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ABSTRACT

Carotid atherosclerosis remains a leading cause of stroke, where hemodynamic forces such as wall shear stress (WSS) plays a critical role in
plaque formation. WSS strength depends on blood viscosity, yet current quantification methods neglect individual variations driven by
metabolic disorders (e.g., diabetes and hyperlipidemia). This oversight masks early endothelial dysfunction preceding visible plaque
formation. Herein, we propose an in vivo viscosity estimation framework, personalized blood viscosity (PBV), which integrates
hemodynamic pressure-flow measurements and viscosity calculation. PBV-corrected WSS analysis demonstrates endothelial injury lesions in
high-fat diet animals can be seen at 2-3 weeks before plaque formation. By linking the hyperlipidemia-driven viscosity shifts to WSS anoma-
lies, this present study establishes a paradigm shift from geometric to personalized rheological assessment, suggesting a novel method for

early atherosclerosis risk stratification in clinic.

Published under an exclusive license by AIP Publishing. https://doi.org/10.1063/5.0270151

I. INTRODUCTION

Atherosclerosis (AS) is a chronic vascular inflammatory condi-
tion. It originates from the pathological remodeling of arterial walls
driven by hemodynamic disturbances and endothelial dysfunction.'”
Hemodynamic forces, particularly wall shear stress (WSS)—the tan-
gential frictional force exerted by blood flow—play a pivotal role in
regulating vascular homeostasis.” * Clinically, sustained low WSS trig-
gers mechano-sensitive pathways (e.g., PECAM-1/Piezol activation,
PYK2 upregulation, and eNOS phosphorylation at inhibitory Tyr657
sites), leading to nitric oxide (NO) deficiency and endothelial dysfunc-
tion—a hallmark of early AS pathogenesis.” ' A recent study has
shown that the low wall shear stress condition also promotes the
generation of neutrophil extracellular traps by downregulating Piezol
expression to imbalance intracellular Ca®>* concentrations and increase

HDAC?2 expression, which participates in atherosclerosis by directly
mediating organ and endothelial toxicity."”

While computational fluid dynamics (CFD) and 4D flow MRI
have advanced WSS quantification for evaluating plaque dynam-
ics,"®'” critical limitations persist in accounting for blood viscosity—a
rheological parameter with dual regulatory roles in WSS: (1) viscosity
directly modulates shear stress magnitude via the Newtonian relation,
and (2) viscosity indirectly modulates shear stress magnitude via the
flow resistance alteration. These modulations are nonlinear and too
complex to predict.'” Emerging evidence suggests that blood and
plasma viscosities may contribute to AS progression in systemic meta-
bolic disorders such as diabetes or hyperlipidemia.19 However, current
WSS analyses frequently overlook these dynamic viscosity variations
by relying on empirical values or in vitro measurements.”””'
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There are two critical challenges of blood viscosity strategies on
WSS quantification. First, common viscometers (e.g., cone-plate visc-
ometers) fail to replicate in vivo hemodynamic conditions, particu-
larly under disease-specific shear rate conditions.”>”’ Second, the
WSS differences among various regions are the most likely cause of
the discrete and focal nature of the AS lesions. However, how the
blood viscosity and WSS environment deteriorates during the pro-
gression from diabetes or hyperlipidemia to AS has not been
explored completely.”* This methodological gap hinders the identifi-
cation of viscosity-sensitive WSS thresholds predictive of early AS
which is a crucial need for preventive diagnostics.”

To address these limitations, a blood viscosity estimating method
called Personalized Blood Viscosity (PBV) estimation was proposed in
the present study. PBV estimation can integrate traditional WSS quan-
tification methods for measuring the viscosity-sensitive WSS in arter-
ies. Unlike conventional approaches, PBV incorporates three
innovations: (1) PBV estimation provides the possibility to noninva-
sively measure blood viscosity in vivo. (2) With the non-Newtonian
viscosity fitting, PBV estimation can integrate into CFD or 4D-flow
MRI methods as a viscosity module. (3) PBV-corrected WSS quantifi-
cation method may highlight low WSS regions, which is confirmed by
histological results. The present study achieves the technical scheme in
the in vivo measurement of blood viscosity, reveals the potential influ-
ence of blood viscosity change on plaque formation in the early stage
of AS, and provides a framework for precision hemodynamic assess-
ment in early AS risk stratification.

Il. MATERIALS AND METHODS
A. Personalized blood viscosity estimation

Figure 1 illustrates the workflow for PBV estimation and WSS
correction. The core of this method is to calculate the blood viscosity
using the in vivo velocity field in the laminar flow region and extend to
the upstream and downstream for WSS quantification.

Due to the degree of freedom in the curvature of the cervical
spine, it is always possible to find a segment composed of the left
common carotid artery (LCCA) with a bending angle of less than
4.6°. Previous studies by Cherry and Eaton have shown that the cir-
cumferential component of blood flow velocity can be ignored at
this bending angle.”® Under this premise, mass conservation can be
expressed as

ou,r n %
ror Oz

and axial momentum can be expressed as
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where p represents the pressure, t represents the time, p represents
the blood density, and u represents the viscosity. The subscripts r
and z indicate the radial and axial components of velocity vector
u. For the voxel i, the expression for shear rate is defined as

follows:
ou,
Vi = ( or ) i. (3)
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The pulse wave of blood vessels can be approximately obtained
from the changes in the cross-sectional area of blood vessels on both
upstream and downstream sides. Concurrently, the influence of the
vessel’s motion boundary on the blood flow is addressed as follows:”’

dA _ p(t)—ps _ _ps—pa
dP - omst = A(t) - Amax N Amax - Amin ' (4)
wlr =1 =%, ©

where A and R represent the area and radius of the cross section, respec-
tively. p, and p, represent the systolic and diastolic blood pressure,
respectively.

