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ArepockiiepoTrdeckre 3a001eBaHNs, TAKUE KaK aTepPOCKIEPO3 COHHOM apTepuH U XpOHWYECKUE OOJIC3HH
MOYEK, SIBISIOTCS OCHOBHBIMH IMPUYMHAMH CMEPTH BO BCeM MHpe. BO3ZHUKHOBEHHE TaKUX aTepoCKIEPOTHUECKUX
Gone3Helt B apTepHax 3aBUCHUT OT CIOKHOW JMHAMHUKH KPOBOTOKA M Psiia TEMOJMHAMUYECKHX IMapaMeTpoB. ATe-
POCKIIEpO3 TIOYEYHBIX apTepPHi MPUBOANUT K YMEHBIICHUIO apTepHaTbHON 3(P(PEKTUBHOCTH M B KOHEYHOM CUETE
NPUBOIUT K ITOYEYHOW apTepuasibHOl runepreH3un. B naHHOW pabore Jenaercst MOMbITKA OMPENSNUTh JIOKa-
JM3AIHI0 aTePOCKIICPOTHUECKON OJISIIKK B OPIOIIHOI aopTe 4eIoBeKa B OKPECTHOCTH COEAMHEHUS C IMOYEYHON
apTepureil ¢ UCTIONB30BAHNEM CPEICTB BEIYUCIUTENbHON TuapoauHamMuku (CFD).

Ob6macTy, TOBEPKEHHBIE aTePOCKIIEPO3y, B MICATU3UPOBAHHOM COCIUHEHUHU OPIOIIHOW aOpTHI W IOYeU-
HOW apTepHH YeJIOBEeKa OMPEICIIOTCS B PE3yJIbTaTe BHIYUCICHUH HEKOTOPHIX TEMOIMHAMUYECKHUX TOKa3aTeeH.
[Ipu BEIYMCIICHUSAX UCTIONB3YETCSl TOUHASI PEOJIOTHYEcKasi MOJIeNIb KPOBH YeJIOBeKa, Ipe/ulokeHHas Yeleswarapu.
KpoBOTOK BBIUHCISIETCSI B TPEXMEPHOW MOJIEIBHOW 00NAcTH COCJMHEHUS apTepHil ¢ MCIIOIb30BaHUEM IaKeTa
ANSYS FLUENT v18.2.

BrruncrieHHbIe TEMOJMHAMHYECKHE TOKA3aTeNN TPEICTABISAIOT COOOH CpemHee 3HAYCHHWE HaNpsDKEHHS
capura Ha cTeHke cocyna (AWSS), xonebarensHblil caBurosslil naaeke (OSI) n oTHOCHTENEHOE BpeMs 3aAE€PIKKA
(RRT). MonenupoBanue mynascupytomiero teuenus (f = 1.25 T'u, Re = 1000) nokaspiBaet, 4To Majioe 3HaUYCHHUE
AWSS u Boicokmit mHACKC OSI BO3HUKAOT B 00NACTSAX MOYECYHOW apTepPHH BHU3 110 TCUCHHIO OT COCIHHCHHUS
U B HH(papeHAITLHOM OTHele OPIONIHON aopThl BONU3U coequHeHus. Beicokuit RRT, KoTOpHIi sSBIsSCTCS OTHOCH-
TEJHHBIM MHIEKCOM M 3aBUCUT Kak oT AWSS, tak u OSI, xak moka3aHo B TaHHOW paboTe, COUETAETCS C HU3KUM
AWSS u Beicoknm OSI B KpaHHAJIBFHON YacTH MOBEPXHOCTH IMOYEYHON apTepHH, MPOKCHUMAIBHON OKOJIO COEeNTH-
HEHHS W Ha JIaTEpaJbHOM MOBEPXHOCTH BOMM3M OMpypKary OpPrONTHONH a0PTHI: 3TO YKA3bIBAET, YTO 3TH 00IACTH
HanOoJiee BCETo MO/IBEPKEHBI aTepOCKIepo3y. Pe3ynbraTsl KaueCTBEHHO COOTBETCTBYIOT JINTEPATYPHBIM JIaHHBIM.
OHM MOTYT CIIy’)KUTh HayaJIbHBIM 3TAllOM HCCIEJOBAaHMNA U HIUIIOCTPUPOBATH MOJNb3Y CPEACTB BBIYMCIUTEIBHON
runponuHamMukn (CFD) ams ompeneneHust MECTOIIOIOKEHUS aTePOCKICPOTHIECKON OIISIIIKH.

