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Computational Hemodynamics in Human
Vasculature: A Review on Role of Rheology,
Multiphase Flow, and Fluid—Structure Interaction
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Abstract | Efficient and accurate computational model for blood flow
dynamics (hemodynamics), is essential for determining optimal treat-
ment strategy, diagnosis, and pathology identification of cardiovascular
diseases (CVDs). The focus of the present review paper is to discuss
on critical aspects of hemodynamics. Various numerical methods for
computational hemodynamics are examined—addressing three key
modeling choices. First, the relevance of non-Newtonian hemorheo-
logical models in varying vascular conditions is presented. Second, an
assessment of single-phase versus multiphase modeling’s validity, for
different arterial geometries, is presented. Lastly, investigation on the
impact of arterial wall elasticity on blood flow patterns is carried out and
a discussion on the necessity of fluid—structure interaction (FSI) model is
presented. By surveying diverse scenarios of blood flow modeling, pre-
sented in recent literature, it is observed that non-Newtonian behavior
significantly impacts severely stenosed arteries or those with low diame-
ters and Womersley numbers, while larger arteries exhibit characteristics
similar to Newtonian fluids. Differences between single-phase and mul-
tiphase modeling vary with arterial configurations, showcasing notable
particle migration effects in curved and branched arteries. Additionally,
arterial wall elasticity’s influence varies across scenarios—highlighting
the importance of FSI, particularly in diseased states. The article identi-
fies crucial areas for future research to enhance CFD-based hemody-
namic modeling, emphasizing the integration of multiphase simulation
with non-linear elastic arteries, considering surrounding tissue effects in
FSI, innovating patient-specific CAD geometries, and developing faster
computational techniques.

Keywords: Cardiovascular diseases, Computational fluid dynamics, Fluid-structure interaction, Non-
Newtonian

1 Introduction worldwide, claiming millions of lives annually.
Cardiovascular diseases (CVDs) encompass a  According to a recent survey by American Heart
range of conditions affecting the heart and blood  Association', CVDs account for nearly 18 million
vessels. They are a leading cause of mortality deaths each year—representing about 31% of all
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global deaths. Among these fatalities, Coronary
Artery Disease (CAD)??, stroke, heart failure, and
hypertensive heart disease are prevalent contribu-
tors. These statistics underscore the critical need
for innovative approaches in managing and pre-
venting CVDs.

Computational modeling of blood flow,
within the human vasculature has emerged as
a pivotal tool in modern medicine. It basically
involves a computer program-based solution of
governing physics-based mathematical model,
to obtain blood flow velocities and pressure at
numerous discrete locations and time instants
inside human vasculature. This technology offers
numerous advantages, which significantly impact
the diagnosis, treatment, and understanding of
cardiovascular conditions. One key advantage
lies in the realm of surgery planning, where com-
putational models can aid in selecting appropri-
ate implants.® The model involves simulation of
blood flow patterns and predicting the behavior
of various prosthetic devices within the vascu-
lar system’. This enables surgeons to personalize
treatments, optimizing the choice of implants for
individual patients and enhancing surgical out-
comes. Moreover, these models play a pivotal role
in the development of new diagnostic devices™”.
By simulating blood flow under various condi-
tions, researchers can design and test diagnostic
tools that accurately detect anomalies in circula-
tion—enabling earlier and more precise diagnosis
of cardiovascular issues. Understanding the pos-
sibility of plaque growth is another crucial aspect
facilitated by computational modeling. These
models simulate the flow of blood, highlighting
regions susceptible to plaque® accumulation®’.
This knowledge allows for better prediction of
potential blockages, aiding in preventive meas-
ures and targeted treatments to mitigate the risk
of arterial blockages and related complications.
Furthermore, computational models provide
insights into hemodynamics”®™"!, elucidating the
complex interplay between blood flow and vessel
structure. This understanding helps in predicting
potential complications post-surgery, optimizing
treatment strategies, and advancing our compre-
hension of cardiovascular physiology'%.

A Narrowing or blockage of the coronary arteries, which sup-
ply blood to the heart muscle.

B Tiny, expandable metal mesh tubes that are placed inside a
blocked artery during angioplasty.

€ Fatty deposit made up of cholesterol, cellular waste prod-
ucts, calcium, and fibrin, blocking blood flow in arteries.

D" Study of blood flow dynamics within animal vessels.

@ Springer a2

Computational fluid dynamics (CFD) for
modeling blood flow in human vasculature
involves several key steps". First, in the pre-
processing step, geometric reconstruction of the
vasculature is done using idealized geometries or
from medical imaging data like magnetic reso-
nance imaging (MRI)¥ or computed tomography
(CT) scans.” Thereafter, the geometry is meshed,
that involves subdividing the flow domain into
small elements for calculations. Boundary con-
ditions like blood pressure and flow rates are set
and governing fluid flow equations are solved
using numerical methods. Finally, in the post-
processing step, the results are analyzed to under-
stand blood flow patterns, pressure distributions,
and shear stresses within the vessels. The analysis
leads to crucial insights for medical interventions
and device design. Before delving further into
computational models along with their challenges
and current state of art, it is essential to under-
stand human vasculature and complexities which
may arise in defining the governing physics-based
mathematical model.

