RESEARCH ARTICLE | JANUARY 25 2022
Effects of exercise on flow characteristics in human carotids
(F )

Xinyi He (falilM&); Xiaolei Yang (75eE) S

’ '.) Check for updates ‘

Physics of Fluids 34, 011909 (2022)
https://doi.org/10.1063/5.0078061

. CrossMark
@

View Export
Online Citation

Articles You May Be Interested In

N
O
=
LL
Yo

@)

N
O

N

>
i a
Q.

On the flow characteristics in different carotid arteries

Physics of Fluids (October 2020)

Hemodynamic analysis of carotid endarterectomy

Physics of Fluids (January 2023)

Non-Kolmogorov turbulence in carotid artery stenosis and the impact of carotid stenting on near-wall
turbulence

AIP Advances (January 2022)

Physics of Fluids

Special Topic: Flow and Forensics

AIP

AIP Submit Today! ZA__ Publishing

é/_‘_ Publishing

Jpd-auljuo™ L6061 L0/05560991/L908200°S/€901 0L /10p/pd-ajone/jod/die/bio die sqndj/:diy woy papeojumog


https://pubs.aip.org/aip/pof/article/34/1/011909/2845440/Effects-of-exercise-on-flow-characteristics-in
https://pubs.aip.org/aip/pof/article/34/1/011909/2845440/Effects-of-exercise-on-flow-characteristics-in?pdfCoverIconEvent=cite
https://pubs.aip.org/aip/pof/article/34/1/011909/2845440/Effects-of-exercise-on-flow-characteristics-in?pdfCoverIconEvent=crossmark
javascript:;
javascript:;
javascript:;
https://doi.org/10.1063/5.0078061
https://pubs.aip.org/aip/pof/article/32/10/101902/1059229/On-the-flow-characteristics-in-different-carotid
https://pubs.aip.org/aip/pof/article/35/1/011901/2866641/Hemodynamic-analysis-of-carotid-endarterectomy
https://pubs.aip.org/aip/adv/article/12/1/015124/2819126/Non-Kolmogorov-turbulence-in-carotid-artery
https://servedbyadbutler.com/redirect.spark?MID=176720&plid=2063275&setID=592934&channelID=0&CID=754934&banID=520996622&PID=0&textadID=0&tc=1&adSize=1640x440&matches=%5B%22inurl%3A%5C%2Fpof%22%5D&mt=1683536227896260&spr=1&referrer=http%3A%2F%2Fpubs.aip.org%2Faip%2Fpof%2Farticle-pdf%2Fdoi%2F10.1063%2F5.0078061%2F16609550%2F011909_1_online.pdf&hc=b48fd014393f39abb38e7c8f82cea94f94499299&location=

scitation.org/journal/phf

Physics of Fluids ARTICLE

Effects of exercise on flow characteristics
in human carotids @

Cite as: Phys. Fluids 34, 011909 (2022); doi: 10.1063/5.0078061 @ 1. @
Submitted: 9 November 2021 - Accepted: 16 December 2021 - O
Published online: 25 January 2022 View Online Export Citatior CrossMark

Xinyi He ({if.0:14),"% and Xiaolei Yang (#5)>>

AFFILIATIONS

College of Aircraft Engineering, Nanchang Hangkong University, Nanchang 330063, China
“The State Key Laboratory of Nonlinear Mechanics, Institute of Mechanics, Chinese Academy of Sciences, Beijing 100190, China
*School of Engineering Sciences, University of Chinese Academy of Sciences, Beijing 100049, China

@ Author to whom correspondence should be addressed: xyang@imech.ac.cn

ABSTRACT

Carotid is one of the focal regions prone to atherosclerosis. Previous studies have shown that hemodynamics plays an important role in the
initiation and formation of atherosclerosis plaques. In this work, we numerically investigate the flow patterns in two carotids with different
flares and proximal curvatures under inflows from three age groups with/without exercise. The simulation results show that the effects of
exercising on the carotid flow and wall shear stress are different at different time instants and for different age groups. As for the oscillatory
shear index, exercise does not have significant effects. The effects of inflow waveforms on the reversed flow volume are also examined. For
the carotid C1 with low flare and high proximal curvature, it is found that exercising increases and decreases the reversed flow volume for
young and senior people, respectively. For middle-aged people, on the other hand, the reversed flow volume is increased and decreased in
the middle of the sinus and near the bifurcation, respectively, for the carotid Cl1. For the carotid C2 with high flare and low curvature, on the
other hand, it is found that exercising increases the reversed flow volume for all age groups. This work suggests that the effects of exercise on
atherosclerosis should be evaluated by fully considering patient-specific geometries and ages.

