressure ratio exhibited
changes below 9% and 3%, respectively, despite a 54.5% increase in viscosity. The stenosis severity
was a dominant physiological factor, suggesting 50% severity as a critical transition point in cerebral
hemodynamics. This threshold can help in quickly identifying risky locations.

Keywords Maximum admittance method, Boundary condition, Hemodynamics, Stenosis severity, Flow
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Stroke is a significant health risk in modern society, particularly due to its increasing prevalence among the
elderly!. Intracranial atherosclerosis is a common subtype of ischemic stroke in large arteries?. The atherosclerosis
originates from endothelial damage, which initiates the permeation of low-density lipoprotein (LDL) cholesterol
particles through the subendothelial region®. Following the formation of atherosclerotic lesion, it expands and
forms arterial stenosis that results in cerebrovascular diseases through occlusion?.

The development of atherosclerosis is closely related to the flow-induced mechanical forces exerted on blood
vessels?. Wall shear stress (WSS) and plaque structural stress are considered as key hemodynamic contributors to
atherosclerosis development®. Low-level WSS zones (e.g., downstream of stenosis) promote molecular adhesion
to form atherosclerosis, whereas high-level plaque structural stress zones (e.g., upstream of stenosis) are prone
to plaque rupture and subsequent thrombosis formation®.

The pathogenesis of ischemic stroke in the middle cerebral artery (MCA) is believed to be affected by the
occlusion site®’. Proximal occlusions at the M1 segment are predominantly associated with atherosclerosis,
whereas distal occlusions at the M2 bifurcation are associated with cardioembolism®. The combined occurrence
of plaque rupture with thrombosis is frequently observed in proximal occlusion cases, whereas artery-to-artery
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embolism is typically observed in patients with distal occlusions’. Despite these associations, hemodynamic
analyses utilizing fluid mechanics are yet to be reported.

The investigation of flow physics with the progression of stenosis under varied physiological conditions
enhances the understanding of ischemic stroke mechanisms. Age-related blood flow waveforms constitute one
such factor. The elderly exhibit a pronounced secondary peak in volumetric flow rate in the internal carotid
artery (ICA) during the systolic phase when compared to younger adults®. Combining the increased arterial
stiffness, the flow waveform for the elderly results in significantly lowered cycle-averaged (or time-averaged)
WSS°. Moreover, the oscillatory shear index (OSI) was increased by over 30% at the ICA aneurysm wall when
compared to that of young adults'°.

Additionally, high hematocrit levels were associated with increased ischemic stroke incidence!!. However,
highly viscous blood inhibits LDL transport to intima layer due to increased flow resistance across endothelium
layer!2. Although previous studies reported the impact of hematocrit or viscosity levels on the vascular disease,
limited research has been conducted on the critical differences in the physiological factors influencing stenosis
progression.

A quantitative evaluation of blood supply obstruction due to stenosis can be achieved through the fractional
flow reserve (FFR)!® or fractional pressure ratio (FPR)!4. The former is extensively utilized to assess the vessel
occlusion severity, particularly in coronary arteries'>. However, FFR measurement in cerebrovascular networks
is constrained by its invasive nature, requiring pressure wire insertion into vessels, which presents a risk of
thrombosis and potential emergencies in cerebral arteries. In contrast, the computational fluid dynamics (CFD)
approach provides a noninvasive method for assessing hemodynamic indices related to vessel occlusion (FFR or
FPR)!®'7. In addition to noninvasiveness, CFD provides a detailed resolution of hemodynamics across both the
spatial and temporal dimensions.

Nonetheless, achieving an accurate diagnosis of hemodynamics using CFD requires precise boundary
conditions!®. However, such determination of exact boundary conditions on patient-specific arterial networks
generally represents a challenge. Hence, alternatives such as Murray’s law!® and minimum energy loss (MEL)
principle?® have been applied to computational hemodynamics. For the selection of two-element Windkessel
(WK2) model parameters, controlling scaling factors of resistance and compliance has also been proposed?..
However, to apply Murray’s law, the given diameters captured from actual human cerebrovascular networks
should match a basic requirement of Murray’s law (dparent® = Y ddaughter"). If the diameter correlation
between parent and daughter vessels is not satisfied, implementing Murray’s law is physically nonsense because
it violates mass conservation. Therefore, Murray’s law has limits regarding applications to real cerebrovascular
networks which have diverse diameter correlations between parent and daughter vessels. Moreover, the MEL
principle requires multiple CFD simulations to ascertain optimal flow division ratios at arterial bifurcations,
potentially increasing the computational costs when employing a fine grid in the CFD domain. Likewise, the
methodology proposed in?! may require a long simulation time for convergence, as it numerically solves the
governing equations of the WK2 model for the outlet boundary conditions. In response, an analytical solution
of the WK2 model was derived in this study to directly apply pressure boundary conditions at arterial outlets. To
handle cases involving unavailable in vivo pressure data, the lumped parameters were determined to maximize
peripheral admittance of the arterial network through a zero-dimensional (0-D) approach (WK2-MAM
elaborated in Section “Outlet: pressure waveform derived from maximum admittance method based on two-
element Windkessel model (WK2-MAM)”).