The human vasculature system comprises
arteries, veins, and capillaries—forming an
intricate network responsible for transporting
blood throughout the body, as shown in Fig. 1
(Chapter 2—Tu et al.'). Arteries carry oxygen-
ated blood away from the heart, branching into
smaller vessels called arterioles. On the other
hand, veins return de-oxygenated blood back to
the heart, with venules connecting to larger veins.
Vessels vary in diameter, from large arteries like
the aorta (2 cm) to tiny capillaries (10 um)'®, and
are crucial for nutrient exchange. The Reynolds
number Re,% which signifies the flow regime, var-
ies widely within the vasculature, ranging from
20 (arterioles) to 2000 (aorta) due to changes in
velocity and diameter. Arteries possess elasticity,
allowing them to expand and contract in response
to blood flow changes and maintain a steady cir-
culation. Further, blood is a complex fluid, com-
prising of plasma, red blood cells (RBCs), white
blood cells (WBCs), and platelets'S; as shown in
Fig. 2. Its behavior is challenging to model com-
putationally due to its non-Newtonian nature,

E Use of a strong magnetic field and radio waves to create
detailed images of the organs and tissues within the body.
MRI can help with viewing injuries, tumors, certain heart
problems, and more.

F Diagnostic imaging exam that uses X-ray technology to
produce images of the inside of the body.

G Non-dimensional flow parameter signifying ratio of iner-
tial to viscous forces. Calculated as Re = UD/v, where U is
characteristic flow velocity, D is artery diameter, and v is kin-
ematic viscosity of blood.
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Figure 2: Composition of human blood (modified from source: Zuzanna K. Filutowska,

).

exhibiting varying viscosity and flow properties
under different conditions. Moreover, accounting
for factors like the pulsatile nature of blood flow,
vessel compliance,” and the dynamic interaction
between blood and vessel walls adds complex-
ity to accurate computational modeling of blood
flow in these intricate networks. Achieving pre-
cise simulations necessitates sophisticated models
that consider these multifaceted characteristics.
The above discussion shows that there are
multiple physics (involving two-phase composi-
tion, flexibility of artery, elasticity of RBCs, and
shear-dependent viscosity’) which need to be
considered for computational solutions. After
the rapid development in computer hardware
and processing speed during recent decades,
CFD modeling for physiological flows (air flow
in respiratory system, blood flow in circulatory
system) has progressed to a large extent. Sum-
mary of literature survey on CFD studies for
blood flow modeling in human vasculature is pre-
sented in Table 1. The table shows that different
authors have worked on different arterial systems
with some assuming single phase, rigid walls,
and constant viscosity. It becomes important to
understand which assumptions can be made for
a particular artery under study so as to obtain
accurate results with optimal computational cost.

H Ability of arteries to expand and contract in response to
changes in blood pressure, allowing them to accommodate
varying blood flow.

! Measure of a fluid’s resistance to deformation under stress.
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In this regard, there are several papers®®'®!

which discuss the latest trends in physiological
modeling and the realistic computational models.
However, as per our knowledge, many of these
are restricted to one particular artery type or deal
with a single type of modeling variation (exam-
ple, single and multi-phase, rigid and compliant).
In an effort to address this disparity, the present
article undertakes a comprehensive examination
of blood flow modeling techniques and attempts
to offer recommendations regarding assumptions
that can be made for relevant flow and geometric
parameters.

The present article provides a comprehensive
literature review on three crucial choices (dur-
ing computational modeling of human vascu-
lature)—single-phase versus multi-phase flow,
Newtonian versus non-Newtonian hemorheol-
ogy, and the need for modeling fluid-structure
interaction (FSI). First, the review is focused on
whether the intricate motion of RBCs within
blood vessels requires a multi-phase model or
if single-phase modeling suffices to capture the
essence of blood rheology and hemodynamic var-
iables. Further, the review explores significance
of shear rate-dependent blood viscosity and the
role of red blood cell (RBC) elasticity in shaping
hemorheological’ dynamics. Finally, the influence
of flow-induced periodic arterial deformation-
based vibration on hemodynamics is presented,
which leads to further investigation into the most

J Study of the fluid properties of blood and its characteristics.
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suitable material models for the studied artery
network. Through an interconnected exploration
of these inquiries, this review seeks to highlight
the state of the art while navigating the challenges
that underlie computational hemodynamics in
human vasculature.

The present article is on reviewing and com-
paring computational modeling techniques and
assumptions for blood flow in human vascula-
ture. Our main focus is on arteries since major
abnormalities occur here and veins follow simi-
lar modeling techniques with outline as follows:
Sect. 2 presents the governing equations for sim-
ulating single/two-phase blood flow in flexible
artery, along with the coupling between artery
vibrations and blood flow parameters. Section 3
presents the variations in blood flow modeling
using single and two-phase approach, along with
suitable conditions where single-phase approach
can yield accurate results. In order to close the
stress tensor discussed in mathematical model,
Sect. 4 discusses the rheology of blood and differ-
ent non-Newtonian models of varying complexi-
ties, which can be used to model the viscosity of
blood and elasticity of RBC particles. Further,
Sect. 4.3 presents a comparison of Newtonian
and non-Newtonian models for different arter-
ies and flow conditions so as to gage the neces-
sity of such complex models. After discussing
blood flow modeling and variations of viscous
stress formulation, Sect. 5 attempts to answer
the last research question regarding necessity of
including fluid-structure interaction (FSI) in the
numerical model. In this section, a comparison
of rigid modeling and compliant artery modeling
(with linear and non-linear material) is provided
so that readers can understand suitability of lower
end models depending on the case being studied.