KitroueBbie croBa: OpromiHas aopra, aTepoCKIepo3, TEMOJMHAMUYCCKUE [MOKA3aTeNd, MOYeyHasi apTepus,
Mozenb Yeleswarapu
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Atherosclerotic diseases such as carotid artery diseases (CAD) and chronic kidney diseases (CKD) are the
major causes of death worldwide. The onset of these atherosclerotic diseases in the arteries are governed by
complex blood flow dynamics and hemodynamic parameters. Atherosclerosis in renal arteries leads to reduction
in arterial efficiency, which ultimately leads to Reno-vascular hypertension. This work attempts to identify the
localization of atherosclerotic plaque in human abdominal aorta — renal artery junction using Computational
fluid dynamics (CFD).

The atherosclerosis prone regions in an idealized human abdominal aorta-renal artery junction are identified
by calculating relevant hemodynamic indicators from computational simulations using the rheologically accurate
shear-thinning Yeleswarapu model for human blood. Blood flow is numerically simulated in a 3-D model of the
artery junction using ANSYS FLUENT v18.2.

Hemodynamic indicators calculated are average wall shear stress (AWSS), oscillatory shear index (OSI),
and relative residence time (RRT). Simulations of pulsatile flow (f = 1.25 Hz, Re = 1000) show that low AWSS,
and high OSI manifest in the regions of renal artery downstream of the junction and on the infrarenal section of
the abdominal aorta lateral to the junction. High RRT, which is a relative index and dependent on AWSS and
OS], is found to overlap with the low AWSS and high OSI at the cranial surface of renal artery proximal to the
junction and on the surface of the abdominal aorta lateral to the bifurcation: this indicates that these regions of
the junction are prone to atherosclerosis. The results match qualitatively with the findings reported in literature
and serve as initial step to illustrate utility of CFD for the location of atherosclerotic plaque.
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1. Introduction

Atherosclerotic plaques form specifically at complex regions of the vasculature such as
bifurcations, curvatures and branches [Zarins et al., 1983]. The localization of plaques in these regions
is due to the non-axial streamlines and low wall shear stresses (WSS). Initially it was not clear whether
high or low shear stresses were the main contributors to atherosclerotic plaque formation. One theory
suggested that high WSS was responsible for atherosclerosis [Fry, 1969]. On the other hand, another
theory proposed that the regions of artery wall where the WSS was low, and the velocities were reduced
(like recirculation zones), were prone to the development of atheromas [Caro et al., 1971] because
the residence time for the blood constituents was longer and allowed their adhesion and penetration
into the endothelium wall. Subsequent studies (beginning with [Zarins et al., 1983]) proved that low
WSS led to the atherogenic phenotype and subsequent pathological response, and that high WSS was
actually athero-protective. Apart from the magnitude of WSS, flow reversal — which results from the
unsteadiness of blood flow — is a key factor responsible for atherosclerosis [Ku et al., 1985]. Variation
of local WSS (large stress gradients), flow reversal, and flow separation are generally experienced at
branch sites and regions of curvature making them atherosclerosis prone areas. It is essential to use an
accurate rheological model for blood in order to accurately predict the WSS during blood flow.