With reference to the available literature, extensive research was conducted on cerebrovascular
hemodynamics concerning aneurysms®?-2%; however, more investigations should be conducted on stenotic
MCAs to comprehend the ischemic stroke hemodynamics. Therefore, the aim of this study was to investigate the
hemodynamic characteristics of human cerebrovascular networks encompassing diverse physiological factors.
To identify crucial factors for the stroke mechanism, this investigation selected four MCA stenosis severities, two
age-related flow waveforms, and three hematocrit levels encompassing low- to high-viscosity conditions as the
physiological factors for the cerebrovascular hemodynamics study (total 24 simulation cases).

Methods

Geometry and computational domain

Figure 1 depicts the transformation of raw vessel images into three-dimensional (3-D) arterial networks for CFD
analysis. The cerebrovascular networks of an ischemic stroke patient (62-year-old female with hyperlipidemia)
were imaged using magnetic resonance angiography (MRA) at Kyung Hee University Hospital, revealing focal
stenosis with a plaque in the proximal M1 segment of the left MCA. This study was approved by the Institutional
Review Board of the Kyung Hee University Hospital (no. 2009-12-301), which waived the requirement for
informed consent due to retrospective nature of study and minimal risk of data collection to patients. All
methods of this study were performed following the relevant guidelines and regulations.

The MRA images (Digital Imaging and Communications in Medicine) were imported into the open-source
software 3D Slicer (release 5.2.1) to reconstruct the 3-D arterial models with surface smoothing. A region of
interest (ROI), including the stenotic portion of the left MCA, was selected. The ROI consists of ICA, anterior
cerebral artery (ACA), and MCA (Fig. 1). The reconstructed cerebrovascular networks within this ROI were
then exported as stereolithography (STL) files, which were subsequently imported into ANSYS SpaceClaim for
ROI volume acquisition to facilitate mesh generation.

Figure 2 depicts the computational domains ranging from healthy to severely stenotic MCAs. To analyze the
hemodynamics in comparison with the MCA stenosis progression, the stenosis within the left MCA (Fig. 1) was
manually adjusted using the blending feature in SpaceClaim. Because the cross-sectional planes of the patient-
specific cerebral arteries are not completely circular, the stenosis severities were assessed based on the hydraulic
diameters of the lumens, as shown in Fig. 2b.
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Fig. 1. Reconstruction process of patient-specific cerebrovascular networks for computational fluid dynamics
(CFD) simulations.
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Fig. 2. Computational domains: (a) healthy, (b) normal-mildly stenotic, (c) moderately stenotic, (d) severely
stenotic MCAs, and (e) representative example of mesh configuration.
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Adhering to the stenosis classification criteria in®, severities of 34%, 53%, and 88% were classified as normal-
mild (Fig. 2b), moderate (Fig. 2¢), and severe (Fig. 2d) stenoses, respectively. The MCA with 53% severity, directly
reconstructed from the MRA data, along with its grid system, is depicted as a representative example in Fig. 2e.

The computational domains for the cerebrovascular networks were extended by 10 mm at the outlets (Fig. 2)
to ensure numerical stability of outflows during CFD simulation procedures. These extensions were determined
through preliminary simulations, which did not affect the hemodynamics within the ROI The walls of these
extended domains were designated as free-slip to eliminate frictional losses, considering these extensions as
virtual domains aimed at enhancing the convergence of numerical solutions. Further details on the boundary
conditions are presented in Section “Treatment of boundary conditions”.

Working fluid and hemodynamic indices

The blood density was set to 1050 kg/m?, assuming blood to be an incompressible fluid. As previously reported?,
considering the blood as a Newtonian fluid is suitable for arterial network flow simulations. This is because
the disruption of rouleaux formations by shear forces is rapid compared to the aggregation rate of red blood
cells, rendering the shear-thinning effect negligible. Similar results have been reported for arterial-scale blood
flow simulations”’. Consequently, the dynamic viscosity of the blood was calculated using the infinite shear
rate equation provided in?®, which establishes viscosity values based on the hematocrit levels. Three hematocrit
values (0.3, 0.39, and 0.45) were selected to assess hemodynamics corresponding to the blood viscosity?®:

fioo = 0.005 (0.2114 4 0.9067c + 1.987907) . )

Finally, the blood viscosities were determined to be 3.3 mPa-s (low viscosity, «=0.3), 4.3 mPa-s (medium
viscosity, «=0.39), and 5.1 mPa-s (high viscosity, a«=0.45).

Among the various hemodynamic indices, cycle-averaged WSS, relative residence time (RRT)?, and
endothelial cell activation potential (ECAP) are well correlated with atherosclerotic disease’!*2. This study
utilized the RRT as an indicator of low and oscillatory shear zones, normalized to a reference RRT derived
theoretically from the Hagen-Poiseuille equation at the ICA inlet (NRRT). Low-level wall shear potentially
promotes intimal thickening in the early stages**, and oscillatory shear may contribute to plaque vulnerability™*.
Additionally, we utilized the ECAP to simultaneously identify the changes in the WSS and OSI based on the
stenosis severity. High-level ECAP corresponds to low cycle-averaged WSS and high OSI at a specific location,
which indicates the thrombogenic susceptibility of the vessel wall*’. Similar to NRRT, we utilized the theoretical
WSS magnitude calculated using the Hagen-Poiseuille equation at the ICA inlet to normalize the cycle-averaged
WSS on the vascular walls. The NRRT and ECAP values were computed using MATLAB (version R2020b)
following the extraction of WSS vector components from the CFD-Post. The hemodynamic indices examined
in this study are summarized in Table 1, with the ICA inlet serving as the reference plane for FPR assessments.