2 Mathematical Model

Blood is commonly treated as single fluid with
homogeneous distribution of all particles due to
similar properties of RBCs and plasma. However,
in several cases, this assumption does not remain
valid and blood is treated as mixture of mainly
plasma and RBC since platelets and WBCs con-
stitute to only 1% of total volume. Considering
this into account, mathematical formulation for
blood flow, artery deformation, and the resulting
fluid-structure interaction are presented in sepa-
rate subsections below.

@ Springer a2

2.1 Hemodynamics

The governing compressible Navier-Stokes equa-
tion for two-phase mixture of RBC and plasma is
given as follows*®: Continuity:

%(Ekpk) +V (o) =0 (1)
Momentum:
9 - - =
%(kak W)+ V- (expx U k)
=—aVp+V T+ eap g 2)
n
+ > B — W) + Fy
I#m
Equation of state:
P = PmixRTmix (3)

where k = (plasma, RBCs), p is the density, € is
the volume fraction of each phase (0 <¢,<1), T
is the temperature, ¢mix is the mixture property,
and % is the velocity. Further, p is the pressure
common to both phases, T is the viscous stress
tensor,X g is the gravity force, n is total num-
ber of phases (two here), and ? is the shear lift
force; found using Saffman-mei inertial lift force
model®. Further, By, is the interphase momen-
tum exchange coefficient” with [ and m being
the indices of plasma and RBCs, respectively
(since there are only two phases involved here). It
should be noted that the volume fractions of all
phases must sum to unity i.e., €plasma T €rRBC = 1.
For each phase k, the stress tensor T is given as:

T = €xfbi (V7 + (V_IZ)T)

2 - (4)
+ € (zk — 3“k>v CuI

where 1y and z; are the shear and bulk viscosity
of each phase, respectively. The bulk viscosity zj is
usually treated as zero. Shear viscosity is consid-
ered constant for a Newtonian fluid assumption
whereas it is modeled as function of hematocrit
(RBC concentration) and shear rate for non-
Newtonian flow. Discussion on rheology of blood
is presented separately in Sect. 4. Further, the

K Tensors can be thought of as multidimensional arrays of
numbers that transform in a specific way under changes of
coordinates.

L In multiphase flow, especially when dealing with two or
more phases (such as gas-liquid or liquid—solid), the move-
ment and interaction between these phases affect their veloci-
ties and distribution. The momentum exchange coefficient
helps describe how momentum is transferred between these
phases during their interaction.

,,,,,, J. Indian Inst. Sci.l VOL 104:1113-38 January 2024|journal.iisc.ernet.in
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interface momentum exchange coefficient B, can
be determined as follows:

— —
C pplasmaeplasmaeRBC| U plasma — U RBC|
d

3
Pim = 4 drec

(5)
where drpc ~ 8 mm (RBC diameter), and ¢ ~ 1
(shape factor). The drag coefficient C; is given by:

24 0.687

- 2 (1+0.15Re2%7)  Re, < 1000
0.44 Re, > 1000

(6)

where

— —
_ pplasmadRBC| U plasma — U RBC|®

Re
P
Mplasma

Thus, using the above constitutive relations
(Egs. 4, 5, 6), the mass and momentum conser-
vation equations (Egs. 1, 2) can be obtained in a
closed form.

It should noted that these equations can be
further simplified by using single phase approxi-
mation and incompressibility.™ In this approach,
the whole blood is considered to be a single fluid
with constant density and constant/spatio-tem-
porally varying viscosity. Thus, for single fluid
model, the generalized governing equations pre-
sented above can be simplified by setting € = 1
and ¢; = 0 (i # 1). Further, the interface momen-
tum exchange can also be ignored. The new set
of governing equations for incompressible blood
flow are given as follows:

V.- % =0
0w -
p<3t+(7V)_u>> =—-Vp+7T

where T is modeled using Eq. (4) with k = blood.
This approach of blood flow modeling has been
used over a long time and is validated with
in vivo experiments and MRI measurements**,
The single fluid modeling works, especially in
case of large arteries with high Re flows due to
the fact that RBCs are very small in size (8 um) as
compared to artery diameter (2 mm-2 cm) and
move freely with plasma, without actually impart-
ing any effect on plasma. If objective of the study
is to understand blood flow patterns and trend
of hemodynamic parameters (so as to see which
areas are more prone to damage), the single fluid
approach is more suitable as it takes less compu-
tational time. A comparison of multiphase and

M Property of having negligible changes in density under nor-
mal variations in pressure or temperature.

J. Indian Inst. Sci. IVOL 104:1113-38 January 2024ljournal.iisc.ernet.in @ Springer i

single fluid models are presented elaborately in
Sect. 3.