Published under an exclusive license by AIP Publishing. https://doi.org/10.1063/5.0078061

I. INTRODUCTION

Atherosclerosis, which causes stroke and heart attack, is one of
the most serious diseases threatening human health. It is a complex
biophysical, biochemical, and physiological process, occurring at mul-
tiple time and space scales, which brings great challenges to the early
warning, diagnosis, and prevention of atherosclerosis-related diseases.
Blood flows in human’s cardiovascular system, * with the Reynolds
number Re ranging from 10> to 10* for large arteries to less than 1 for
small capillaries,” are closely related to the initiation and formation of
atherosclerosis plaques, which are found at several focal locations with

plays a role as the mediator and interpreter for transmitting shear
stress into cells,”'” and its degradation inhibits the production of nitric
oxide (NO), which contributes to cardiovascular disease'' (which is
also considered as a potential for targeted drug delivery'”). Studies
showed that disturbed flows induce atherosclerosis by altering gene
expression in the arterial enthothelium.® Factors induced by disturbed
flows, which promote endothelial inflammation, include the Piezol-
and Gq/G11-mediated integrin activation,"” Smarcd3/Bap60,'* activa-
tion of ERK1/2/eNOS-Thr495 (extracellular signal regulated kinases1/2,
endothelial nitric oxide synthase, Phospho-eNOS) inhibiting
endothelial NO synthase,13 DNA methylation,”’ % AAV8-mediated
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curvatures and branches, such as carotid and coronary arteries.

The shear stress exerted by blood flow on the intimal layer, which
is composed of endothelial cells, serves as a driving force in the forma-
tion of atherosclerosis plaques. It is commonly accepted that the dis-
turbed flow—with low mean wall shear stress (WSS), varying shear
directions and magnitudes—induces atherosclerosis, although it is still
debatable whether high WSS or low WSS is the cause of athe-
rosclerosis.” * Glycocalyx, a thin layer of glycolipids, glycoproteins,
and proteoglycans covering the surface of mammalian epithelial cells,

overexpression of PCSK9 (adeno-associated-virus-8, proprotein
convertase subtilisin/kexin type 9),"” and others.”” ** The results
from a mouse model study suggested that the signaling from dis-
turbed flows also induces systemic metabolic changes.”* There are
also other factors, which are anti-atherosclerosis, such as protease-
activated receptor-1 (PAR-1),”> PRKAA1/AMPKul (Protein kinase
AMP-activated alpha 1)-driven glycolysis,”” and KLK10 (allikrein
Related Peptidase 10) in collaboration with HTRA1 (HtrA Serine
Peptidase 1).” It is noted that the biological/biochemical process is
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not accounted for in the computational method employed in this
work, which will be considered in the future.

The vascular geometry, which affects the pattern of disturbed
flows,”® " plays an important role in the onset and development of
atherosclerosis. For the carotid artery, geometrical features, such as the
diameter of the sinus bulb, bifurcation angle, proximal curvature, flare,
tortuosity of the common carotid (CCA) and internal carotid (ICA)
arteries, have been examined in the literature.”! Computational studies
have showed that the sinus and carina regions of the ICA are sites of
plaque vulnerability.”” Kamenskiy et al.”’ examined the changes of
carotid artery geometry with age. Their results demonstrated that
larger bulb diameters with smaller bifurcation angles are associated
with carotid artery diseases. The bifurcation angles and cardiac curva-
tures of coronary bifurcations were examined by Chiastra et al.™* Tt
was found that the bifurcation angle influences the blood flow for both
stenosed and unstenosed arteries, while the curvature radius has an
effect on the initiation and intensity of the helical flow structures. In
the work by Nagargoje and Gupta,” the effects of sinus size and loca-
tions on blood flows were examined numerically. Spanos et al.”® inves-
tigated the correlation of bifurcation geometry with early carotid
atherosclerosis. Associations with higher intima-media thickness in
the CCA were observed for larger bulb diameter, and lower ratios of
(diameter of ECA + diameter of ICA)/(diameter of CCA).
Furthermore, indicators were observed to be different for the right and
left carotid arteries. In the work by Yao et al,” larger values of the
area with oscillatory shear index (OSI) and large ratios of the ECA/
CCA diameters are observed to be related to neointimal hyperplasia.
Early atherosclerosis often behaves as positive remodeling, i.e., com-
pensatory enlargement of the outer wall. Magnetic resonance imaging
results of 525 subjects showed a large possibility of positive remodeling
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in the CCA, negative remodeling over the bifurcation, and mixed pat-
terns in the ICA.” Studies of 501 carotid arteries with nonstenotic ath-
erosclerosis showed that the luminal expansion FlareA is associated
with vulnerable plaque.”” In the work by Gregg et al," the carotid
bulb inflow area and the bifurcation angle are found to be positively
correlated with the plaque volume. Strecker et al."' showed that high
carotid tortuosity and low ICA diameter are independent predictors
for the wall thickness of the ICA bulb. Bijari et al.** showed that high
flare and low proximal curvature prompt the formation of plaques.
Numerical results from the study carried out by Chen et al.*> showed
that the length of time with reverse flows and the intensity of velocity
variations are higher for carotids with high flare and low proximal
curvature.