Mesh, CFD solver, and numerical schemes

The cerebrovascular networks were discretized using tetrahedral and prism meshes created with the ANSYS Mesh
software. To accurately resolve the boundary layer, up to 10 inflation layers were generated at the arterial walls,
maintaining a first layer offset of 15 pm and an expansion ratio of 1.2. The blood flow simulations were executed
in ANSYS CFX (version 2020 R1). The preliminary calculations performed to ascertain the dependency on the
time step size resulted in the selection of time marching sizes (= 7'/20000) by evaluating a root mean square
(RMS) Courant number below 0.45 throughout the cycle. The high-resolution and second-order backward
Euler methods were used for the advection and temporal schemes, respectively. The convergence criterion of the
numerical solution residuals was established at RMS 10, The simulations spanned three cardiac cycles to affirm
the periodicity of the pulsatile flow, with 100 result files sampled at equidistant time intervals (= 7°/100) for

Hemodynamic index Definition

WSS vector?®

T = 2ioo [D1yy — ((DNyy) - May) Myy] where D = 0.5 [V'u. + (Vu)TJ and 724, is outward

unit normal vector of tangential plane to the vessel wall

Cycle-averaged magnitude of WSS vector | ||7|| = %fz“"’”dt

T T
osP* osT=1 (1 —If, watl/f, H-ert)
— -1
RRT? RRT ~ [(1 -2 x OSI) x [I7]]]
NRRT NRRT = RRT/RRTy_p where RRTg—p ~ dp,in/ (8#00 ”“”m,AA)’ hydraulic
diameter dp, in = 4Ain/cin,and [[ull;, 44 = Qroa/Ain
ECAP™ ECAP = O8I/ (H‘rH/H‘rHpr) where | 7|l _ p = 8pco |l aa/dn,in
—_— = T T
EPR FPR = P/Pin aa = (%fo Pdt) / (%fo PM‘AAdt) where Piy, an = fP,;ndA/A,;n

Table 1. Summary of hemodynamic indices.
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Young adults Elderly adults

@y, (M/s) by, (m’/s) @y, (m/s) by, (m?/s)
n=0 | 4.594x10¢ |- 4.093x107° | -
n=1|-1332x107 | 1.14x10°° -19x107 | 1.738x107°

n=2 | —2.484x107 | 6.825x1077 -6.456x1077 | 5.609x 1077

n=3|-5163x107 | 2.216x107 | -4.802x1077 | —4.054x107°
n=4 | -2581x107 | 1.032x107 | -1.064x1077 | 1.437x 107
n=5|-3.712x107 | —9.968x 1078 | —3.466x1077 | =1.054x 1078

n=6 | —5259%x107% | =2.579x1077 | -1.017x 1077 | —-1.822x 1077
n=7|675x107% -8.398x107% | —1.859x107% | —9.478x 1078
n=8 | 2.919x10® | -6.826x107% | 2.489x10® | -1.016x1077

Table 2. Fourier coefficients of the fitted ICA volumetric flow rates.
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Fig. 3. Blood flow waveforms for inlet boundary conditions®*”.

post-processing of the final cycle data. A laminar flow model was employed for the simulations and is considered
to be acceptable despite recirculating flow generation in the post-stenosis zone (Supplementary Fig. S1). For all
the cerebrovascular networks, pressure waveforms derived from WK2-MAM (Fig. 6) were set as relative pressure
at the outlet boundaries. The outlets were designated as opening boundaries to accommodate potential reverse
flow, which was deemed a criterion for identifying the ischemia occurrence. The flow fields were initialized at
zero velocity and pressure, assuming rigid arterial walls. The results of grid dependency study were presented in
Supplementary Fig. S2. For validation of the CFD solver, simulation setup was listed in Supplementary Table S1
and the results were plotted in Supplementary Fig. S3, validating the accuracy of the CEX solver.

Treatment of boundary conditions

Inlet

Two distinct time-dependent mass flow rate functions were applied to the ICA as the inlet boundary conditions
to characterize the influence of the blood flow waveforms by age. The volumetric flow rates for young and elderly
adults, derived from*” and®, respectively, were modeled using an eight-harmonic Fourier series in MATLAB. The
Fourier coefficients are listed in Table 2. The fitted volumetric flow rate functions are presented in Fig. 3, and the
inlet mass flow rate functions are determined as follows:

8
2nmt 2nmt
mrica (t) = pQrca (t) =p [ao + Z [ancos (%) + bpsin (?)” . (3)
n=1
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As shown in Fig. 3, the systolic phase durations of the young and elderly adults were t;/7" = 0.386 and
ts/T = 0.409, respectively. These are the feature points denoted as “M2” in the literature®3’. The pulsatile flow
periods were 0.883 and 0.949 s for the young and elderly adults, respectively.

Outlet: pressure waveform derived from maximum admittance method based on two-
element Windkessel model (WK2-MAM)

In the CFD simulations of arterial systems with multiple outlets, applying zero pressure at all the outlet boundaries
is known to yield inaccurate flow divisions between the arterial branches***°. Consequently, the Windkessel
model was utilized to produce pressure waveforms for the outlet boundary condition. This model is a 0-D or
lumped parameter method that describes the blood flows based on hydraulic-electrical systems analogy*. In
this analogy, the blood pressure and flow rate are correlated with voltage and current in an electrical circuit,
respectively. The Windkessel models vary in complexity based on the number of elements in the electrical analog
circuit, with multiple configurations available*!. The simplest of these models, the WK2 model (Supplementary
Fig. S4), includes resistance and compliance to represent flow resistance and vessel elasticity, respectively*!.
Despite its lower accuracy compared to those of three- or four-element models*®*!, the WK2 model has been
successfully employed as the outlet boundary condition in arterial network CFD simulations®**2. However,
selecting appropriate model parameters (resistance and compliance) for outlet pressure waveforms poses
challenges in the absence of in vivo pressure data.