Blood is a heterogeneous fluid, consisting of multiple constituents namely erythrocytes,
thrombocytes, and leukocytes suspended in an aqueous medium called plasma. Though the plasma
is Newtonian, blood as a whole displays non-Newtonian rheology. This is because the erythrocytes
aggregate at low shear rates and form rouleaux. These rouleaux disaggregate as the shear rate increases,
thereby reducing the viscosity of blood [Chien et al., 1967; Chien et al., 1990]. This phenomenon gives
rise to the shear-thinning (non-Newtonian) behavior of blood. In the past CFD analysis of blood flow
in arterial junction was carried out assuming the fluid was Newtonian [Miranda et al., 2008] since the
shear rate was high. This assumption neglected the fact that regions of low shear rates were present at
curvatures and bends in arteries. Recently, generalized Newtonian models were implemented to capture
the shear thinning effects for blood flow in junctions: these include the Carreau — Yasuda model [Matos,
Oliveira, 2013], the Power law model [Poole et al., 2013] and the Casson model [Lou, Yang, 1993].
The present work studies the effect of non-Newtonian shear thinning viscosity using the 3-Dimensional
(3D) frame invariant model for blood proposed by Yeleswarapu et al. [ Yeleswarapu et al., 1998]. This
model is henceforth referred to as Yeleswarapu model: it has a function specifically fitted to shear
thinning viscosity data of human blood over a range of 0.05 s~! to 600 s~!. In this study the model
is used to evaluate the hemodynamic indicators relevant to atherosclerosis (AWSS, OSI, RRT) in an
idealized 3D arterial junction whose dimensions are those of human abdominal aorta — renal artery.

The shear-thinning Yeleswarapu model has been used in steady state and pulsatile flow
simulations in 2-D geometries [Cho et al., 1991; Nandakumar et al., 2015], but only recently in CFD
simulations in 3D reconstructions of arterial formations in the human vasculature [Nookala, 2017].
In [Ameenuddin, Anand, 2018] the shear-thinning Yeleswarapu model was used in a validated CFD
procedure to study the variation of recirculation during steady flow at the abdominal aorta-renal artery
junction. This revealed regions of recirculation at the upper surface of the renal artery proximal to the
junction, and in the abdominal aorta lateral to the junction. However, while those results are a pointer to
regions prone to atherosclerosis, conclusions can be made with certainity only when the hemodynamic
indicators for atherosclerosis are calculated in the abdominal aorta-renal artery geometry. In this study,
we calculated these hemodynamic indicators to confirm the locations of atherosclerotic plaque deposits
in the idealized human abdominal aorta-renal artery junction.

In this article the problem is formulated in section 2: the flow geometry is described, and the
model is introduced along with the balance equations and numerical scheme. Sections 3 and 4 contain
the results and discussion respectively. Conclusions from this work and limitations and extensions are
provided in section 5.
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2. Methodology

In this section, the method to quantify the hemodynamic factors that correlate with atherosclerotic
phenotype (such as wall shear stress (WSS), time-averaged wall shear stress (AWSS), oscillatory shear
index (OSI) [Ku et al., 1985], and relative residence time (RRT) [Himburg et al., 2004]) is detailed
for blood flow in a 3D model of the human abdominal aorta-renal artery junction. The numerical
simulations are carried out in commercial CFD software ANSYS v18.2.

2.1. Geometry

A symmetric 3D arterial junction is created to model the human abdominal aorta-renal artery
junction. The two renal branches are assumed to be symmetrically placed about the aortic axis and in
plane (which is one case out of many variations). The 3D isometric view of the geometry is given in
Figure 1. The diameter of the abdominal aorta (D) is taken as 0.02 m, and the diameter of the renal
artery (d) is taken as 0.005 m: these dimensions are taken from clinical data [Saldarriage et al., 2008;
Yamamoto et al.,1996]. The renal artery and abdominal aorta are assumed to be perpendicular to each
other which is one of the possible configurations of the arterial junction.
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Figure 1. (a) 3D model of human abdominal aorta — renal artery junction in isometric view. (b) Mesh generated
near the junction

2.2. Governing Equations

The governing equations used in the simulations are those of balance of mass and momentum
for unsteady, incompressible and isothermal flow, and are given below. Mass balance is given by

div(v) = 0. )]
And Momentum Balance is given by
.= ov
div(T) + pg = ,o[E + (Vv)v]. @)
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Where v is the velocity, and T is the Cauchy stress Tensor. T is given by
T=-pl+ ,u()'/)[VV + (VV)T]. 3)