Furthermore, for the numerical solution of y; and y; across all
voxels, the common no-slip boundary condition must be introduced

uz(r=R) = 0. (6)

The mappings (r,z,t;)—7; and (r,z,t;)—; are obtained through the
solution process, which allows for the plotting of u-y scatter plots. To
interact with CFD solvers, these mappings need to be converted into a
non-Newtonian viscosity curve (y) by fitting. Because the power-law
viscosity model does not require additional input empirical parame-
ters, in this study, a power-law fluid model with undetermined coeffi-
cients was employed, with the expression as follows:

U(Vmax) Vi 2 Vmax,

K = o“l);ﬁ Vmin < Vi < Vmax (7)

:u(ymin) Vi S Vmin-

The undetermined coefficients & and f are the key parts that need to
be fitted. To make the fitting results represent more regions in the
cross section, it is necessary to assign the area weights to each point in
the pi—y scatterplot. A series of home-made semi-automatic MATLAB
scripts (Ver. R2022a) were developed to achieve the aforementioned
estimation process.

According to the procedures outlined above, a solver that can cal-
culate non-Newtonian viscosity in the LCCA based on the combina-
tion of blood and vascular motion behavior with blood pressure has
been implemented. Correspondingly, the empirical power-law viscos-
ity used by Mendieta et al. in Ref. 28 is introduced in the present report
as a comparison of traditional methods with the expression of the
following equation:

0.025 y; <0.0931 s~
;(Pa-s) = 4 0.01467y;°22%°  0.0931 s™! <y, <631 s7!, (8)
0.00345 7; > 631 571

B. Animal experiments

To validate the robustness of PBV estimation in arteries of vari-
ous sizes and investigate the influence of blood viscosity changes
caused by hyperlipidemia on the WSS before plaque formation, cross-
species animal experiments are necessary. 25 male SD rats, weighing
100-120 g each, were housed in groups of five in clean cages of an SPF
facility. They were maintained under a 12:12-h light/dark cycle in
humidity- and temperature-controlled rooms, with ad libitum access
to food and water. After 7 days of adaptation, the rats were randomly
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FIG. 1. Workflow of PBV estimation and correction for WSS quantification. PBV: personalized blood viscosity, WSS: wall shear stress.
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divided into two groups: one with 15 rats (the HLP-rat group) and the
other with 10 rats (the NC-rat group). The HLP-rat group was fed a
high-fat diet (40% kcal fat, 1.25% cholesterol, 0.5% sodium cholate,
and 0.2% 2-thiouracil) for 42 days. The NC-rat group was fed a con-
ventional diet. MRI scans with an animal scanner were performed on
Days 0, 10, 22, 31, and 42, and the blood pressure was measured by
tail-cuff method with a pressure sensor during this period which has
been used previously.30 After the MRI scan on days 22, 31, and 42, a
batch of rats (3 from the HLP-rat group and 2 from the NC-rat group)
was sacrificed, and their left carotid arteries (LCA) were immediately
harvested, then processed with H&E staining to prepare histological
slices. In addition, on day 42, before euthanizing the rats, blood sam-
ples were collected from ten rats (5 from the HLP-rat group and 5
from the NC-rat group) for hemorheology testing.

A total of 23 male NZW rabbits, weighing 2.0-2.5 kg each, were
maintained under a 12:12 light/dark cycle in humidity- and
temperature-controlled rooms. After 7 days of adaptation, the rabbits
were separated into the HLP-rabbit group and the NC-rabbit group,
with 14 rabbits in the HLP-rabbit group fed a high-fat diet (10% kcal
fat and 2% cholesterol) and nine rabbits in the NC-rabbit group fed a
conventional diet. MRI scans were performed at week 0, 4, and 7, and
the blood pressure was measured by animal blood pressure monitor
(HHE Medical, Jinan) during this period. Four rabbits (3 from the
HLP-rabbit group and 1 from the NC-rabbit group) were sacrificed
after each scan session. The LCAs were immediately harvested and
then processed with H&E staining. After each MRI scan, blood sam-
ples were collected from ten rabbits (5 from the HLP-rabbit group and
5 from the NC-rabbit group) for hemorheology testing.

C. Phantom test

To assess the accuracy of PBV estimation, a pulsating flow phan-
tom driven by a peristaltic pump was designed. The structural design
of the phantom is illustrated in Figs. 2(a) and 2(b). It comprises several

components: a bottom plate (A), sealing side plates (B;, B,), interface (C) ( MRI room )
side plates (C;, C,), a top plate (D), and a fluid pipeline (E). Plates A, ~ ~
B, and D are constructed from acrylic material, while C, and C, are Magnetlc field

fabricated using transparent 3D printing material. The fluid pipeline
(E) consists of two glass tubes, each 210 mm in length and possessing
an inner diameter of 7 mm, which is comparable to the CCA diameter
of humans. To avoid the effect of shear rate fluctuation caused by pul-
sating flow on the results and to suppress the turbulent flow of the
fluid, a 40% glycerol solution is used in this phantom. A capillary vis-
cometer was used to measure the viscosity of the solution at 23.5°C,
and the result was (3.503 = 0.029) mPas (measurement details are
described in supplementary material).

Before MRI scanning, the phantom was leveled and some silicone
hosepipes were used to connect the phantom, peristaltic pump, and a
storage bottle as Fig. 2(c). Then, the pump was turned on and the lig-
uid levels in the tubes C; and C, were recorded to calculate the pres-
sure gradient. During MRI scanning, a thermometer with 0.1°C
resolution monitored the temperature of the medium in the storage
bottle and the temperature remained stable at 23.5°C.