2.2 Artery Deformation-Based Structural
Dynamics

Arteries in human vasculature are found to be
flexible in nature and act as capacitor which store
blood during systolic phase by expanding and
release it during diastolic phase by contracting.
This helps in reduction of high temporal variation
of blood pressure. Thus, it becomes important to
model arterial deformations in order to obtain
hemodynamic variables accurately. For a general
compressible solid, the Lagrangian framework-
based™ governing momentum equations is given
as:

82_(,1) - =3 8
P =V Tt S (8)
where ps is the density, 4 is the displacement
vector, T is the Cauchy stress tensor, and f B is
the body force vector for solid element s. There
are two types of non-linearity while modeling
structural deformation. First is a relation between
stress tensor T, and strain €, which is decided
by choice of linear or non-linear material mod-
eling. Second is the choice of relation between
strain €, and displacement gradients which lead
to geometric linear or non-linear model. Gen-
erally, material non-linearity is decided by the
response of material to applied load, i.e., the
resulting stress-strain graph while geometric
non-linearity is considered when structural dis-
placements are larger (> 10% of length scale). For
compliant artery and veins-based circulatory sys-
tem, a detailed discussion on need for structural
modeling along with suitable material modeling
schemes are presented in Sect. 5.

2.3 Fluid-Structure Interface Coupling
Once arterial deformations are modeled along
with blood flow, it becomes utmost important
to consider the effect of arterial deformation on
the flow and flow-induced load on the artery.
Thus, there is a two-way coupling between fluid
and structural dynamics that needs to be ensured
through suitable interface coupling given as
follows:

N The Lagrangian framework follows individual particles or
elements within a system as they move through space and
time. It tracks the properties of these elements as they evolve.

]
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1. Continuity of velocity At the fluid—solid
interface if, velocity of the fluid flow 7 £.if 18

equal to the structural velocity 77 s,if given as
— —
Upi = Ugif %)

where the subscript f and s represent fluid
and solid respectively.

2. Force balance For the bodies to be in equilib-
rium, a balance between hydrodynamic and
elastic forces is ensured normal to the inter-
face given as

(Ts,if] - f1sir + [Trifl - fipir =0 (10)

where at the interface, fsz and fqll} represent

outward normal unit vector at the solid and

fluid subdomains, respectively.
Commonly, the above interfacial boundary con-
ditions are implemented with fluid-dynamic
pressure and viscous stress for obtaining struc-
tural displacements, which in turn is used to
enforce the continuity of the fluid velocity at the
interface®’.

3 Computational Hemodynamics:
Whether Multiphase Model is
Required?

As discussed in the introduction (Sect. 1), blood
consists of particles (RBCs, WBCs, and plate-
lets) that are suspended in liquid plasma. Since
plasma constitutes more than 50% volume frac-
tion and RBCs around 45%, blood can be mod-
eled using the Eulerian-Eulerian two-phase
model; described in Jung et al.®. The correspond-
ing governing equations are already presented in
Sect. 2 (Egs. 1, 2). However, RBCs can be con-
sidered to have similar properties of plasma and
a single fluid approach may also be used, espe-
cially when shear rate and diameter are higher
(governing equations presented in Sect. 2). Thus,
it becomes important to understand the right
choice of computational approach for the artery
being studied and also desired application for
which simulations are being carried out. In order
to address this issue, a literature survey of sin-
gle-fluid and multiphase (mostly RBC-plasma
mixture) models along with a discussion on suit-
ability of single versus multi-phase modeling, are
presented below.

Although single-fluid models have advan-
tages, the movement of particles (specifically
RBCs) within the blood cannot be understood
using such models—discussed in Sect. 2. It is

@ Springer a2

known that atherosclerosis® initiates in humans
with monocytes adhering to the endothelium,”
yet despite decades of research’, the exact trig-
ger for this response remains unknown. It tends
to localize near arterial side branches and the
inner curvature, where hemodynamic stresses
significantly influence the early stages of CVDs.
Predicting particle accumulation could be an ini-
tial step toward comprehending atherogenesis,?
aligning with clinical observations. Thus, in
order to understand the pathogenesis (process
by which a disease or disorder develops) behind
atherosclerosis and to correlate it with hemody-
namic parameters, it becomes essential to under-
stand the concentration difference in particles
and/or to see where the particles are staying for
long time. A multiphase simulation is required to
achieve the above objective. Gidaspow™ provides
a comprehensive description of multiphase flow,
highlighting the primary distinction from a sin-
gle-phase model—the inclusion of volume frac-
tion for each phase and mechanisms facilitating
the exchange of mass, momentum, and energy
between these phases. A brief review of mul-
tiphase modeling for blood-flow simulations and
observations reported are presented below.