Inflow also plays a role in the dynamics of blood flow. The age
and life style of individuals affect the shape of inflow waveforms. As
shown in the work by Azhim et al,** the maximum flow rate at the
peak systole significantly decreases with aging. For people of similar
age, exercise affects the maximum flow rate as well as the time instants
when the maximum and minimum flow rates occur for the systole
and diastole cycles, respectively. The study of Rauramaa et al.*’
showed that exercise can promote the thinning of intima-media thick-
ness for people who are not taking statins; for other people, however,
it is not clear that aerobic physical activity can slow the development
of atherosclerosis. Kadoglou et al.** showed that insufficient physical
activity is related to an increase in carotid intima-media thickness, and
stated that the effect of long-term exercise on atherosclerosis is still
unclear as in the work by Rauramaa et al.*” Huang et al.*” numerically
examined three different inflow waveforms with different locations of
the peak systole, and observed similar flow patterns including the wall
shear stress at peak systole and the OSI for an idealized bifurcation
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FIG. 1. Geometric image of two carotid arteries with the background Cartesian grid for blood flow simulations. CCA: common carotid artery, ICA: internal carotid artery, and
ECA: external carotid artery. |1, 12, and I3 indicate the three slices at different downstream locations relative to the carotid sinus. For the background grid, every tenth grid line

is displayed for clarity.
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FIG. 2. Waveforms of the pulsatile flow rates applied at the inlet of the CCA of the
senior groups. These inflow waveforms are digitized from the work by Azhim et al.**

model. It is still not clear how different inflow waveforms due to aging
and exercise affect the flow patterns in realistic human carotids with
different geometric features.

Flow patterns in different shapes of arteries have been studied in
the literature. In the carotid artery under pulsatile inflow, C-shaped

04 0.6
time(s)

(b) middle-aged groups

0.4 0.6
time(s)

(c) senior groups

carotid artery under different exercise conditions for (a) young, (b) middle-aged, and (c)

axial velocity patterns and Dean-type vortices are observed at the
deceleration phase and at the end of the systole phase in a model
carotid"® and six different carotids from healthy human."’ In the work
by Chen et al,"” the C-shaped axial velocity pattern was further classi-
fied by considering its streamwise variations. The secondary flow
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FIG. 3. Contours of the axial velocity of carotid C1 under exercise and sedentary conditions for the young, middle-aged, and senior groups, at the acceleration (a), peak
systole (b), deceleration (c), end systole (d), peak diastole (e), and end diastole (f). Legend of contour: axial velocity (m/s).
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induced by curvature was studied for relatively simple shapes in these
papers.”” 7> The effects of carotid geometry on the secondary flow
were investigated by Chen et al,"’ where significantly different flow
patterns were observed for different carotids and at different instants
of the cardiac cycle. Buchmann and Jermy”” argued that the location
and timing of these flow structures can ultimately affect the formation
of atherosclerosis plaques, although the time scale of a cardiac circle
(L's) is orders of magnitudes lower than that of the pathology of ath-
erosclerosis (years). Gataulin et al. ** simulated the blood flow in two
model common carotid arteries and observed intensive swirls at the
deceleration phase, which was also observed in the work of Chen et al.
for human carotids.”” The effects of symmetric and asymmetric bifur-
cation on the dynamics of pulsatile flow were investigated by
Nagargoje et al.” for both Newtonian and non-Newtonian fluids. The
flow patterns in arteries with stenosis were also investigated.”””® Song
et al.”’ investigated the effects of symmetrical and asymmetrical steno-
sis on the distribution of wall shear stress for tortuous coronary arter-
ies. Freidoonimehr et al*® found that the shape of stenosis in a
coronary artery can significantly affect the length of the jet region. The
effects of stenosis on flow separation and transition to turbulence were
investigated by Ding et al.” for a two-dimensional channel. The effect
of inflow on vortex formation and wall shear stress were investigated
by Cox and Plesniak,”® showing that the vortex and the secondary
flow are less intense for the case with uniform inflow when compared

scitation.org/journal/phf

This work is devoted to investigate the patterns of disturbed flows
in two different carotids, one with high risk geometrical factors, i.e.,
high flare and low proximal curvature, and the other without, for dif-
ferent inflow waveforms, which cannot be easily accomplished via
in vitro or in vivo experiments.””®" Multiscale computational models
have been developed in the literature”” ** toward understanding the
coupling between cell-level processes and the blood flow. In this work,
however, we will focus on the blood flow at the macroscopic scale
without considering the chemical and physiological process associated
with gene expression at the cell level. With the above considerations
and considering the size of the carotid artery, the blood is assumed to
be Newtonian in this work. For the non-Newtonian characteristics of
the blood, the authors can refer to the review by Beris et al.®® and serv-
eral other related papers,”” *” where viscoelasticity, viscoplasticity, and
the thixotropic nature of the blood are studied.

The rest of this paper is organized as follows. The employed
numerical method and the case setup are introduced in Sec. IL
Following the case setup, the obtained simulation results are analyzed
in Sec. I1I. At last, conclusions are drawn in Sec. I'V.