In this study, a methodology was developed to ascertain WK2 model parameters without relying on in
vivo pressure measurements, utilizing an analytical solution outlined in Supplementary S4. This technique is
termed the maximum admittance method (MAM), which leverages the WK2 model (WK2-MAM). Admittance
(the inverse of impedance) facilitates the evaluation of composite impedance across parallel arterial networks
(as portrayed in Fig. 2), where the maximum peripheral admittance corresponds to the lowest impedance to
the peripheral regions of the arterial network. The physical meaning of minimum impedance is to determine
optimized flow divisions in terms of energy consumption during fluid transport, similar to Murray’s law. Using
the determined lumped parameters, the pressure waveforms can be directly imposed at the outlets through
the analytical solution (expressed in Supplementary Eq. (S10)). Ideally, this approach enables the application
of standard (not in vivo) pressure waveforms to both healthy and stenotic cerebrovascular networks for the
hemodynamic study regarding the geometrical effect of arteries.

The peripheral admittance is defined as follows:

1
Yo = 5— = Yaca +Yucar +Yucaz (4)
Zph
where
1 .
Yaca = =—— + jwCaca, (5)
Raca
Yrvcar = + jwCrcar, and (6)
Ruyrcar
Yymcaz = + jwChrrc a2 (7)
MCA2

In Egs. (5)-(7), j> = —1 and w = 27 /T The magnitude of the peripheral admittance, which is the objective
function for optimizing the lumped parameters, is calculated as follows:

1 1 1 2
|Yprll = \/( + + ) + w2(Caca + Crcar + Crrcaz)’. ®)
Raca Rmcar  Rucaz

Figure 4 depicts a flowchart of the WK2-MAM. The volumetric flow rates through the ICA (Q1c a), systolic
pressure (Ps), diastolic pressure (Py), and sets of cycle-averaged flow division ratios ({Q acalQuec A} and

{@ vcaz/ Qe }) were used as the input values. The systolic and diastolic pressures were used to calculate

the lumped parameters. With reference to Supplementary Eqs. (S11) and (S12), the systolic and diastolic
pressures are expressed using the ICA volumetric flow rates (in Eq. (3))

8
P, = a0R+TRZ

n=1

T2 + (2nwRC)?

Ta, — 2nwRCH,) cos (225t} & (2nmRCay + Thy,) sin ( 225ts
( a nm ) ( T ) (TUF a )m(iT ) and ©)

Ta, — QTLTFRCbn:| (10)

8

where the Fourier coefficients (an and b,, n > 1) are listed in Table 2. The cycle-averaged volumetric flow
rates for each artery (ao,aca, ao,mca1, and ao,amrca2) were derived from the cycle-averaged flow division
ratios utilized as the input values. By simultaneously solving Eqgs. (9) and (10) based on the specified systolic
and diastolic pressures, the resistance and compliance could be calculated for each arterial branch, respectively.
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Fig. 4. Flow chart of the WK2-MAM.

Iterative computations were conducted using MATLAB to determine the flow division ratios that maximized
peripheral admittance. The iterative calculations for determining the lumped parameters began with the initial
values set to zero. The computations converged within several hundred iterations, with the residuals falling
below a tolerance of 107>,

In the WK2-MAM, the phase lag was neglected. The order of the length scale along the flow direction in CFD
domain was 1072 m, and the order of magnitude of the pulse wave velocity was estimated as 10! m/s using the
Moens-Korteweg formula. Therefore, the phase lag was minor as the order of magnitude was 1073 s, which is
extremely small when compared with the cardiac cycle period (= 1 s). A negligible phase lag indicates that the
Fourier coefficients determined by the ICA volumetric flow rates (a, and by, in Eq. (3),n > 1) are preserved and
can be used to describe the flow rate waveforms of ACA, MCA1, and MCA2. Therefore, only the cycle-averaged
flow rates (ao in Eq. (3)) differ depending on the flow divisions at the arterial bifurcations; thus, the peripheral
admittances are calculated by altering Q x4 /@ rrca and Q 1y a2/ @ ricar-

For normal blood pressure, the systolic and diastolic pressures were assumed to be 110 mmHg and
70 mmHg, respectively. Figure 5 plots contour charts of the normalized admittance (||Ypu|l/||Ypnrll 100
) depending on the cycle-averaged flow division ratios. As depicted, the optimal flow division ratios were
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Fig. 6. Pressure curves for outlet boundary conditions.

estimated as Q 4c4/Q@rrca = 045, Qproao/@rrcar = 1.0 for young adults and Q 44/Qpsca = 0.55,
Qricaz/Qucar = 1.0 for elderly adults. o B

To validate the reliability of WK2-MAM, the estimated flow division ratios (Q 44 /Q rrc.4) Were compared
with the measured in vivo values using phase-contrast magnetic resonance imaging (PCMRI) in healthy adults.
Based on the mean blood flow rates*, the ACA-to-MCA flow division ratios were calculated as 0.55 and 0.57 for
young (49 people) and elderly (45 people) adults, respectively. However, the PCMRI data for @ ;¢ 42/ @ arcan
have not been reported previously*®. The estimated values of Q 4o 4/@ o4 are consistent with the PCMRI
data, within 18% and 3.5% relative errors for young and elderly adults, respectively. The estimated flow division
ratios are expected to lie within the standard deviations (17%-23% of mean values) of the measured blood flow
rates in MCA and ACA®. Additionally, the ACA-to-MCA flow division ratio based on the mean volumetric
flow rates of healthy adults obtained from numerous studies is 0.5*. Therefore, the WK2-MAM can produce
clinically reasonable flow division ratios.