Jung et al.*® presented a multiphase transient
non-Newtonian three-dimensional CFD model,
for pulsatile flow in a curved coronary artery.
Their model (similar to Egs. 1-6) was formulated
using the concepts developed during 30 years of
biomedical CFD modeling and 20 years of mul-
tiphase research, especially in Eulerian-Eulerian
phase modeling. Their simulations showed that
RBC volume fractions were highest on the inside
curvature, and secondary flows weakened during
diastole—increasing RBC buildup. They reported
that particulate buildup on inside curvature cor-
relates with lower wall shear stress. Further,
two-phase non-Newtonian viscosity model also
predicted a greater shear thinning as compared
to single-fluid model. These predictions pro-
vide insight into how blood-borne particulates
interact with artery walls and hence, multiphase
models have relevance for understanding athero-
genesis since clinical observations show that ath-
erosclerotic plaques generally form on the inside
curvatures of arteries. On a similar line, Kim
et al.”® investigated the influence of mechanical

O A chronic and progressive condition characterized by the
buildup of plaque inside the arteries.

P The endothelium is a thin layer of flat cells that lines the
inner surface of your blood vessels.

Q Atherogenesis is the complex process by which fatty depos-
its, called plaques, build up inside the walls of arteries.
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factors on the hemodynamics of a curved coro-
nary artery—using multiphase non-Newtonian
fluid simulations of pulsatile flow. It was reported
that the high hematocrit levels induce second-
ary flow, and RBC viscosity as well as Wall Shear
Stress® (WSS) vary with hematocrit level. It was
argued by the authors that although all mod-
els have a good approximation in blood-flow
behavior, the multiphase non-Newtonian vis-
cosity model is optimal—to demonstrate effects
of changes in hematocrit and provides a better
simulation of realistic blood flow analysis. Huang
et al.* discussed the use of a multiphase kinetic
theory model to simulate pulsatile flow in a cor-
onary artery. They showed that the multiphase
kinetic theory model accurately computes viscos-
ity and migration of red blood cells. WSS and its
gradients were highest on inside area of maxi-
mum curvature. Thus, the multiphase kinetic the-
ory model has been shown to compute correctly
the viscosity of RBCs and their migration away
from vessel walls: the Fahraeus-Lindqvist effect®.

While multi-phase blood flow simulations
offer detailed analysis, our survey reveals mini-
mal differences in WSS compared to single-phase
models, especially for large arteries (> 2 mm).
This suggests that, for these vessels, prominent
hemodynamic parameters can be calculated accu-
rately using single-phase models, while accurate
physical description of hemodynamic character-
istics necessitates multiphase/multi-component
modeling. However, multiphase may be necessary
to dynamically model the growth of stenosis since
plaque growth is caused by WSS variation, which
in turn varies with plaque build-up level. For
example, Jung et al.’® used multiphase modeling
to analyze hemodynamics in a non-uniform right
coronary artery. They computed RBC build-up
and WSS variation along its length. Interestingly,
despite non-uniform geometry, regions with high
curvature showed both increased RBC build-up
and WSS. This suggests factors like flow reversal
and secondary flow might also play a role in RBC
distribution. Such simulations are complex to
model’’ " and require larger computational cost
and are currently under development.

The above discussed multiphase mod-
els consider two different mass and momen-
tum conservation equations, which need to be
solved simultaneously. They also involve several

R WSS refers to the force per unit area exerted by the flowing
blood against the endothelial layer (inner lining) of the vessel
walls. It is calculated as WSS = u aa—uy‘, where u; is velocity com-
ponent tangential to artery wall and # is the normal distance
from artery wall.
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constitutive relations for shear lift force, interface
momentum exchange—making the computations
complex and time-consuming. A relatively simpler
approach involves using a single phase approach,
with fluid as plasma, and modeling RBC (Hema-
tocrit) concentration using Philips diffusive flux
model**—a scalar transport equation. Thus, one
needs to solve single set of mass and momentum
equations along with an equation for hematocrit
given as

% + (7 . V)q’) = —V(N; + N, +Np)

ot
(11)

where ¢ is the volume fraction of RBCs. Further,
N¢, Ny, and Ny are the contributions to the diffu-
sive flux from particle collisions, spatial variation
of viscosity, and gravitational force, respectively.
These terms can be expanded in terms of geomet-
ric and flow parameters as:

N, = —a*¢pKV (y¢);

N, = —a*¢* VK,V (Inp);

_ g¢ﬂfo(1 — @) a*(pso — ,Ofo)g
9 iz Hfo

(12)

Ny

where a is the radius of RBC (assumed sphere),
K.~ 0.43, and K, ~ 0.62 are empirically deter-
mined coefficients. Further, pro and pyo are the
density of plasma and RBC, respectively.

Using the above model, Wu et al.*® presented
numerical simulation of blood flow in a sudden
expansion channel and a curved coronary artery,
focusing on the movement of red blood cells and
the formation of atherosclerotic plaque. First, they
showed that velocity profiles in sudden expansion
flow agree with experiments. For the idealized
curved coronary artery, they found that the RBCs
move toward and concentrate near the inner sur-
face, where the viscosity is higher and the shear
stress lower similar to the phenomenon observed
using Eulerian-Eulerian multiphase model. Thus,
for micro-level arterial network, the diffusive flux
model can be successfully applied. A similar model
was used by Yadav et al.*! to simulate blood flow
even at mesoscale’ (10-300 pm). Through com-
parison with experiments, it was shown that such
models could accurately predict flow patterns for
smaller capillary vessels. Although the above works

$ Mesoscale flow refers to fluid motion occurring at an inter-
mediate scale between the microscale (very small, such as
molecular or particle-level interactions) and macroscale
(larger, such as the scale of weather systems or ocean cur-
rents). Validity of continuum hypothesis starts to break down
in these scales.