D. MRI protocols :
FIG. 2. Structure of phantom (a) for PBV accuracy assessment and its components

21125120 5202 AInf %0

For SD rats, MRI data were acquired using a Bruker Biospec (b). Schematic diagram of phantom connections and fluid direction (c). PBV: per-
70/20 platform equipped with a 30 mm diameter surface coil operating sonalized blood viscosity.
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at 7 Tesla (Bruker Biospin, Ettlingen). The imaging protocol employed
a 2D time-of-flight (TOF) MRI sequence for the LCCA structural
model and a pulse-triggered Local-saturation-and-delay imaging
(LSDI) sequence for the velocity profile measurement at the inlet of
LCCA. The LSDI sequence is an MRI sequence to observe blood flow
velocity distribution by adding a perpendicular-to-CCA saturation
pulse before the FLASH sequence, and the LSDI sequence was used in
our previous studies to obtain blood flow velocity profile.”" The 2D
TOF MRA sequence parameters are as follows: field of view
(FOV): 25.6 x 25.6 mm?, matrix: 160 x 160, in-plane resolution: 0.16
% 0.16 mm?, slice thickness: 1 mm, number of slices: 30, repetition
time/echo time (TR/TE): 15/3.8 ms, flip angle (FA): 80°, number of
excitations (NEX): 2. The pulse-triggered LSDI sequence parameters
[with the local-saturate slice put on the slice 1 and slice 2 in Fig. 3(a)]
are: FOV: 20 x 15mm® matrix: 128 x 96, in-plane resolution:
0.16 X 0.16 mm?, slice thickness: 2 mm, number of slices: 1, TR/TE:
100/2.9 ms, FA: 60°, NEX: 4. By altering the delay of the pulse trigger
to divide the pulse cycle into six successive and equal parts, a series of
dynamic LSDI results are achieved.

For NZW rabbits, MRI data were acquired using an uMR 780
MRI clinical platform with a 24-channel head and neck coil (United
Imaging Healthcare Co., LTD, Shanghai) operating at 3 Tesla. The
imaging protocol employed a 3D TOF MRA (tof3d_tra) sequence for
the LCCA structural model and a 4D-Flow MRI (4Dflow) sequence for
the velocity field data. The tof3d_tra sequence parameters are as fol-
lows: FOV: 100 x 100 x 80 mm®, matrix: 256 x 256, number of slices:
80, in-plane resolution: 0.39 x 0.39 mm? with a slice thickness of 1 mm,
TR/TE: 18.4/4.2 ms, FA: 18°, NEX: 1. The 4Dflow sequence parameters
are: FOV: 100 x 100 x 80 mm?, matrix: 192 x 192, number of slices:
16, resulting in an in-plane resolution of approximately
0.52 x 0.52 mm? with a slice thickness of 5 mm, TR/TE: 31.3/4.88 ms,
FA: 9°,NEX: 1, and temporal resolution: 31.3 ms.

The phantom test was performed at 3T using the protocol same
with rabbits. A synchronized virtual ECG waveform was used instead
of the ECG trigger.

E. Efficiency of personalized blood viscosity correction
in CFD prediction

For the laminar flow within an approximate circular tube, the
non-Newtonian nature of its fluid viscosity usually corresponds to a
specific velocity profile. This relationship stems from the definition of
viscosity and implies that the closer the blood viscosity parameters
match the actual viscosity, the fewer errors there will be in the velocity
profile in comparison between CFD simulations and experimental
results.

To verify the accuracy of the PBV-corrected CFD method, we
designed an in vivo verification experiment following the protocol of
Yi et al.”’ During the rats’ MRI scanning on day 0, 3 rats in the NC-rat
group were chosen randomly and performed CFD simulations to pre-
dict the velocity profiles at slice 1. Then, a quantitative comparison
was performed to estimate errors of CFD results with PBV or empiri-
cal viscosity models.

F. Computational fluid dynamics (CFD) simulation

In ANSYS Fluent (version 2023R1, ANSYS Inc. Canonsburg, PA,
USA) Solver, the pressure-based transient solver was chosen. The

pubs.aip.org/aip/pof
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FIG. 3. The experimental illustration (a) and experimental results (b)—(d) of the flow
velocity profile of the left common carotid artery in rats. r: radial distance from the
center of the vessel.
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vascular geometry was provided by the STL file reconstructed by TOF-
MRA. In the fluid material settings, the density was assigned a value of
1050 kg/m> which has been used previously,””” and the viscosity was
input using the expression provided in Eq. (7) or (8) The models were
prescribed with a laminar flow based on the Reynolds number calcu-
lated for each geometry (Table S1). The iterative process terminates
when the residuals for continuity, x-velocity, y-velocity, and z-velocity
are all less than 0.001.

To define the inlet boundary at the left common carotid artery
(LCCA), the velocity profiles derived from MRI were bicubically inter-
polated to a resolution of 1 um x I ms in both radial and temporal
dimensions. Then, the mass flow rate at the inlet can be calculated by
the integration of velocity in the LCCA inlet section and input into the
inlet boundary conditions by Fourier Decomposition. The outlet at the
left external carotid artery and left internal carotid artery were set as
the outflow boundary, and the lateral wall of vascular was set as the
no-slip wall boundary.

G. Computation of time-averaged wall shear stress
(TAWSS) and oscillatory shear index (OSI)

The time-averaged wall shear stress (TAWSS) and oscillatory
shear index (OSI) represent the intensity and directional change of the
WSS vector from a predominant blood flow direction during the car-
diac cycle and are defined by

T
TAWSS = %er(t)da 9)
0
T
‘ 7, (£)dt
1 Jo

T
|7, (t)|dt
0

where T, is the WSS vector as defined in Eq. (11).