1. NUMERICAL METHODS AND CASE SETUP
A. Numerical methods

The virtual flow simulator (VFS-Wind) code,”” ”* which has
been successfully applied to simulate flows over complex geo-

with a fully developed inflow. metries,”* "® is employed for simulating the flow in human carotids.
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FIG. 4. Contours of the axial velocity of carotid C2 under exercise and sedentary conditions for the young, middle-aged, and senior groups, at the acceleration (a), peak sys-
tole (b), deceleration (c), end systole (d), peak diastole (), and end diastole (f). Legend of contour: axial velocity (m/s).
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The blood flow is assumed to be incompressible and Newtonian. The
governing equations are the incompressible Navier—Stokes equations
as follows:

814]‘
814,‘ 8u,~uj - 1 8p Ui
ot 0x; T pox v 8x]8x] @

where x; (i=1, 2, 3) are the Cartesian coordinates, u; is the ith compo-
nent of the velocity vector, v is the kinematic viscosity, p is the density,
and p is the pressure. The governing equations are discretized in space
using a second-order accurate central differencing scheme, and inte-
grated in time using the fractional step method.”” An algebraic multi-
grid acceleration along with a GRMES solver is used to solve the
pressure Poisson equation. A matrix-free Newton—Krylov method is
used for solving the discretized momentum equations.

The curvilinear immersed boundary (CURVIB) method”” ™ is
employed to model the geometry of the carotid, in which the flows are
solved on a background curvilinear or Cartesian grids, while the complex
boundaries are represented using surface meshes independent of the
background grid. The effects of the boundary on the flow are modeled by
reconstructing the velocity near the boundary (that the boundary condi-
tions are not directly applied on the boundary but on grid nodes close to
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the boundary). In order to apply such off-wall boundary conditions, the
background grid nodes are classified into fluid nodes located in the fluid,
and solid nodes located in the solid. The fluid nodes near the boundary
are further classified into immersed boundary (IB) nodes with neighbors
in the solid and interpolation (IP) nodes close to the IB nodes. For each
IB node, its velocity is reconstructed using the velocity on the boundary
and IP nodes in the wall normal direction. For direct numerical simula-
tions (DNSs), a simple linear interpolation can be employed. For wall-
modeled large-eddy simulations (WMLESs), a wall model has to be
employed for applying the boundary conditions at the IB nodes,”” *'
which is a challenging task for complex flows, e.g., separated flows.”’

B. Case setup

In this work, we simulated two carotid arteries C1 and C2 from
different individuals, for which the procedure for obtaining the carotid
artery geometry is reported in Ref. 86. As calculated in Ref. 43, the
flares of C1 and C2 are 1.51 and 2.50 and the proximal curvatures of
Cl and C2 are 32.17° and 28.08°, respectively, where a flare is defined
as the ratio of the maximal area of the cross section to the minimal
area of the cross section with the normal of the cross sections
along the axial direction of CCA before the bifurcation point and the
proximal curvature measured using the angle between the axial direc-
tion of CCA and the line connecting the centroids of 12 and I3.
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FIG. 5. Contours of velocity magnitude of the secondary flow for carotid C1 under exercise and sedentary conditions for the young, middle-aged, and senior groups, at the
acceleration (a), peak systole (b), deceleration (c), end systole (d), peak diastole (), and end diastole (f). Legend of contour: velocity magnitude of the secondary flow (m/s).
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The simulation results presented by Chen et al.*’ showed that the
reverse flow and velocity fluctuations in the carotid C2 are significantly
stronger than those in C1. We will examine how different inflow wave-
forms affect the flow patterns in these two carotids. Due to the com-
plexity of the carotid artery geometry, it is difficult to accurately define
the range of the carotid sinus and the direction of the vessel axis at the
same time. Therefore, three cross sections representing the typical
positions relative to the carotid sinus, where the flow patterns are sys-
tematically examined, are manually selected. As seen in Fig. 1, I1 is
located downstream of the carotid sinus (near the end of the sinus), 12
is in the middle of the carotid sinus, and I3 is upstream of the carotid
sinus (near the bifurcation). The grid is uniform in all three directions
with the grid spacing 0.1 mm, which is two times finer than those
employed in the literature.”” The carotid artery surface is discretized
using the unstructured triangular grid (which is not shown in Fig. 1).
In the simulation, the vessel wall is considered as rigid with no-slip
boundary condition. The velocity at the entrance of CCA is approxi-
mated by a parabolic distribution with the flow rates given in Fig. 2.
As seen, the inflow waveforms correspond to young, middle-aged, and
senior persons with and without exercise (sedentary) as represented by
black and red curves, respectively. As the incoming flow rate varies
with time, it is convenient to use a variable time step. In this work, the
Courant-Friedrichs—Lewy (CFL) number is fixed at 0.8. For all simu-
lated cases, we simulate at least two cardiac cycles and analyze the flow
field in the last cardiac cycle.

scitation.org/journal/phf

lll. RESULTS

In this section, we present results from the simulated cases for
the two carotids under different inflow waveforms. The analyzed char-
acteristics of the carotid flow include the axial velocity, the secondary
flow, the flow structures, the wall shear stress, the oscillatory shear
index, and the statistics of the reversed flow. Six different instants, viz.,
the acceleration (ac), the peak of systole (ps), the deceleration (dec),
the end of systole (es), the peak of diastole (pd), and the end of diastole
(ed) as demonstrated in Fig. 2 are particularly analyzed.