]
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are mostly for coronary artery and microchannels,
several other studies have performed multiphase
simulations in carotid*>* and femoral*** arteries
also.

Based on literature survey for single and mul-
tiphase blood-flow modeling, it can be observed
that hemodynamic parameters like WSS, Oscil-
latory Shear Index (OSI),T and wall shear stress
gradient (WSSG) can be accurately calculated
using single fluid model, especially for larger
arteries like carotid, femoral, and aorta. However,
the particle motion cannot be tracked accurately
(even using Lagrangian tracking through single
fluid results) and there may be errors > 5% for
small arteries and veins. Thus, a judicious choice
is needed to decide whether single fluid model is
sufficient or multiphase (computationally more
expensive) is necessary-based on the application
of the study.

4 Role of Rheology of Blood and its
Constituents on Computational
Hemodynamics

Apart from the multiphase versus single phase

modeling discussed in the above section, deter-

mination of appropriate model for viscous stress
tensor T is equally important. As discussed in

Sect. 1, the blood consists of various small parti-

cles like RBC, WBC, and platelets-suspended in

liquid plasma. The interaction between RBCs and
plasma leads to major changes in the effective vis-
cosity of the blood flowing in artery of diameter

D. At very small shear rate” y, RBCs aggregate

with each other forming cylinder-like struc-

tures—called as rouleaux, which resist the blood

flow and lead to increased viscosity. As the y

increases, these stacked-up RBCs slowly disaggre-

gate, which allows the blood to move freely; thus
resulting in reduction in viscosity. With increas-
ing y, after a critical shear rate y, the RBCs
completely disaggregate into single structures,
align with the flow and make the blood to have
constant viscosity (oo. Thus, it can be concluded
that blood is a shear-thinning fluid." This is

T OSI is a parameter used in the study of fluid dynamics,
particularly in the context of blood flow, which describes the
directional changes in shear stress on the endothelial lining of
blood vessels during the cardiac cycle.

U Shear rate is a fundamental parameter used to describe the
rate at which adjacent layers of fluid move relative to each
other in a flow field. It represents the velocity gradient or the
change in velocity per unit distance between fluid layers.

V' Shear-thinning fluid is a type of non-Newtonian fluid
whose viscosity decreases as the shear rate increases i.e.,
as more force or shear stress is applied, it becomes easier to
deform or flow.
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verified by an experiment performed by Chien*®
where normal RBCs suspended in plasma (NRP),
and normal and hardened RBCs suspended
in 11% albumin-Ringer (NRaR, HRaR) solu-
tion are subjected to varying shear rate inside a
tube, and corresponding viscosity is measured
using rheometer. Figure 3a shows the variation
of viscosity with shear rate for these three differ-
ent type of solutions. It can be observed that the
NRPs, which indicate actual blood have a shear
thinning property i.e, the viscosity is found to
decrease with shear rate and attain a constant
value after y = 100 s~!. For hardened and/or
albumin-Ringer solution suspended RBCs, the
aggregation is not possible and hence a constant
viscosity is observed.

Apart from shear rate, viscosity is also affected
by the hematocrit (RBC concentration) and the
diameter of artery. The hematocrit increases the
viscosity while the diameter change has a non-
linear effect. At very small diameters (d < dj),
the viscosity increases exponentially with reduc-
tion in diameter. This is because the diameter of
artery becomes close to RBC diameter and hence
a very high resistance for fluid flow is observed.
At d > dj, with increasing diameter, the viscosity
increases due to reduction of cell-free region—
formed due to shear-induced migration." For
smaller diameter arteries (di1 < d <d>), the RBCs
radially migrate toward the center of the artery
and lead to a cell-free zone near wall, thus caus-
ing decrease in viscosity. When the diameter
increases beyond micro-scale, this effect is not
observed and hence viscosity reaches to a con-
stant level with increased value. This is sche-
matically shown in Fig. 3b where the zones of
shear-induced migration are demarcated through
values of d; and d».

Other than the artery diameter, hemato-
crit, and shear rate, viscosity is also affected by
physiological pulsatile flow behavior, health and
complacency of artery, temperature of blood;
however, these effects are much smaller. The vari-
ous non-Newtonian models and their formula-
tion are presented below. The elastic behavior
of RBCs also lead to change in viscosity and is
discussed separately. Finally, a CFD literature-
based discussion on efficacy of various models is
presented.

W Under normal conditions, RBCs tend to align themselves
in the center of blood vessels as they flow through. This phe-
nomenon, known as the ‘margination’ or ‘shear-induced
migration’” of RBCs, is a result of the shear forces within the
blood vessel. The higher shear stress near the vessel walls
encourages RBCs to migrate toward the center of the vessel,
away from the slower-moving boundary layer near the walls.
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Figure 3: Variation of blood viscosity with a shear rate y for three different types of plasma, and b ves-
sel diameter for three different hematocrit levels ¢ of normal RBCs suspended in plasma (NRP) (obtained

from data presented in Chien ).