WSS = 1,,(t) = - WSR = ‘u(db;zr(lt)) , (11)
r=R

where # is the normal vector of vascular endothelium.

H. Statistical analysis

In this study, statistical analyses were conducted to examine the
performance of the PBV estimation, as well as highlight the impor-
tance of personalized and non-Newtonian blood viscosity in the hemo-
dynamic analysis and early diagnosis of the AS. All statistical tests
were performed using GraphPad Prism 9, and the significance level
was set at p = 0.05.

Measured and calculated hemodynamic variables and test results
are presented as mean * SD. T-test was used to compare healthy vs
high-fat-fed groups. Pearson correlation is used to analyze the relation-
ship between test results and personalized blood viscosity. A repeated
measures ANOVA with Greenhouse-Geisser correction (for non-sphe-
ricity) was performed to assess the effect of PBV correction. Post-hoc
pairwise comparisons used Tukey’s HSD test to control family wise

pubs.aip.org/aip/pof

error rates. Effect sizes (f calculated by partial #°) and p-values are
reported.

The sample size was determined by power analysis using
Gxpower 3.1.9.7. Based on preliminary data from a pilot study
(n=5 per group), we estimated a large effect size (Cohen’s d=2.5
for TAWSS difference between HLP and NC groups) with «=0.05
and power =0.8. The analysis indicated a requirement of four ani-
mals per group. To account for variability and attrition, we
expanded to 15 HLP rats,10 NC rats, 14 HLP rabbits, and 9 NC
rabbits.

I1l. RESULTS
A. Phantom results of PBV estimation

The PBV estimation can measure the viscosity of the flowing
medium which in pulsating tube flow as accurately as capillary
viscometers.

The dynamical liquid level difference between C; and C,
tubes is shown in Figs. 4(a) and 5 (Multimedia view). The
pressure difference between the inlet and outlet is given by the
product of the liquid level difference, medium density, and gravi-
tational acceleration (g=9.8 m/s?). The medium temperature is
kept at 23.5°C.

Sagittal TOF-MRA image and axial 4D-Flow MRI result are
shown in Figs. 4(b) and 4(c), along with the p-y scatterplot [Fig. 4(d)],
A 40% glycerol solution is a Newtonian fluid with a viscosity value
U=13497 mPas, differing by less than 0.2% from viscometer measure-
ments (3.503 = 0.029 mPas).

B. Velocity profile for rats

PBV correction improves the alignment of CFD-predicted veloc-
ity profiles with actual measurements.

Figures 3(b)-3(d) show the velocity profiles for three healthy rats
at Slice 1 in Fig. 3(a). Solid lines are ground truth obtained by LSDI,
dashed lines are CFD results with PBV correction, and dotted lines are
CFD results with empirical power-law blood viscosity. Table T lists
area-weighted root mean square errors. The results show that PBV
correction reduces CFD errors by 11%-23% and aligns better with
actual blood flow in rats LCCA compared to empirical power-law
fluid models.

C. Blood lipid levels of rats and rabbits

After long-term high-fat feeding, the rats and rabbits had signifi-
cantly higher levels of blood lipids (especially LDL-C, the low-density
lipoprotein cholesterol that is one of the components of atherosclerotic
plaque).

The blood lipid levels of rats on day 42 are shown in Fig.
S1(a). The total cholesterol (TC, p <0.01) and low-density lipo-
protein (LDL-C, p < 0.01) levels in the HLP-rat group were sig-
nificantly higher than those in the NC-rat group, indicating that
hypercholesterolemia had developed in the HLP-rat group. The
blood lipid levels of the rabbits are shown in Fig. S1(b) at week
4. All indicators for the HLP-rabbit group were significantly
higher than those for the NC-rabbit group at week 4 (TC,
p<0.01, TG, p <0.05, HDL-C, p <0.05, and LDL-C, p <0.01),
indicating that the HLP-rabbit rabbits had developed combined
hyperlipidemia.
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FIG. 4. Typical results of phantom experiment. (a) shows the pressure difference
between inlet and outlet of the phantom during MRI scanning. The sagittal TOF-MRA
image and axial velocity maps obtained by 4D-Flow MRI are shown in (b) and (c), and
the personalized blood viscosity (PBV) estimation evaluated -y scatterplot is shown in (d).

D. Wall shear stress (WSS) results of rats and rabbits
with and without PBV correction

The Reynolds number (Re) in the LCCA of HLP and NC rats
were not more than 2000 (Table S1), which means it is appropriate to
identify the blood flow of the left carotid artery as laminar flow. Based

pubs.aip.org/aip/pof

FIG. 5. The height difference of liquid level between the inlet C; (the left silicon
tube) and outlet C, (the right silicon tube) on the phantom (unit: centimeter).
Multimedia available online.

on this premise, the WSS results with PBV correction were equipped
with viscosity-sensitive features, which can detect WSS abnormal
regions earlier than those results with empirical blood viscosity.

Figure 6 shows typical TAWSS results in rats. The three columns
on the left represent the changes in TAWSS maps of three rats in the
HLP-rat group over the high-fat feeding period. The fourth column
displays the TAWSS maps of rats in the NC-rat group. All these maps
employed the PBV results as their viscosity models. Furthermore, the
fifth column presents the TAWSS results for the same case featured in
the second column but with an empirical power-law fluid model used.
The corresponding OSI results are shown in Fig. S2, which only shows
an abnormality on day 42.