The pressure curves for the young and elderly adults, utilized as outlet boundary conditions, are depicted in
Fig. 6a, b, respectively. Figure 6 shows that the outlet pressure curves for the ACA and MCA, derived from the
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WK2-MAM, exhibited no significant differentiation, given that the Q 4. 4/Q ;¢4 ratios were approximately
0.5 for both age groups. With Q 3, 42/Qrrca1 = 1.0, the pressure curves for MCA1 and MCA2 coincided.

CFD results and discussion

Hemodynamic analysis regarding the physiological factors

Figure 7 visualizes cycle-averaged 3-D flow structures within the MCA for medium viscosity blood (4.3 mPa-s)
based on the flow waveform for elderly adults. In the healthy MCA (Fig. 7a), the blood flow was smooth, whereas
recirculating flows emerged after stenosis progression (Fig. 7b-d). As the narrow lumen from severe stenosis
increased the flow resistance towards the MCA, the blood preferentially flowed towards the ACA rather than
the MCA (Supplementary Figs. S5(a)-(b)). To mitigate the blood supply deficits, reverse flows were induced in
the MCA2 branch (Fig. 7d, Supplementary Fig. S5(c)), given equivalent outlet pressure waveforms as opening
boundaries for the MCA1 and MCA2 branches (as depicted in Fig. 6). The reverse flows, observable under
flow waveforms for young adults as well, were utilized as a criterion of identifying the occurrence of MCA
ischemia. In the cases of moderate stenosis, the mass flow rates to the ACA were higher than those to the MCA
(Supplementary Fig. S5(d)).

Figure 8 depicts the NRRT contours for cerebrovascular networks, derived from the flow waveform of elderly
adults. NRRT values below 1.0 (depicted as dark blue zones in Fig. 8) indicate shorter particle residence times
compared to the fully developed Hagen—Poiseuille flow at the ICA inlet. For networks with healthy (Fig. 8a,b)
and normal-mildly stenotic MCAs (Fig. 8c,d), longer residence times were anticipated at the curved sections
of the ICA (* locations) instead of at the bifurcated branches near the MCA (outlined by pink-dotted boxes).
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Fig. 7. Cycle-averaged 3-D flow structures (elderly adults, viscosity 4.3 mPa-s). In the case of 88% severity,
reverse blood flow in the MCA?2 branch was a criterion for identifying ischemia occurrence.
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Fig. 8. Normalized relative residence time (NRRT) contours calculated from the flow waveform of elderly
adults.

Thus, the curvature of the cerebral arteries significantly contributes to the localization of atherosclerotic lesions
in arteries that are either clear or mildly obstructed. Conversely, for moderately stenotic MCAs (Fig. 8e,f), the
residence time in the MCA?2 branch significantly increased due to the elevated flow resistance from the stenosis,
which impeded the blood supply.

A comparison of the NRRT contours between low (Fig. 8a,c) and high (Fig. 8b,d) blood viscosities within
the clinically acceptable range (3.3-5.1 mPa-s) reveals that changes in the blood viscosity do not significantly
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affect NRRT for mild stenosis severity. However, in the cases of moderate MCA stenosis, low-viscosity blood
led to a 37.5% increase in the length of the red-colored zone at the MCA2 branch (4.4 mm in Fig. 8e) when
compared with high-viscosity blood (3.2 mm in Fig. 8f). This is because low-viscosity blood is more inertia-
dominant and predominantly flows through the MCA1 branch, thus reducing the flow to the MCA2 branch
and consequently increasing NRRT. In the cases of severe stenosis, the increased viscosity resulted in reduced
reversed flow from the MCA2 branch (as portrayed in Supplementary Fig. S5(c)), which increased the NRRT
for high-viscosity blood (** locations in Fig. 8h) beyond that for low-viscosity blood (** locations in Fig. 8g).
Thick atherosclerotic plaques are strongly associated with elevated levels of LDL**, and the LDL concentration
inversely correlates with WSS magnitude®®. Although the blood viscosity affects the particle residence time, LDL
concentration is predominantly influenced by arterial geometry (e.g., curvature, stenosis severity, bifurcation)
over blood viscosity, as indicated by the NRRT analyses.

The inverse correlation between the cycle-averaged WSS and OSI corresponds to tissue degradation and
damage of vascular walls?’. However, it is difficult to visualize the correlation based on the stenosis severity
since the stenosis progression alters the vascular geometry. To quantify any correlation, changes in the cycle-
averaged WSS and OSI must be evaluated at the same site. Therefore, we computed ECAP (Table 1) to identify
and visualize simultaneous changes in the WSS and OS], along with stenosis severity variations.