4.1 Non-Newtonian Models

Assuming the blood to be a continuum,® the
Newtonian model employs a constant/hematocrit
level-based viscosity in the momentum conserva-
tion equation for hemodynamics (Eq. 2). In case
of non-Newtonian models, the viscosity is a func-
tion of shear rate and/or hematocrit. The simplest
non-Newtonian formulation is power law model,
where an exponential curve is fit to the experi-
mental data of viscosity variation with respect to
(w.r.t.) shear rate y given as

w=po(y)" ! (13)

where 1o = 0.035 Pa s” and n = 0.6”7. A major
disadvantage with this model is its inability to
accurately predict viscosity at low and high shear
rate. The model predicts unbounded viscosity at
zero shear rate and zero viscosity when y — oo,
which is unrealistic. Hence, several other non-
Newtonian models were formulated using the
y and hematocrit ¢, and the most commonly
used models are summarized in Table 2. It can
be observed that all the models use shear rate
y as input parameter in the definition while the
Quemada model includes the RBC concentration
¢ along with shear rate. Apart from these shear-
thinning models for viscosity, the thixotropic
nature (time-dependent viscosity) of blood are
modeled by several works*®™" but a generalized

X Conceptual model used in fluid mechanics that treats a
fluid as a continuous substance without any gaps or discon-
tinuities at the microscopic level. It’s based on the idea that
within a fluid, the properties, such as velocity, pressure, den-
sity, and temperature, vary continuously throughout space
and time.
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power law (where the constant o depends on
shear rate) is commonly used given as

w= po(y)"t"™ (14)

where the parameters jo, #1, and ny are given
in Braun and Rosen®. Each of these models is
evaluated against the Newtonian model-based
CFD simulations in different arterial networks
along with experiments, and the observations
are presented in Sect. 4.3—to understand the
significance/non-significance of non-Newtonian
modeling.

4.2 Viscoelastic Behavior of Blood
Constituents

In many situations, blood behaves as a viscoelas-
tic fluid, i.e., it exhibits both viscous and elastic
behavior. This unique property is crucial for its
efficient flow through the intricate vascular net-
work, and its ability to adapt to various physi-
ological conditions. As it is generally understood
and discussed in the above section, viscosity
is related to the resistance of a fluid to relative
velocity between the adjacent layers of the flow-
ing fluid. In blood, viscosity arises primarily from
the presence of plasma, a protein-rich fluid that
surrounds the red blood cells. Plasma’s viscos-
ity contributes to the overall resistance to blood
flow, particularly in narrow capillaries. Elasticity,
on the other hand, describes a material’s ability
to store and release energy upon deformation. In
blood, RBCs play the primary role in imparting
elasticity. These cells, being flexible and deform-
able, can temporarily change shape to navigate
through narrow capillaries (when shear rate is
low) and return to their original shape as they
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Table 2: Summary of commonly used non-Newtonian models for modeling hemodynamics.

Model Expression for u

Parameters

Modified power—law®" Crexp(CoHy)y~M

Carreau®?

Carreau and Yasuda®

Cross'® (Ro—Hoo)

Koo + T3 Gpym
3 .
Casson® (it + VT [P
Quemada** _ ¢ kotkoo JTTFC

"0[ Iy

Roo + (1o — foo)[1 + (Ap)2] /2

Hoo + (10 — poo)[1 + (Ap)71"= 1/

I

G, G, and G—experimentally
determined, H; ~ 0.4

o = 0.056, o = 0.00345
n=0.3568,1=3.31s
A=19s5,n=022,q9q=1.25
A=1.007s, m=1.028

e =0.0042 Pas, 7. = 0.0038
Pa

wo=0.0012Pas, y. = 1.885~"
ko=4.33, ko =2.07, ¢ = 0.4

exit. This elastic behavior allows blood to flow
smoothly through small vessels without signifi-
cant energy loss. The viscoelastic nature was first
discussed in the works of Thurston et al.”>. Later,
for simulating viscoelastic blood, several other
works were performed®®”” to come up with suit-
able mathematical model.

Although viscoelastic nature of blood leads to
modeling complexity, it is particularly important
in several physiological situations; like discussed
here for four such situations. First, for microcir-
culation in tiny capillaries (where red blood cells
are tightly packed), blood elasticity enables them
to deform and squeeze through these narrow pas-
sages, ensuring efficient delivery of oxygen and
nutrients to tissues. Second, for hemodynamics,
the elastic recoil of RBCs contributes to the pul-
satile flow of blood—helping to maintain blood
pressure and facilitate blood movement. Third,
blood filtration in the kidneys, where elasticity of
RBCs allows them to pass through the glomerular
filtration barrier while retaining larger molecules
like proteins; and fourth, blood coagulation dur-
ing blood clot formation, where the elasticity of
RBCs helps to concentrate clotting factors and
promote clot formation at the site of injury.