The results of CFD-MRI using PBV correction indicated that
TAWSS abnormalities were presented in the LCCA of high-fat-fed rats
on day 31. However, the CFD results using the empirical power-law
fluid model showed abnormal TAWSS positivity only on day 42. The
changes in the minimum TAWSS (HLP-rat group: 0.62 = 0.13 Pa vs
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TABLE 1. The area-weighted quantify results of root mean square-errors with the
PBV and empirical power-law viscosity.

Fig. 3(b) 2.43% 3.15%
Fig. 3(c) 1.40% 1.96%
Fig. 3(d) 0.89% 1.00%

NC-rat group: 1.00 = 0.15 Pa, p < 0.05 at day 31) and maximum OSI
(HLP-rat group: 0.12 = 0.06 vs NC-rat group: 0.03 = 0.02 Pa, p < 0.05
at day 42) values during the feeding period (Fig. S3) revealed signifi-
cant intergroup differences between HLP-rat and NC-rat groups.

Figure 7 demonstrates H&E-stained histological outcomes on
day 31, with panels (b) and (d) displaying magnified views of red-
boxed regions from (a) and (c) respectively. Histopathological analysis
reveals marked endothelial thickening in left carotid arteries, charac-
teristic of low WSS-induced vascular remodeling. This morphological
alteration correlates with TAWSS reduction quantified by PBV-
corrected CFD-MRI (Fig. S4, HLP-rat group: 0.62 = 0.13 Pa vs NC-rat
group: 1.00 = 0.15 Pa, p < 0.05). Notably, empirical viscosity assump-
tions yield non-significant intergroup differences (HLP-rat group:
0.79 * 0.15Pa vs NC-rat group: 0.83 = 0.16 Pa, p=0.77). The PBV-
corrected WSS results successfully highlight pre-stenotic hemody-
namic abnormalities preceding structural changes.

Figures 8 and S5 show typical TAWSS results obtained from
4D-Flow MRI in rabbits. Before modeling, both the TAWSS results
using PBV and empirical models were similar and within a healthy
range. At week 4, there was a difference in results between the two
methods. This difference was concentrated in the individuals of
the HLP-rabbit group, specifically manifested as a significant enlarge
in low WSS region using PBV compared to that with the empirical
power law model (PBV: HLP-rabbit=66.6% * 2.8%, NC-rabbit
=29.6% * 15.0%, p<0.05, empirical model: HLP-rabbit=45.6%
*+ 2.6%, NC-rabbit = 33.4% = 9.2%, p = 0.07). This difference dimin-
ished at week 7. Figures S6 and S7 show the typical H&E-staining
sections of the LCA from two groups of rabbits at week 4 and 7. At
week 4, the sections showed a small-scale smooth muscle prolifera-
tion. The observed changes expanded at week 7, with inflammation
and foam cell aggregation appearing, indicating that plaques were
beginning to form.

Figure S8 shows the typical results of 3D TOF-MRA of rabbit
carotid artery. At week 7, the LCCA diameters of the rabbits in the
HLP-rabbit group (2.15 = 0.30 mm) are significantly lower than those
in the NC-rabbit group (2.67  0.36 mm, Fig. S9), and the signal of the
left internal carotid artery is weak, indicating arteriostenosis occurred
currently.

Post-hoc power analysis confirmed that the actual sample sizes
provided > 80% power for the differences in all of the parameters in
the present study (Table S2).

E. Personalized blood viscosity results of rats
and rabbits

PBV estimation enhances the accuracy of WSS results by dynam-
ically accounting for viscosity variations.

pubs.aip.org/aip/pof

The changes in blood viscosity of SD rats measured using the
PBV estimation are shown in Figs. 9(a) and 9(b). The HLP-rat group
showed a significant increase in low-shear viscosity on day 31. On day
42, due to increased viscosity-related resistance, there are no regions
that maintain a shear rate above 800 s~ . In contrast, there was no sig-
nificant change in blood viscosity in the NC-rat group during the same
period. Figures 9(c)-9(e) show the changes in blood viscosity during
weeks 0, 4, and 7 of high-fat feeding in NZW rabbits. The results sug-
gest that there is a continuous downward trend in low-shear blood vis-
cosity within the HLP-rabbit group.

Figures 9(f)-9(j) demonstrate the correlation between the PBV
results and the measurements obtained using the clinical blood rheom-
eter. There is a strong correlation (r and p values are put in the figures,
respectively) between the results obtained from both methods in vari-
ous shear rates, regardless of whether the blood samples are from rats
or rabbits.

IV. DISCUSSION

We have proposed a novel numerical method to estimate non-
Newtonian blood viscosity in vivo from MRI data, and correct WSS in
hemodynamic analysis. The proposed method has distinctive advan-
tages over empirical parameters. Specifically, it accounts for blood vis-
cosity alterations induced by hyperlipidemia. This method can also be
applied across species.

A. Blood viscosity-sensitive WSS results can highlight
endothelial injury region before fat deposition

Current clinical imaging modalities (e.g., carotid ultrasound or
MRI) primarily focus on detecting structural abnormalities (e.g., pla-
que thickness or stenosis), manifesting mainly the symptoms after
endothelial injury and lipid accumulation. In contrast, PBV-corrected
WSS mapping enables noninvasive identification of hemodynamic risk
markers (e.g., low TAWSS) before morphological changes occur. This
capability could be used to transform early atherosclerosis screening in
patients by shifting the diagnostic paradigm from geometric to func-
tional hemodynamic assessment, thereby enabling timely interventions
(e.g., lipid-lowering therapies or viscosity regulation) to prevent irre-
versible vascular damage.