First, we examine the axial velocity for carotid C1. In Fig. 3, we
show the contours of the axial velocity of blood flow for three age
groups under exercise and sedentary conditions. At the ac instant, it is
observed that exercising barely affects the axial velocity for the young
and middle-aged groups, while it increases the axial velocity magni-
tude for the senior group. At the ps instant, the blood flow velocity of
the sedentary group of the same age is lower than that of the exercise
group. On the other hand, at the es instant, the blood flow rate of the
sedentary group of the same age group is greater than that of the exer-
cise group for the young and middle-aged groups. Comparing the axial
velocity between different age groups, it is observed that the velocity
magnitude in general decreases with age at the ps instant, which can
reach 1.2m/s for the young group, drops to 1 m/s for the middle-aged
group, and can only reach 0.8 m/s for the senior group. At the dec and
es instants, regions with reversed flow are observed at the 12 and I3
sections located in the middle of the sinus and close to the bifurcation.
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FIG. 6. Contours of velocity magnitude of the secondary flow for carotid C2 under exercise and sedentary conditions for the young, middle-aged, and senior groups, at the
acceleration (a), peak systole (b), deceleration (c), end systole (d), peak diastole (), and end diastole (f). Legend of contour: velocity magnitude of the secondary flow (m/s).
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At the dec instant, it is observed that the minimal velocity of the
reversed flow can reach —0.1 m/s for the young group, which is signifi-
cantly less than the middle-aged and senior groups. At the pd instant,
one interesting observation is that the magnitudes of the axial velocity
from the middle-aged groups are slightly higher than those from the
young and senior groups. Similar to those at the ac and ed instants,
exercising increases the magnitude of the axial velocity for the senior
groups. At the ed instant, it is observed that exercising decreases the
axial velocity magnitudes for the young and middle-aged groups,
which are increased for the senior group. We then examine the pat-
terns of the axial velocity for the carotid C2. Similar trends with the
carotid C1 are observed. The waveforms obtained by scrutinizing
the variations among different age groups and between groups with/
without exercise and the corresponding variations of the inflow are
shown in Fig. 2. It can be concluded that such trends observed on the
axial flow velocity are consistent with the inflow waveform. It is also
observed in Figs. 3 and 4 that the overall patterns of the axial flow
for different age groups with/without exercise at the same instant, with
C-shaped patterns as observed in the literature,”*" are very similar to
each other for the same carotid. However, there are some noticeable
differences observed for the small-scale patterns of the axial flow espe-
cially at the dec and es instants for the carotid C2.

Here, we examine the velocity magnitude of the secondary flow
for different groups. In Fig. 5, we show the computed results from the
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carotid C1. At the ac instant, the velocity magnitudes of the secondary
flow from the exercise people and sedentary people are similar with
each other for the young and middle-aged groups; for the senior
group, on the other hand, the velocity magnitude of the secondary
flow from the exercise people is larger than that from sedentary people.
At the ps and dec instants, the velocity magnitude of the secondary
flow from the exercise group is in general greater than that from the
sedentary group for different ages. On the other hand, at the es instant,
the velocity magnitudes of the secondary flow from the exercise group
are in general lower than those from the sedentary group. At the pd
instant, the velocity magnitudes of the secondary flow from the exer-
cise and sedentary groups are similar to each other for young and
middle-aged groups, while the former is slightly larger for the senior
group. At the ed instant, on the other hand, exercising decreases and
slightly increases the velocity magnitudes of the secondary flow for the
young and middle-aged groups and the senior group, respectively. In
Fig. 6, we probe into the patterns of the secondary flow for the carotid
C2. Trends similar to those observed for the carotid Cl are observed for
different age groups with and without exercise. One difference is that
the velocity magnitude of the secondary flow is larger for people having
exercised at the es instant for the carotid C2, which is not observed for
the carotid C1. Generally, it is noticed that such variations in the velocity
magnitudes of the secondary flow are consistent with the corresponding
variations of the inflow waveform as for the axial velocity. As for the
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FIG. 7. Streamlines of the secondary flow on contours of the streamwise vorticity for the carotid C1 under exercise and sedentary conditions for the young, middle-aged, and
senior groups, at the acceleration (a), peak systole (b), deceleration (c), end systole (d), peak diastole (e), and end diastole (f), six moments. Legend of contour: streamwise