Where 1 is the unit tensor and y is the dynamic viscosity which is a function of shear rate . The
shear rate, y, is given by
1 1
y= [Etr[Vv ¥ (VV)T]Z]Z. )
The shear-thinning behavior of blood is modelled using a function for the dynamic viscosity
given in [Yeleswarapu et al., 1998] as

1+ n(1+ Aj/)]

1+ Ay )

p(¥) = neo + (0 = neo)[

Here the parameter A = 14.81 s is the shear thinning index, ny = 0.0736 Pa s is the apparent
viscosity as ¥ — 0, and 1, = 0.005 Pa s is the apparent viscosity as y — oo.

The function in equation (5) approximates human blood viscosity over a very large range of shear
rates compared to other Generalized Newtonian models. Thus, the Yeleswarapu model is a straight fit
of viscosity-shear rate data, and it has been experimentally proved to give good results for blood
flow in rigid walled pipes [Yeleswarapu et al., 1998]. The Yeleswarapu model needs three parameters
(10, N> A) which are blood specific, whereas the other non-Newtonian models mentioned in literature
do not have constants that are specifically fitted for blood (but these models can be used if such
blood-specific constants are specified: see [Cho et al., 1991]).

The pulsatile flow is simulated by imposing a pulsatile inlet velocity boundary condition (see
[Nookala, 2017]) given by

v = V(1 + 0.1sin(2xf.1)). (6)

Here f is the frequency of the pulse, which is selected as 1.25 Hz (the same as the cardiac frequency).

2.3. Boundary and Initial Conditions

At inlet: Uniform inlet velocity normal to the inlet boundary (v = 0.24 m/s, corresponding to
Re = 1000) is imposed for steady and pulsatile flow successively.
At artery walls: No slip boundary condition is used (v = 0).
At outlet of arteries: Outflow boundary condition with 72.4% of inflow to abdominal aorta exit and
27.6% to renal artery outlet [Barrett et al., 2009; Ameenuddin, Anand, 2018].

2.4. Numerical Scheme

The numerical simulations of blood flow are carried out using ANSYS FLUENT (v18.2) that
implements finite volume based solver. The 3D pressure-based solver for laminar flow is used. Constant
density p = 1050 kg/m? is used. Shear-thinning viscosity from Yeleswarapu model (equation 5) is
implemented using User-Defined Function (UDF) which is given in [13]. SIMPLE scheme is used to
solve pressure velocity decoupled equations. QUICK scheme is used to discretize convective terms of
momentum equation. Simulations are run on a 12-core 3.47GHz workstation (Make: FUJITSU, R-670
Celsius 2012). Inbuilt parallel computation is used to solve simulations faster and reduce the. The
results for pulsatile flow are reported after three complete cycles (77 = 3 X 0.8 s) for f = 1.25 Hz
and Re = 1000. It is verified that the results for hemodynamic indicators are independent of the cycle
number. CPU time CPU time is 29 hours for 3 cycles of pulsatile flow.

2019, T. 11, Ne 4, C. 695-706
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2.5. Grid Independence

A grid independence test on the idealized arterial junction is carried out to ensure the solution is
not dependent on the mesh size (for reference see [Ameenuddin, Anand, 2018]). The simulations are
carried out on 1.2 million mesh with minimum grid spacing of 0.002 cm along the arterial wall.

2.6. Hemodynamic Indicators

The major hemodynamic factors relevant to atherosclerosis that are encountered in pulsatile
flow are averaged wall shear stress (AWSS), oscillatory shear index (OSI), and relative residence time
(RRT). These factors are defined in [Ku et al., 1985; Himburg et al., 2004], and their definitions are
repeated here for the sake of completeness.