Wall shear rate (WSR) and blood viscosity are the two factors of
wall shear stress (WSS). However, the important effect of blood viscosity
has been overlooked in previous studies. These studies suggest that the
vessels that are occupied by heavy atherosclerosis, the blood flow stream-
lines were dramatically changed which makes the blood viscosity effect
negligible on WSS.”*”" But it does not mean that WSS is ineffective
before fat deposition. The destruction of healthy endothelium by abnor-
mal WSS has been demonstrated in microfluidic devices in vitro.”

In the present study, a PBV estimation method with the power-
law model was used to measure blood viscosity in vivo. Previous stud-
ies have proved that the blood viscosity differences among various
shear-thinning non-Newtonian fluid models (e.g., Carreau, power-law,
Herschel-Bulkley, and Quemada) under physiological shear rate
(1-1000 s~ ) are not enough to cause obvious changes in the TAWSS
map.”*”” Therefore, in this study, power-law expression with low com-
plexity and no input of other physiological parameters such as hemato-
crit was used to fit the discrete blood viscosity scatters.

As shown in Fig. 6, the PBV-corrected rather than empirical-
viscosity-applied TAWSS map signed low WSS regions on day 31.
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FIG. 6. The typical TAWSS results of rats are demonstrated. HLP2, HLP4, and HLPS5 are three series of TAWSS maps from the HLP-rat group, while the maps in NC7 column
are from NC-rat group. The HLP4_emp column shows TAWSS results using the empirical power-law blood viscosity model. Low TAWSS regions are marked with red arrows.
TAWSS: time-averaged wall shear stress.
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FIG. 7. Typical H&E-stained sections (a) and magnified images (b) of the rat in NC-
rat group on day 31. Corresponding sections (c) and magnified images (d) of the rat
in HLP-rat group. Endothelial injury lesions are marked with red arrows.

On the other hand, the endothelial cells in hyperlipidemia rats” CCA
bifurcation underwent a focal and obvious morphological change. For
the hyperlipidemia rats, the thickness of lesional endothelium is
thicker than healthy endothelium [Figs. 7(b) and 7(d)], but no foam
cells were observed. These results indicate that viscosity-sensitive WSS
results are sensitive enough to highlight the endothelium lesion at an
earlier stage which is anterior to fat deposition.

In addition, the positive effect of PBV correction has been quanti-
fied by TAWSS evolution (Figs. S3 and S4) and three-way repeated
measure ANOVA (Table II). The significance of Diet (p < 0.01) means
that there is a significant TAWSS,;, difference caused by feed type,
and the significance of DietxPBV (p < 0.05) means that PBV correc-
tion is beneficial with screening high AS risk subjects caused by blood
viscosity abnormality. Similar results were found in rabbits’

ARTICLE pubs.aip.org/aip/pof

experiments (Table III), but the low WSS level significances were
much higher. In addition to the different indicator effects, the faster
hyperlipidemia disease progression in rabbits is also a main
reason.” >’

The difference in blood viscosity between empirical viscosity and
PBV results led to the difference in secondary flow pattern, especially
in regions with enhanced convection such as vessel branching, which
may be the main reason for the increase in OSI map difference and the
sharp increase in OSI,, square difference in HLP-rat group on the
day 42. This phenomenon has been discovered before in previous
studies.”® However, due to spatial resolution limitations, the MRI
method used in the present study was not able to capture the weak sec-
ondary flow changes in the carotid arteries of the small experimental
animals in the experiment. It is necessary to verify the accuracy of the
OSI results in larger animals or humans, which will be confirmed in
our future studies.

B. Robustness of PBV estimation across different
species and pipe diameters

The non-Newtonian property of blood is a macroscopic manifes-
tation of the mechanical properties of red blood cells.”” The velocity
distribution of blood flow is affected by the lumen size."”*' Therefore,
it is necessary to evaluate the robustness of PBV estimation in vessels
with various inner diameters.

In the present work, rats and rabbits were used to evaluate the
robustness of this solver with different CCA diameters. Comparing the
results of PBV and hemorheological tests in both rats and rabbits, they
were strongly correlated [Figs. 9(f)-9(j)]. Additionally, the viscosity of
blood-like Newtonian fluid (used in Ref. 42) may be measured accu-
rately by this method.

The interindividual variability in hemodynamic responses to
blood viscosity and vascular geometry may significantly influence the
progression of atherosclerosis. Our results demonstrated divergent vis-
cosity trends between rats and rabbits under high-fat diets (Fig. 9),
likely attributable to species-specific differences in hematocrit and red
blood cell mechanics (Fig. S10). Red blood cell aggregation under low
shear rate is the main cause of increased blood viscosity. For the hyper-
lipidemia rabbits, high-fat diet-induced low hematocrit suppressed red
blood cell aggregation which has been reported by previous study.”’
The underlying cause is not clear.

Variations in hematocrit, red blood cell mechanics, and blood
composition highlight the necessity of personalized viscosity modeling.
The PBV framework accounts for these interindividual differences by
incorporating in vivo velocity profiles and pressure dynamics, thereby
enabling patient-specific identification of hemodynamically vulnerable
regions. Future studies should quantify the contribution of genetic,
metabolic, and anatomical factors to interindividual variability in
WSS-viscosity interactions.

C. Compatibility of PBV estimation in computational
fluid dynamics (CFD) and 4D-flow MRI

Due to the different clinical application scenarios of CFD and
4D-flow MR, it is of vital importance to ensure the compatibility of
PBV estimation with both of them. Blood flow patterns (laminar/
turbulent) significantly influence WSS quantification in hemody-
namic analysis, especially in CFD-derived measurements. 4D-flow
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diet period.