vorticity (1/s).
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structures of the secondary flow, the large-scale patterns from the people
having exercised, which are similar to those observed in the literature
for the same carotid but under a different inflow waveform,” are
approximately the same with sedentary people with minor differences
on the small-scale patterns for the carotid C1. For the carotid C2, the
comparison is complex—the overall structures are similar to each other
for the exercise and sedentary groups at the ac, ps, es, pd, and ed
instants, while they are different from each other at the dec instant.
Here, we examine the streamlines of the secondary flow and the
streamwise vorticity. In Fig. 7, we examine the results from the carotid
Cl1. At the ac instant, it is observed that the streamlines of the second-
ary flow are from one side of the blood vessel to the other with simple
patterns. Regions with high vorticity magnitude of stripe-shape are
located near the wall of the blood vessel on the other two sides. The
vorticity magnitude decreases from young to middle-aged and senior
groups. Exercising does not change the vorticity magnitude and
streamlines in an obvious way. At the ps instant, the patterns of the
streamlines and streamwise vorticity become complex with high mag-
nitudes of streamwise vorticity appearing in the middle of the three
cross sections. Identical to the ac instant, the vorticity magnitude
decreases with age at the ps instant. Exercise increases the magnitude
of the streamwise vorticity at the ps instant for different age groups.
Exercise also changes the streamline pattern for the middle-aged group
at this instant, which is different from the other groups. At the dec
instant, the streamlines with clear dean-type vortices become more
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complex than those at the ps instant; that the flow structure is more
complex in the deceleration phase is consistent with that reported in
the literature.””* Slight increases in the vorticity magnitude are
observed for people having exercised for the middle-aged and senior
groups. Differences between exercise and sedentary groups are
observed on the small-scale patterns at I1 slices especially for the
young group. At the es instant, the overall flow patterns with dean-
type vortices at the I3 slices are similar to those at the dec instant, but
with significantly lower vorticity magnitudes. Exercising is observed to
decrease the vorticity magnitude for the middle-aged groups. The flow
patterns are very close to each other for people with/without exercise
for the senior group. At the pd instant, the overall flow patterns are
similar to those at the es instant. The magnitudes of negative vorticity
are observed to be higher in certain regions for sedentary people for
the middle-aged and senior groups. At the ed instant, similar flow pat-
terns are observed. Exercising slightly decreases the magnitudes of the
negative vorticity for the young and middle-aged groups.

The results from the carotid C2 are shown in Fig. 8. The stream-
lines and the contours of the streamwise vorticity are simple at the ac
instant, and become complex at later instants. Overall, the effects of
age and exercising are similar to those for the carotid CI: (1) the vor-
ticity magnitudes in general decrease with age at the ac, ps, and dec
instants and (2) exercising increases/slightly decreases the vorticity
magnitudes at certain instants for certain age groups, e.g., the ps
instant for all age groups and the dec instant of the middle-aged and
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FIG. 8. Streamlines of the secondary flow on contours of the streamwise vorticity for the carotid C2 under exercise and sedentary conditions for the young, middle-aged, and
senior groups, at the acceleration (a), peak systole (b), deceleration (c), end systole (d), peak diastole (e), and end diastole (f), six moments. Legend of contour: streamwise

vorticity (1/s).
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senior groups for those with increase effect, and the pd instant for the
senior group and the ed instant for the young group for those with
decreased effect. One significant difference is observed at the dec
instant, at which exercising not only changes the vorticity magnitudes
but also the flow structures especially for the young group.

After comparing the flow structures for different groups at the
three slices, we now examine the three-dimensional flow structures
identified using the Q criterion in Fig. 9 for carotid C1. It is observed
that coherent flow structures start to appear at the ac instant. At the ps
and dec instants, the vortex structures of the exercise group are
observed to be more complicated than those of the sedentary group.
Among them, at the ps instant, the elongated vortex structures of tubu-
lar shape from the exercise group are more coherent than the sedentary
group. At the dec instant, the vortex structures become fairly complex
for people who exercised in the young and middle-aged groups, which
remain tubular shaped for the senior group. At the es instant, vortex
structures of tubular shape are observed from CCA to ICA in the
carotid artery. The tubular structure of the exercise group is thinner for
the middle-aged and sedentary groups. At the pd instant, two long
tubular-shape structures are observed for the exercise people in the
middle-aged group, which are mostly connected as one for the seden-
tary people in the same group and the people in the young group. At
the ed instant, the vortex structures from the exercise people in the
young and middle-aged groups are of two long tubular-shape, which
are connected for the sedentary people in the same group.
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The vortex structures from the carotid C2 are shown in Fig. 10.
Similar to the carotid Cl, having exercised enhances the coherence of
the flow structures at the ps instant for all age groups, and introduces
small-scale structures at the dec instant for the young and middle-
aged groups. At the pd instant, the vortex structures from the
sedentary people seem to be more complex than the people having
exercised. At the ed instant, the vortex structures from the people
with/without having exercise are fairly similar to each other.