Time averaged wall shear stress,

T
1
AWSS = T fl?wldt . (7)
0
Oscillatory shear index,
T
[Tadt
0S1=05[1-2 )
[ Fwldt
0
Relative residence time,
1
RRT €)

T AWSS(1-20S1)

In the above three equation 7, refers to instantaneous wall shear stress, and T refers to the cycle time
(= 0.8 sec in this study).

3. Results

The computaional method was validated in two stages: (a) validation of UDF by simulating
flow of porcine blood in 0.25 inch diameter pipe (see [Ameenuddin, Anand, 2018] for results), and
(b) validation of the CFD method for flow in arterial junction (see [Ameenuddin, Anand, 2018] for
results). Since the validation was successful , we were able to proceed with confidence to obtain the
hemodynamic indicators.

3.1. Hemodynamic indicators

3.1.1. WSS Distribution. The importance of using an accurate non Newtonian model rather than
simulating using a Newtonian model is shown in Figures 2, b, c. The percentage difference in WSS
between non-Newtonian and Newtonian models is reported on the mid-line on the renal artery wall
(cranial side) shown in Figure 2, a. The percentage error in prediction of WSS in the renal artery is
shown for different abdominal aorta diameters in Figure 2, b, and for different renal artery diameters
in Figure 2, c: this is done to assess the effect of geometry on the error. Theconsidered dimensions of
the two arteries lie within the standard deviation reported in literature: Abdominal diamter ~ 1-3 cm &
Renal artery ~ 4-6 mm. We see maximum difference varying from 17.5% to 19% between the WSS
predictions of Newtonian and non-Newtonian model when the abdominal aorta diameter is varied. We
see maximum difference varying from 9% to 43% between the WSS predictions of Newtonian and
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Figure 2. % variation in prediction of WSS between Newtonian and non-Newtonian model: a) line location on
the arterial junction; b) varying abdominal aorta diameter and fixed renal artery diameter; ¢) varying renal artery

diameter and fixed abdominal aorta diameter
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Figure 3. Time averaged wall shear stress (AWSS in Pa) distribution for 3 cycles (a) front, (b) back and (c) top
view of abdominal aorta — renal artery junction (7' = 3 X 0.8 s)

non-Newtonian model when the renal artery diameter is varied. Figure 3 shows the AWSS distribution
for the third cardiac cycle during pulsatile flow simulations of the shear-thinning Yeleswarapu model.
Low AWSS is known to favor atherosclerosis [Malek et al., 1999]: this can be seen on the wall of
the abdominal aorta lateral to the junction and on the upper surface of the renal artery proximal to the
junction.

3.1.2. OSI and RRT. The OSI is a measure of the variation of the shear stress direction during

the cardiac cycle (see [Ku et al., 1985]). OSI is zero, when the instantaneous shear stress vector is
T

collinear with the time average shear vector. The max OSI = 0.5, when f T,, = 0. The regions displaying

high OSI are most susceptible to formation of atherosclerotic lesions.OThis is because the endothelial
cells elongate and align in the direction of primary flow: on the other hand, in high OSI regions the
endothelial cells do not align and have greater intercellular gaps leading to greater permeability for
lipids. Figure 4 shows OSI > 0.3 in a large area at the entrance of the renal artery and on the lateral
walls of the abdominal aorta at the end of the cardiac cycle. However, high OSI alone is not a pointer
to plaque formation: regions where both high OSI and low AWSS overlap have higher probability
of plaque formation than regions which satisfy only one of these criteria. Though the OSI gives
a better clue to the possible regions of plaque deposition, it is insensitive to shear magnitude [Himburg
et al., 2004], and hence an accurate indicator for atherosclerosis can be derived only by combining it
with AWSS. It is well accepted that the plaque formation depends on the residence time of the lipid
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Figure 4. Oscillatory shear index (OSI) distribution for 3 cycles (a) front, (b) back and (¢) top view of abdominal
aorta — renal artery junction (7' =3 X 0.8 s)

molecules at a given endothelium location. To assess this variable, an indicator called relative residence
time (RRT) was introduced in [Himburg et al., 2004]. It is relative because all the particles are moving
and have zero residence time. The RRT indicator combines the effects of OSI and AWSS as seen in
equation (9), and is reported for the arterial junction in Figure 5. Regions where high RRT, high OSI,
and low AWSS overlap have the highest probability of plaque deposits and growth. Comparing Figures
3, 4, and 5, the regions which have maximum probability of plaque formation are the upper surface of
the renal artery proximal to the junction and the wall of the abdominal aorta lateral to the junction.