MRI enables direct in vivo visualization of three-dimensional blood evaluated using CFD approaches.”” The dual-modality compatibility

flow patterns and provides critical physiological data needed in PBV- may improve clinical decision-making for both diagnostic evaluation

model analysis through noninvasive velocity mapping.** CFD simula- and surgical planning. For instance, in patients with asymptomatic

tions offer predictive flexibility by modifying vascular geometry and hyperlipidemia, PBV-corrected WSS maps could localize low WSS

boundary conditions. Postoperative hemodynamic changes can be regions and guide personalized therapeutic strategies (e.g, PCSK9
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TABLE II. Repeated measure ANOVA results for rats’ TAWSS,;, values.

® Day 0.28 0.89
@ Diet 10.80 <0.01
@ With/without PBV 1.00 0.33
D x® 3.66 <0.01
@ x® 0.49 0.74
@x® 6.79 <0.05
D x@x® 0.64 0.64

*Post-hoc comparisons were corrected using Tukey’s HSD test.

TABLE lIl. Repeated measure ANOVA results for rabbits’ low WSS level.”

® Week 57.64 <0.0001
@ Diet 28.96 <0.0001
® With/without PBV 5.88 <0.05
D x® 11.51 <0.0001
@x®® 2.09 0.11
@x® 11.64 <0.01
Dx@x® 3.25 <0.05

*Post-hoc comparisons were corrected using Tukey’s HSD test.

inhibitors to mitigate endothelial dysfunction or alter the shape with
stents).

Our experimental validation result confirms PBV estimation’s
compatibility with CFD and 4D-flow MRI for quantifying WSS in
carotid arteries. For individuals with hyperlipidemia, PBV correction
makes the WSS results obtained by the two methods better relative to
the empirical viscosity, as reflected in their better matching with histo-
logical findings. The results showed that the viscosity obtained by PBV
was better consistent with the actual physiological viscosity.

D. The computational fluid dynamics (CFD) simulation
can yield more reliable wall shear rate (WSR) results
after correction with PBV estimation

The inhomogeneous concentration of red blood cells within
blood flow is the main cause of the non-Newtonian viscosity
nature.””"" Therefore, blood viscosity information obtained in situ is
more reliable than empirical viscosity parameters. Yi et al. corrected
CFD data using a series of in-vitro, individually measured non-
Newtonian blood viscosity curves.”” However, there are some devia-
tions of WSR between the CFD results and in vitro particle image
velocimetry results in the flow velocity profiles. In addition to the PIV
measurement errors mentioned in Ref. 23, there is also a difference in
red blood cell distribution between Couette flow in cone-plate viscom-
etry and Poiseuille flow in arteries."®

In the present study, the results of the PBV estimation were vali-
dated by using a similar experimental protocol. By comparing the
CFD-predicted flow velocity profiles with the actual observed ones, it
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is demonstrated that the proposed method can more accurately exam-
ine the microscopic stress—strain relationship in fluid systems, and the
WSR results become more reliable (Fig. 3 and Table I, the area-
weighted root mean square error of velocity field is less than 2.5% with
PBV correction, which is the 80% of the error value without PBV
correction).

E. The relationship between the PBV-corrected 4D-
Flow MRI results and subsequent vascular diameter
changes

Previous studies have demonstrated the existence of a negative
feedback mechanism involving WSS, nitric oxide (NO) release, and
vascular diameter.””"" Specifically, an increase in WSS triggers a
greater release of NO, which in turn stimulates vascular and thereby
further elevation of WSS is inhibited. Conversely, a decrease in WSS
leads to reduced NO release, ultimately resulting in smooth muscle
proliferation that narrows the vascular lumen.

Such a phenomenon was also observed in the present study.
Before significant stenosis in TOF-MRA images of the HLP-rabbit
group was observed at week 7, we detected a decline in the overall
TAWSS levels within the vessels at week 4 using PBV-corrected results.
This result may indirectly and qualitatively reflect the accuracy and
reliability of TAWSS values derived from the PBV estimation.

F. Relationships between blood lipid levels and blood
viscosity/wall shear stress parameters

Clinical studies revealed moderate positive correlations between
blood viscosity and lipid parameters.”’ However, blood lipid levels are
not a dominant factor in blood viscosity variance in subjects. This cor-
relation is not always true in rabbit models with fed high-fat diets."’
Lipoprotein apheresis treatment reduced whole blood viscosity, red
blood cell aggregation, and deformability. These hemorheological
improvements may contribute to reduced atherosclerotic risk.”

Unlike blood viscosity, lipid levels exhibit non-linear relationships
with WSS magnitude. This complexity arises from viscosity coupling
with wall shear rate in WSS calculations.”® Our results suggest that
both increased and decreased blood viscosity may induce low WSS
regions, which is consistent with previous conclusions.”' Therefore, it
is necessary to accurately quantify and monitor WSS before and after
regulating blood viscosity.

G. Interindividual variability in WSS and blood viscosity
effects

Interindividual variability in WSS responses may arise from
genetic polymorphisms (e.g., APOE &4 allele affecting lipid metabo-
lism) and metabolic factors (e.g., hyperglycemia-induced red blood cell
aggregation).”””” Future studies should integrate multi-omics data to
refine PBV models.