Figure 9 depicts the ECAP contours calculated from the flow waveform of elderly adults. Low-level ECAP
was produced within a blood viscosity range (3.3-5.1 mPa-s) for normal-mildly stenotic MCAs, as shown in
Fig. 9a,b. As the stenosis grows to a moderate state (Fig. 9¢c,d), the ECAP was significantly increased at the MCA2
branch, which indicates low WSS and high OSI at the positions. Furthermore, the low-viscosity blood (Fig. 9¢c)
increased the ECAP in a wider area when compared with that of the high-viscosity blood (Fig. 9d) at the MCA2
branch. Similar to the NRRT analyses (Fig. 8e,f), this is attributed to the reduction in the flow to the MCA2
branch for the low-viscosity blood due to inertial effects.

Figure 10 depicts the normalized cycle-averaged WSS and OSI contours to demonstrate the inverse
correlation at the MCA2 branch. The hemodynamic indices were computed from the flow waveform of elderly
adults with high-viscosity blood. Both the WSS and OSI are low at the MCA2 branch (* locations) for normal-
mildly stenotic MCAs, as shown in Fig. 10a,c. At the same positions (* locations in Fig. 10b,d), the MCA2
vascular walls experience much lower WSS and higher OSI when the stenosis progressed to the moderate state.
Consequently, an inverse correlation was observed at the MCA2 branch with the stenosis progression from
the normal-mild to moderate states. This inverse correlation intensified for low-viscosity blood owing to the
predominant flows through the MCA1 branch.

Conversely, the severely stenotic MCAs (Fig. 9¢,f) produced lower ECAP when compared with the moderately
stenotic MCAs (Fig. 9¢,d) at the MCA2 branch. These results can be attributed to the low values of both cycle-
averaged WSS and OSI at the post-stenosis region owing to the occurrence of ischemia. High WSS is induced at
the ACA branch since most of the blood flows to the ACA (Supplementary Fig. S5(a)), as shown in Fig. 11a,b.
In the post-stenosis region, the normalized cycle-averaged WSS is below 1 at most vascular walls, which is
comparable to OSI. Therefore, the ECAP approaches unity after it is defined (Table 1). For the severely stenotic
MCA, high-viscosity blood (Fig. 9f) produced higher ECAP when compared with low-viscosity blood (Fig. 9e)
in the post-stenosis region. This is attributed to the higher OSI for the high-viscosity blood (Fig. 11d) when
compared with the low-viscosity blood (Fig. 11c).

However, when the stenosis progressed from the moderate to severe states, an inverse correlation was
observed at the MCAI branch. The ECAP at the MCA1 branch increased as the stenosis progresses from
moderate (Fig. 9d) to severe (Fig. 9f) levels. Furthermore, the cycle-averaged WSS decreased to less than 10% at
the MCA1 branch (** locations in Fig. 10b and 11b) and the OSI increased sharply at the same sites (** locations
in Fig. 10d and 11d). The flow waveform of young adults also produced similar inverse correlations at the MCA1
(stenosis severity: 53% ->88%) and MCA2 (stenosis severity: 34% > 53%) branches. For the simulation results,
an inverse correlation was observed between the cycle-averaged WSS and OSI in the post-stenosis regions along
with the stenosis progression. This inverse correlation may cause further damage to the vascular walls in the
post-stenosis zones.

A low FPR indicates a heightened risk of ischemia'®. Accordingly, the FPR contours of high-viscosity blood
(5.1 mPa-s) were obtained on the flow waveform of young adults (Fig. 12a-c), presenting the lowest values
corresponding to equivalent stenosis severity due to high Q; 4 (as depicted in Fig. 3). Until moderate stenosis,
the FPR values in post-stenosis regions did not significantly decrease (Fig. 12a,b), although they locally fall
below 0.9 (* locations in Fig. 12b). Conversely, the FPR values in the post-stenosis zones remarkably decreased
between 0.8 and 0.85 in cases of severe occlusion, irrespective of the flow waveform (Fig. 12¢,d). The calculated
FPR values of the severe occlusion cases appear to be relatively large when compared to the measured data'4, as
shown in Supplementary Fig. S6. However, the measured FPRs are broadly distributed for equivalent stenosis
severity (Supplementary Fig. S6). This can be attributed to the varying blood flow rates and the arterial shapes of
each individual. The reliability of the simulation results was determined based on the broad distributions of the
FPRs despite similar severity levels. The effect of viscosity changes on the FPR is further elaborated in Section
“Discussion on the influence of flow waveform and blood viscosity”.

In terms of plaque rupture, the pressure force plays a more dominant role than the shear force*®. Figure 13
depicts the cycle-averaged values of the maximum pressure gradient magnitude on the stenotic walls

(IVP| =/ ; IVP], . dt/T). Owing to the flow acceleration in the narrowed lumen, the magnitude of
the pressure gradient vector significantly increased at the stenotic walls. As illustrated in Fig. 13, the maximum

pressure gradient points were located at the shoulder of the stenosis, where the magnitudes of the pressure
gradient vectors were probed.
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Fig. 9. Endothelial cell activation potential (ECAP) contours calculated from the flow waveform of elderly
adults.

Comparing ||V PJ|, .. of young (Fig. 13a) and elderly (Fig. 13b) adults, high Q; 4 of young adults (Fig. 3)
resulted in higher pressure force on the stenosis wall than elderly adults. Moreover, the increased viscosity
subjected fluid elements to a higher pressure force for an equivalent volumetric flow rate, thus enhancing the
IV P||... with blood viscosity.