4. Discussion

It is well documented that low WSS and flow reversals play important role in the genesis and
progression of atherosclerosis. Calculation of AWSS, OSI and RRT values using CFD is a useful
method to identify regions prone to atherosclerosis. In this study we use this method to analyze flow
in an idealized human abdominal aorta-renal artery junction; CFD Simulations were performed for
steady and pulsatile flow for a non-Newtonian shear-thinning model of blood in a 3D arterial junction.
The geometry was assigned the exact dimensions of the human abdominal aorta-renal artery junction as
given in the clinical literature. We calculated the hemodynamic indicators relevant for atherosclerosis —
AWSS, OSI, and RRT — in this junction, so as to identify the location with highest probability for
plaque formation.
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Figure 5. Relative residence time (RRT) distribution for 3 cycles (a) front, (b) back and (c) top view of abdominal
aorta — renal artery junction (7' =3 X 0.8 s)

The flow simulations of the non-Newtonian and Newtonian models showed a maximum of
19% error when the abdominal aorta diameter is varied, and 43% maximum error when the renal
artery diameter is varied. The possible extent of error in results showed the importance of using an
appropriate shear thinning model to calculate hemodynamic indicators for atherosclerosis, and this was
achieved by using the shear-thinning Yeleswarapu model. Further, the variation of % difference with
change in diameter of the renal artery! showed the importance of obtaining accurate arterial dimensions
(especially for the renal artery) for patient-specific CFD simulations.

The regions of high OSI and low AWSS were observed in the regions of renal artery and
abdominal aorta, but they did not always collocate. RRT is a better hemodynamic indicator for
identifying possible locations of atherosclerosis. Examination of the above hemodynamic indicators
showed that the probability of atherosclerosis was highest in the wall of infrarenal section of abdominal
aorta lateral to the junction, and in the cranial surface of renal artery proximal to the junction. Ku and
co-workers [Holenstein, Ku, 1988; Ku et al., 1989; Moore et al., 1992; Moore et al., 1994] observed
flow recirculations in the suprarenal section of abdominal aorta and secondary recirculation zone along
the posterior wall of the infrarenal abdominal aorta. Their findings conclude that plaque localization
occurs in the infrarenal section which match with our findings. Also our findings show recirculation
zone in the renal artery in addition to that in abdominal aorta, which is different from the findings of Ku
and co-workers. This is due to two reasons: higher Reynolds number flow and different angle of origin

! Variation in difference is much less for change in abdominal aorta diameters.
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(see [Ameenuddin, Anand, 2018] for the effects of angle and Reynolds number on flow recirculation
length).

5. Conclusion

In this work, the hemodynamic indicators for atherosclerosis were calculated to identify the
possible locations of atherosclerosis plaque in an idealized 3D human abdominal aorta — renal artery
junction. We found that the regions where the low AWSS, high OSI and high RRT overlap — which
are most susceptible to atherosclerotic plaque formation — are the cranial surface of the renal artery
proximal to the junction and the surface of abdominal aorta lateral to the junction. These locations are
consistent with our steady state analysis (given in [Ameenuddin, Anand, 2018] (see results for 6 = 0)),
and also match qualitatively with the experimental findings of Ku and co-workers for the regions of
recirculation and low WSS.

As limitations which need to be addressed to get more accurate prediction of the actual location of
atherosclerotic plaque at the junction. One possible extension is use of appropriate velocity waveforms:
we have used a sinusoid waveform which doesn’t account for the rapid changes in flow seen during
systole. Such extensions along with real geometries have been incorporated in the analysis by Sazonov
[Sazonov et al., 2017], and shown to have high potential for detecting locations of aortic aneurysms.
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