Furthermore, within the same species, variations in vascular cur-
vature, lumen diameter, and baseline lipid profiles could modulate the
coupling between blood viscosity and WSS. The observed interindivid-
ual differences in hemodynamic responses to blood viscosity and WSS
underscore the importance of personalized modeling in atherosclerosis
risk assessment. Even within homogeneous experimental groups (e.g.,
HLP-rat group), PBV-corrected TAWSS maps revealed substantial
variations in low WSS regions (Fig. 6). This observation suggests that
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intrinsic biological variability, in addition to diet-induced hyperlipid-
emia, modulates the interplay between WSS and blood viscosity. Such
variability may arise from multiple sources: (1) variations in vascular
curvature, lumen diameter, and bifurcation geometry across individu-
als inherently alter local flow patterns, thereby modifying WSS distri-
bution independently of viscosity.” (2) Interindividual differences in
hematocrit, red blood cell aggregation, and deformability directly influ-
ence non-Newtonian blood viscosity.””>”® Our PBV framework
dynamically captures these variations through in vivo velocity profiling
and MRI geometric measurement, as evidenced by the strong correla-
tion between PBV-estimated and rheometer-measured viscosity across
shear rates [Figs. 9(H)-9())].

These findings align with the emerging evidence that individu-
alized WSS quantification (rather than the traditional methods with
empirical parameters) are critical for predicting plaque formation.
The PBV method’s ability to resolve interindividual differences in
both rats and rabbits (Fig. 9) highlights its translational potential for
human studies, where genetic, anatomic, and metabolic diversity is
far greater. Future integration of multi-omics data (e.g., genomic
and proteomic) with PBV-corrected hemodynamic models could
further stratify patients based on their unique “hemodynamic fin-
gerprint,” enabling precision prevention strategies tailored to indi-
vidual risk profiles.

H. Genetic and metabolic modulators
of WSS-atherosclerosis interaction

Beyond hemodynamic and rheological factors, genetic and meta-
bolic variations may profoundly influence the relationship between
WSS and endothelial dysfunction in atherosclerosis. Epigenetic regula-
tion factors in mechanosensitive pathways, such as Af-induced Piezol
inhibition and eNOS phosphorylation, could alter endothelial respon-
siveness to WSS magnitudes, potentially explaining interindividual
differences in plaque localization despite similar hemodynamic pro-
files.””” For instance, gene polymorphisms of eNOS such as T786C
and G894T have been related to cardiovascular diseases.”’ Similarly,
metabolic disorders like diabetes mellitus may exacerbate WSS anoma-
lies through dual mechanisms: (1) hyperglycemia-induced glycation
of plasma proteins elevates blood viscosity, and (2) oxidative
stress impairs endothelial mechano-transduction, amplifying low
WSS-driven inflammatory signaling,'” These interactions suggest that
systemic metabolic states act as amplifiers of hemodynamic risk,
particularly in early stages where PBV-corrected WSS detects subclini-
cal endothelial thickening (Fig. 7). While our study focused on
hyperlipidemia-driven viscosity shifts, future work integrating genetic
data (e.g., APOE or LDLR polymorphisms) and metabolic biomarkers
(e.g., HbAlc and CRP) could refine personalized WSS thresholds for
atherosclerosis risk prediction. Such a multifactorial approach may
bridge biomechanical and systemic biological factors of vascular
pathology.

l. Limitations

While the robustness of PBV method is demonstrated in animal
models and phantoms, its direct applicability to human studies
requires addressing several key challenges. First, human carotid arter-
ies exhibit greater anatomical complexity compared to rodents and
rabbits, including higher curvature variability, frequent branching
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patterns, and pre-existing atherosclerotic lesions in at-risk populations.
The current requirement for straight vessel segments (curvature
<4.6°) limits analysis in human subjects with tortuous or stenotic
arteries. Integrating machine learning, such as physics-informed neural
networks, is one potential direction to solve this problem. Second, ath-
erosclerosis risk of human is influenced by broader physiological vari-
ability (e.g., anatomical complexity on carotid bifurcations, hematocrit
fluctuations, and comorbidities like hypertension), genetic/metabolic
factors (e.g., polymorphisms of eNOS or diabetes), and lifestyle factors
(e.g., diet and exercise), which may amplify interindividual differences
in viscosity—-WSS coupling. Integrating multi-omics approaches with
advanced hemodynamic modeling holds promise for elucidating these
complex interactions, which will be our subsequent work. Third, clini-
cal MRI protocols face challenges such as the excessively long scan
time, motion artifacts from patient movement, and low spatial resolu-
tion compared to preclinical systems. Accordingly, in vivo velocity
analysis accuracy can be affected but may be improved with 4D flow
acceleration imaging methods.

V. CONCLUSION

The selection of empirical and personalized viscosity has notable
impacts on the outcomes of WSS calculations during hemodynamic
analysis. In the present study, the proposed methodology enables the
in vivo measurement of blood flow stress—strain relationships and
incorporates individualized blood pressure data from subjects to derive
personalized non-Newtonian blood viscosity, which further improves
the accuracy in WSS estimated for rats and large animal model and
human-artery-like phantoms.

The TAWSS values adjusted with PBV exhibit higher sensitivity
compared to hemodynamic analyses that relied solely on empirical vis-
cosity parameters. This finding suggests that variations in blood viscos-
ity, particularly those induced by hyperlipidemia, may play a
significant role in the initiation and progression of AS. Consequently,
the in vivo MRI measurement of blood viscosity reported in the pre-
sent study may open a new avenue for developing potential preventive
and therapeutic strategies fight against AS. Our findings may contrib-
ute to a better understanding of the role of blood viscosity during AS
development and provide a tool for personalized assessment and early
risk stratification in AS patients.

The MATLAB codes for the personalized blood viscosity estima-
tion are available upon request.

SUPPLEMENTARY MATERIAL

See the supplementary material provides detailed protocols for
viscosity measurement of the glycerol solution in the phantom experi-
ment, and additional supporting figures not included in the main text.
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