After showing the flow structures within the carotid, here we
examine the wall shear stress of three age groups of people with/
without exercise. First, we show the results from the simulation of
carotid Cl1 in Fig. 11. At the ac instant, it is observed that the area of
the brown covered surfaces located over the sinus with relatively low
wall shear stress is larger for the sedentary group, and increases with
age. It is also observed that the region with low wall shear stress is
larger for the sedentary people when compared with people having
exercised. At the ps and dec instants, the areas of the blood vessel sur-
face with low wall shear stress (red and brown) from the exercised
people and sedentary people are observed to be similar to each other
for each age group. At the es instant, on the other hand, the areas with
low wall shear stress are larger for people having exercised, especially
for the middle-aged and senior groups. At the pd instant, the brown
and red regions with low wall shear stress are approximately the same
for people with/without exercise for each group, and increases with
age. At the ed instant, it is observed that the red region with low wall

e @pd ()

/8

FIG. 9. Vortex structures identified using the Q criterion from the carotid C1 for young, middle-aged, and senior groups under exercise or sedentary conditions at acceleration
(a), peak systole (b), deceleration (c), end systole (d), peak diastole (e), and end diastole (f). Legend of contour: velocity magnitude (m/s).
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FIG. 10. The vortex structures identified using the Q criterion from the carotid C2 for young, middle-aged, and senior groups under exercise or sedentary conditions at acceler-
ation (a), peak systole (b), deceleration (c), end systole (d), peak diastole (e), and end diastole (f). Legend of contour: velocity magnitude (m/s).

shear stress is approximately the same for different groups of different
ages with/without exercise (Fig. 11).

The wall shear stresses from the carotid C2 for different
groups are shown in Fig. 12. Similar to those observed on the
carotid CI, the areas of the region with low wall shear stress (red)
are slightly larger for the sedentary people when compared with
the people having exercised at the ac instant. However, such a low
wall shear stress region at the ac instant does not increase signifi-
cantly with age, different from those observed on the carotid CI.
At the ps instant, it is observed that exercising does not alter the
area of the region with low wall shear stress for the young group,
which, on the other hand, is slightly decreased (in the CCA)
because of exercise for the middle-aged and senior groups. At the
dec instant, the areas of the region with low wall shear stress (red)
are approximately the same for different groups with/without exer-
cise. At the es instant, exercising decreases the area with low wall
shear stress (red) in the carotid sinus for the young group, which is
slightly increased because of exercise for the middle-aged and
senior groups. At the pd instant, the regions with low wall shear
stress (red) are approximately the same with each other for groups
of different ages with/without having exercise. At the ed instant, it
is observed that exercising slightly increases the region with low
wall shear stress (in CCA) for the young and middle-aged groups,
which is decreased for the senior group.

After examining wall shear stresses at different instants, here we
compare the OSI from different groups in Fig. 13, which is defined as

follows:
T
J rwdt‘
0

SETE. 3
J o, |dt
0

OSI= |1

where 1, is the wall shear stress vector and T is the period of the car-
diac cycle. For carotid Cl, it is observed that exercising slightly
increases OSI values for different age groups. For different ages, the
OSI values of the senior groups are found to be lower than those of the
young and middle-aged groups. For carotid C2, the OSI values are
approximately the same for groups of different ages with/without
exercise.

One important flow feature observed in the carotid sinus is the
reversed flow as shown in Figs. 3 and 4. Such reversed flow structures
can increase the residence time of low-density lipoprotein particles in
the carotid sinus, which play an important role in the formation of
atherosclerosis plaques. The reversed flow ratio was examined by
Chen et al.* for different carotid geometries. Here, we examine how
different inflow waveforms affect the reversed flow in the carotid sinus
by plotting the reversed flow volume at the three slices. The results
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FIG. 11. Wall shear stress of the carotid artery model C1 under exercise and sedentary conditions for young, middle-aged, and senior groups at acceleration (a), peak systole

(b), deceleration (c), end systole (d), peak diastole (e), and end diastole (f).

from the carotid C1 are shown in Fig. 14. As seen, on the I1 cross sec-
tion, only the young group with exercise shows reversed flow at a very
low flow volume at the order of 10~* ml. At the 12 cross section, which
is located in the middle of the carotid sinus, reversed flow volume of
the order of 1072 is observed. With increase in age, the reversed flow
volume gradually decreases for people having exercised. For sedentary
people, on the other hand, the reversed flow volumes are comparable
with each other for different ages. For the young group, exercising
increases the reversed flow volume from 0.0094 to 0.0165 ml. For the
middle-aged group, the reversed flow volumes are approximately
the same for people with/without exercise (0.0115 vs 0.0105 ml). For
the senior group, on the other hand, exercising decreases the reversed
flow volume from 0.008 to 0.005ml at the 12 cross section. At the I3
cross section, which is located close to the bifurcation, the reversed
flow volumes are observed to be larger than those at the 12 section.
Different from I2 section, it is seen that exercising does not increase
the reversed flow volume significantly (0.0136 vs 0.0125ml) for the
young group, while it decreases the reversed flow volume from 0.0177
to 0.0145ml and the 0.0107 to 0.0071ml, for the middle-aged and
senior groups, respectively.

We then examine the reversed flow volumes for the carotid C2 as
shown in Fig. 15. Similar to carotid C1, the reversed flow volumes are
insignificant at the I1 section, located at the downstream end of the

carotid sinus. At the other two sections, it is observed that the reversed
flow volume of the carotid C2 is much greater than that of C1. When
comparing the reversed flow volume at different locations, it is seen
that the reversed flow volumes at the I3 section are significantly higher
(~5 times) than those at the 12 section. With age, the reversed flow
volume gradually decreases for both 12 and I3 sections, which is quite
different from the carotid Cl1, for which monotonous trends are not
observed.