The ||V P||,,.. increases with the stenosis severity, as shown in Fig. 13. Specifically, with the stenosis

progression from the moderate to severe states, the ||V P|| values increased by a factor of approximately 6.7
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Fig. 10. Hemodynamic indices calculated from the flow waveform of elderly adults (5.1 mPa-s).

when compared to those of moderate stenosis. This originates from the local extreme flow acceleration in the
narrowest lumen of the severe stenosis (Fig. 7d), which indicates a high probability of plaque rupture.

Discussion on the influence of flow waveform and blood viscosity
Given the inherent inaccuracies and resolution limitations of time-resolved 3-D PCMRI data, the precise
quantification of hemodynamics near vascular walls poses challenges?’. To quantitatively assess the impact of
the flow waveform on the NRRT, the relative difference was defined as follows:

INRRTy — NRRT |
NRRT

RD. NRRT = x 100. (11)

Figure 14 depicts the relative difference contours of NRRT associated with the flow waveform variations. In
normal-mildly stenotic arterial networks, most relative differences were below 15% across a viscosity range of
3.3-5.1 mPa-s (Fig. 14a,b). Similar RD., NrrT Values were observed in healthy networks, suggesting that NRRT
consistently identified high-risk atherosclerosis locations despite varying flow waveforms, thereby serving as a
robust hemodynamic index that is resistant to flow rate uncertainties.

However, the reliability of NRRT was significantly compromised by the flow waveform variations as stenosis
progressed. For example, relative differences surpassed 30% at the MCA2 branch in the cases of moderate
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Fig. 11. Hemodynamic indices of severely stenotic MCA calculated from the flow waveform of elderly adults.

stenosis with low-viscosity blood (Fig. 14c). Moreover, for severe stenosis, the relative differences escalated at
both the MCA1 and MCA?2 branches with high-viscosity blood (Fig. 14f), thus indicating that NRRT lost its
robustness as a hemodynamic index for analyzing stenotic arteries when the severity exceeded 50%.

In the MCA2 branch, low-viscosity blood exhibited higher relative differences (RDw ~nrrT) for moderate
stenosis (Fig. 14c) and lower relative differences for severe stenosis (Fig. 14e) when compared to those observed
with high-viscosity blood. Given that NRRT is affected by the magnitude and oscillation of WSS vectors
across a cardiac cycle (as outlined in Table 1), the contrasting results based on blood viscosity are complex to
interpret. Nonetheless, the cycle-averaged mass flow rates through the MCA2 branch decreased and increased
for moderate and severe stenosis, respectively, with a decrease in the blood viscosity (Supplementary Fig. S5(c)).
Consequently, the sensitivity of NRRT to the flow waveform variations increased significantly where the mass
flow rate is reduced. Additionally, with the occurrence of ischemia, the low mass flow rate of elderly adults with
high-viscosity blood presents a high risk of atherosclerotic plaque formation due to the enhanced residence time
near the vascular walls (Supplementary Fig. S7).

Furthermore, the viscosity-related relative difference was defined to evaluate the effect of the viscosity
increment as follows:

RD, = 7}””'92 — Piow 100, (12)
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Fig. 12. Fractional pressure ratio (FPR) contours of high-viscosity blood (5.1 mPa-s).

where h denotes an arbitrary quantity such as FPR or || VP||,, ... Figure 15 presents contours of the viscosity-
related relative difference of FPR (RD, rpr) derived from the flow waveform of young adults (viscosity
transition: 3.3 5.1 mPa-s). Because the FPR decreased with increment of the blood viscosity due to heightened
flow resistance, the relative difference values were negative.

As shown in Fig. 15a,b, the absolute values of RD, rpr remained below 1% for normal-mildly stenotic
conditions, despite a 54.5% increase in blood viscosity (3.3 to 5.1 mPa-s). Although the absolute values of
RD, rpr in the distal regions increased with the stenosis severity (Fig. 15b-d), they remained under 3% even
at 88% stenosis severity (Fig. 15d), indicating the near-independence of FPR from viscosity. The RD., rpr
contours associated with flow waveforms from elderly adults mimicked those depicted in Fig. 15, affirming
the effectiveness of FPR as an indicator of vessel occlusion across varying viscosities under specific blood flow
scenarios.

Figure 16 illustrates the viscosity-related relative differences in the cycle-averaged maximum pressure
gradient (RD  7=5——). With a 54.5% increase in the blood viscosity (from 3.3 to 5.1 mPas), the |V P]|,, ..
exhibits less than a éd/n ihcrease across all the simulated stenotic MCAs (Fig. 16), indicating a marginal impact
of viscosity on the maximum pressure gradient and suggesting minor influence on the plaque rupture risk.
Additionally, despite stenosis progression from 53 to 88% severity, the RD o TP s, values remained almost
unchanged for both the young (from 8.4% to 8.4%) and elderly (from 8.9% to 9%* 4dtilt flow waveforms. These
findings suggest that the increase in blood viscosity exerted a consistent effect on the normal stress on stenotic
walls (fibrous cap), irrespective of the stenosis severity, once the severity exceeded 50%.
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Fig. 13. Cycle-averaged values of the maximum pressure gradient magnitude on stenotic walls.