IV. CONCLUSIONS

Blood flow plays an important role in the formation of athero-
sclerosis plaques in the carotid. Many factors, such as the carotid
geometry and inflow waveforms, affect the dynamics of blood flow.
The carotid geometries are very different for different individuals.
Previous studies have indicated that carotids with high flare and low
proximal curvature are prone to atherosclerosis. The inflow waveforms
change with age and are affected by exercise habits. In this work, we
investigate how different inflow waveforms from people of different
ages with/without exercise affect the flow patterns in two different car-
otids with different flares and proximal curvatures, i.e., the carotid C1
with low flare and high curvature and the carotid C2 with high flare
and low curvature. The geometry of the carotid is simulated using the
curvilinear immersed boundary method. The inflow waveforms from
three age groups with/without exercise are examined.
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FIG. 12. Wall shear stress of the carotid artery model C2 under exercise and sedentary conditions for young, middle-aged, and senior groups at acceleration (a), peak systole

(b), deceleration (c), end systole (d), peak diastole (€), and end diastole (f).

The characteristics of the flow patterns are examined. The
simulation results show that the effects of inflow waveforms are
different at different time instants and for different age groups. At
the ps instant, exercising increases the axial velocity, the velocity

magnitude of the secondary flow, and the magnitude of the
streamwise vorticity for all age groups. At the dec instant, the
effects of exercise on the above flow quantities are insignificant for
the young groups, which, on the other hand, are enhanced for the
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FIG. 13. Contours of oscillatory shear index (OSI) for carotids C1 and C2 for the young, middle-aged, and senior groups under exercise (ex.) or sedentary (se.) conditions.
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FIG. 14. Reversed flow volumes at the three slices |1, 12, and I3 for the carotid C1 for young, middle-aged, and senior groups under exercise and sedentary conditions.

senior group. At the es instant, exercising slightly decreases the
magnitude of the axial velocity for the young and middle-aged
groups for the carotid CI, which is insignificant for the senior
group and different age groups of the carotid C2. As for the sec-
ondary flow, exercising decreases its velocity magnitude in the
middle of the sinus at the es instant for the middle-aged and senior
groups, which are not affected (carotid C1) or increased (carotid
C2) for the young group. At the pd and ed instants, exercising
increases the velocity magnitude of the axial flow and the second-
ary flow for the senior group, which is not observed in the young
and middle-aged people. When aging, the magnitudes of the above
flow quantities monotonously decrease at the ac, ps, and dec
instants, which are insignificant for the other considered instants.
The overall flow structures are similar to each other for different
inflow waveforms for the same carotid, but show differences in the
small-scale structures especially at the dec instant for young and
middle-aged people for carotid C2. In general, it is observed that
variations in flow characteristics are consistent with variations of
the inflow waveforms. This indicates the possibility that we can
reconstruct the flow structures for different inflow waveforms
using the data from a baseline case.

The effects of the inflow waveforms on the wall shear stress are
examined. The simulation results from the carotid C1 show that
exercising decreases the area of the region with low wall shear stress at
the ac instant for all age groups while increases it at the es instant for
people having exercised, especially for the middle-aged and senior
groups. For the carotid C2, it is observed that exercising decreases the
area with low wall shear stress at the es instant for young people, while
the changes are minor for other instants. For the middle-aged and

11

senior people, the effects of exercise on the area with low wall shear
stress are insignificant for all considered instants for the carotid C2.
The effects of inflow waveforms on the oscillatory shear index (OSI)
are examined as well. It is observed that aging gradually decreases the
OSI values for the carotid C1, which, on the other hand, is insignificant
for carotid C2. Exercise is observed to have very minor effects on the
location and area of the region with significant OSI values. The
reversed flow volumes from different age groups with/without exercise
are compared as well. The simulation results from the carotid C1 show
that exercising increases the reversed flow volume in the carotid sinus
for the young group and decreases it for the senior group. For the
middle-aged group, the reversed flow volume is slightly increased in
the middle of the carotid sinus because of exercise, while it is decreased
near the bifurcation location. For the carotid C2, the simulation results
show that exercising increases the reversed flow volume for all ages,
which gradually decreases when aging. It is also noticed that the
reversed flow volume from the carotid C2 is several times larger than
the carotid Cl.

Overall, the effects of exercising on the dynamics of flows in
human carotid are found to be different at different instants and differ-
ent for different carotids. It suggests that evaluation of the effects of
exercise on the initiation and formation of atherosclerosis has to be
carried out considering the patient-specific geometries and their age.
This work has focused on the effects of different inflow waveforms on
the hemodynamics of human carotids. Further studies are needed to
analyze how these flow characteristics are related to the pathogenesis
of atherosclerosis. For the current findings to become helpful for the
diagnosis, prevention, and surgery of atherosclerosis, the computa-
tional carotid hemodynamics has to be coupled with the physiological
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and chemical process happening at the cellular scale, which will be car-
ried out in the future work. The other limitation of the current study is
the employed Newtonian fluid assumption, which will be examined in
our future study.
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