Limitations

This study had some limitations owing to the simplification of the problem. Firstly, the CFD simulations were
performed while assuming laminar flows of Newtonian fluids. Nevertheless, the assumptions employed in this
study adequately simplified the simulations for investigating the cerebral artery hemodynamics owing to a
negligible shear-thinning effect of arterial-scale blood flows?®?” and weak turbulence in the post-stenosis zone
(Supplementary Fig. S1).

Secondly, small ROIs were considered in both the WK2-MAM development and CFD simulations. As
mentioned in Section “Outlet: pressure waveform derived from maximum admittance method based on two-
element Windkessel model (WK2-MAM)”, the phase lag was neglected in the development of WK2-MAM;
this limits the applicability of the proposed method to a small domain. As the size of the ROI increased, the
discrepancy of the flow waveforms between the proximal and distal regions was not negligible. Accordingly,
the CFD domains were produced by segmenting the entire reconstructed cerebral artery networks. In terms
of the blood flow distributions in arterial networks, resolving large-scale ROI with numerous branches would
be favorable. However, in this study, we aimed to analyze the influence of the various physiological factors on
hemodynamics near the stenotic location; thus, the ROI was segmented to minimize the computational cost.
Nonetheless, the segmented ROI could result in appropriate blood flow distributions (Supplementary Fig. S8).

Thirdly, the fluid-structure interaction was not considered in this study. Because the blood vessels are soft, a
considerably realistic hemodynamic analysis can be achieved by considering the interaction of blood flows and
wall deformations, such as tardus-parvus effect in post-stenosis region®®. However, rigid wall assumptions have
also been used for blood flow simulations owing to the insignificant effect of wall deformations®!. The effects
of fluid-structure interaction become increasingly prominent with increasing blood pressure®. Consequently,
in this study, which considered a normal blood pressure range, the rigid wall assumption facilitated sufficiently
accurate hemodynamic analyses while considerably reducing the computational cost.

Conclusions

In this study, a numerical investigation into the hemodynamics of cerebrovascular networks was conducted
with focus on the progression of MCA stenosis under varying blood viscosities and flow waveforms. To alleviate
the computational demands of iterative 3-D CFD simulations for achieving optimal flow divisions according to
the MEL principle, the WK2-MAM was introduced to set the outlet pressure boundary conditions in arterial
networks. The pressure waveforms can be directly applied at the outlet boundaries by the analytical solution of
the WK2 model. The WK2-MAM effectively simplified the determination of outlet pressure boundary conditions
for the investigation of hemodynamic characteristics affected by various physiological factors such as stenosis
severity, blood viscosity, and flow rates without requiring in vivo blood pressure measurements.

We assessed 3-D flow structures, blood flow distributions, NRRT, ECAP, cycle-averaged WSS, OSI, FPR, and
maximum pressure gradients. Investigating the effects of physiological factors, the stenosis severity emerged as
the primary factor influencing hemodynamics by initiating recirculating or reverse flows in the post-stenosis
region. Severely stenotic MCAs with an 88% severity level were predicted to induce ischemia irrespective of
blood viscosity and flow waveform. Until a severity level of 34%, the NRRT distributions remained consistent
within 15% between the two flow waveforms, highlighting its reliability in identifying atherosclerosis risk
locations. Nonetheless, beyond 50% severity, the NRRT sensitivity to flow variations increased, diverting more
blood towards the ACA rather than the MCA. Therefore, a 50% severity level was identified as a crucial juncture,
marking a significant shift in the hemodynamic behavior from that observed in healthy cerebral arteries. Under
the ischemia situation (88% severity), the elderly adults with high-viscosity blood produced NRRT that is
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Fig. 14. Waveform-related relative difference contours of normalized relative residence time (NRRT).

over 20% higher than young adults at the ischemia location (MCA2 branch), indicating high risk of atheroma
formation. Additionally, an inverse correlation was observed between the cycle-averaged WSS and OSI in the
post-stenosis region along with the stenosis progression, which may cause further damage to the vascular walls.

With an increase in the blood viscosity, a decrease in FPR and an escalation in the maximum pressure
gradient across the stenotic walls is expected due to the enhanced flow resistance. However, only a few studies
investigated the influence of viscosity within authentic cerebrovascular networks. Through comprehensive and
quantitative relative difference analysis, the study findings revealed that changes in viscosity slightly affected
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Fig. 15. Viscosity-related relative difference contours of fractional pressure ratio (FPR) (young adults,
viscosity: 3.3>5.1 mPa-s).

both the maximum pressure gradient on stenotic walls and FPR, with variations remaining below 9% and 3%,
respectively, despite a 54.5% increase in viscosity. These observations imply that an increase in viscosity scarcely
contributes to plaque rupture risk inferred from flow-induced normal stress on stenotic walls. However, a
decrease in the viscosity may promote the atherosclerotic plague progression by enlarging the low shear zone.

The numerical analysis performed in this study presents quantitative hemodynamic insights of stenotic
cerebral arteries encompassing various physiological factors, which help in obtaining a better understanding
of the mechanisms of ischemic stroke. In future works, the impact of the stenosis shape such as the eccentricity
or profile of the stenotic walls can be analyzed to obtain a better understanding of the cerebrovascular
hemodynamics. Furthermore, the MAM proposed in this study can be further developed to simulate large-scale
ROI by considering the phase lag.
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Fig. 16. Viscosity-related relative differences of cycle-averaged maximum pressure gradient magnitude
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