After introduction of the viscoelasticity con-
cept for blood by Thurston®®, Oldroyd® gave an
empirical model to evaluate stress tensor—by
fitting the experimental curves with proposed
model. This model effectively represents how
blood’s viscosity decreases with increasing shear
rates—known as shear-thinning behavior—along
with the elasticity of blood particles. However,
it fell short as it did not account for variation of
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relaxation times® with shear rates that contra-
dicted the experimental findings. The model
devised by Anand and Rajagopal”’, within the
general thermodynamic framework outlined in
Rajagopal and Srinivasa®, incorporates varia-
tion of relaxation times with the shear rate. This
formulation vyields favorable conformity with
empirical observations in both steady Poisuelle
and oscillatory flow scenarios. In general, the
deviatoric stress tensor T (Eq. 2) can be modeled
as a combination of viscous (T) and elastic (T,)
stress, i.e., T = Ts + T,, where

7= u) (VE + D)) (15)
and T, satisfies Oldroyd-B type constitutive equa-
tion, given as

0T,

ot

2 e 1— j— PR —
—Mep_ L F s We —7w) (16)
A1 A1

+ (D% +7.D)

+ (4 - V)T,

where D and W are symmetric and anti-sym-
metric part of velocity gradients, 1, is the elastic
viscosity co-efficient, and /1 is the relaxation time
(= 0.06s). The above equation is solved along
with standard mass and momentum conservation
laws to obtain the complete viscoelastic response
of blood. Many authors have performed such
investigations, but mostly in a single phase set-
ting. Apart from the above presented visco-elastic
models, the most accurate method would be to
actually introduce RBCs in blood and model their

¥ relaxation time refers to the characteristic time it takes for
the blood to return to its resting state or original configura-
tion after experiencing a disturbance or change in flow condi-
tions.
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Figure 4: For steady flow in axisymmetrically stenosed artery, contour map of normalized difference
between the solutions of generalized Oldroyd-B and Newtonian models with flow rate a @ = 0.5 cm?/s, b
Q= 1cm’/s, and ¢ Q = 2 cm?/s (Figure adapted from Bodnar et al.  with permission from Elsevier).

deformation dynamics numerically. RBCs con-
tinuously change the shape depending on shear
rates in the stream and can be simulated using the
models presented in Hoque et al.”>*° and Fedosov
et al.%! etc., especially for micro-vessels. However,
it should be noted that these simulations encoun-
ter a large variation in the scale (um to cm) and
can be difficult to model computationally—due
to high computational cost and stability issues. In
order to access whether such involved modeling
is necessary or not, a brief survey of literature for
such comparisons and major observations pre-
sented are discussed below.

Bodner et al.®* performed a comparative
CFD study between Newtonian, simplified non-
Newtonian (without elastic stress), and gener-
alized Oldroyd-B model, by performing blood
flow simulations in axisymmetric stenosed artery
and patient-specific carotid bifurcation. It was
reported that blood flow in medium-sized blood
vessels exhibits shear-thinning and viscoelastic
behavior, and these non-Newtonian effects were
influenced by low flow rate. This was proved
by comparing normalized difference between
the solutions of Newtonian and generalized
Oldroyd-B model, as shown in Fig. 4. A similar
study® discussed the effects of shear-thinning
and viscoelastic properties on blood flow in
abdominal aortic aneurysms, under different flow
rates. Their results showed that the blood shear-
thinning behavior and viscoelasticity cannot be
neglected especially for low shear rates condi-
tions. Further, Chen et al.** studied the effects of
hematocrit, plasma concentration, and frequency
of sinusoidal oscillatory shear flow on the viscoe-
lasticity of human blood. They also demonstrated
that the viscous and elastic component increased
exponentially at higher hematocrit levels; and
exponential decrease in viscous and elastic com-
ponents of blood with increased frequency of
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shear flow. Thus, from the above studies, it can be
concluded that the viscoelastic non-Newtonian
modeling is necessary for blood flow in (a) low/
medium size vessels (d <2 mm), (b) low flow rate
condition, and (c) low Womersley (Wo) number.”

4.3 CFD-Based Comparison of Viscosity
Models

The above sub-sections presented various non-
Newtonian models for hemodynamic analysis.
Since implementation of these schemes comes
with increased modeling complexity and com-
putational cost, it is important to understand
whether they are necessary for artery and flow
conditions under consideration. Thus, a CFD-
based comparison of such models with Newto-
nian counterpart is presented here. Neofytou®
performed two-dimensional CFD simulation on
an indented (constricted) channel with moving
top wall (where indentation is present). The wall
moved with two different time-periods (Strouhal
number® St): 0.05 and 0.368, and four different
viscosity models were used: (a) Newtonian, (b)
power law, (c) Casson, and (d) Quemada. For a
constant inlet velocity, the author observed that
non-Newtonian effects are more clearly visible
for St = 0.05. Also, the maximum and minimum
WSS values are underpredicted with Newtonian

% The Womersley number (Wo) is a dimensionless num-
ber used in fluid dynamics to characterize the unsteadiness
of pulsatile flow, particularly in blood flow analysis. It is a
dimensionless expression of the pulsatile flow frequency in
relation to viscous effects. It is calculated as Wo = Ry/w/v,
where R is radius of artery, w is angular frequency of pulsa-
tion, and v is kinematic viscosity of fluid.

AA A non-dimensional frequency parameter given by St =
fD/u, where f is frequency of flow pulsation (Hz), D is arterial
Diameter, and u is characteristic flow velocity.
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and power law viscosity model, whereas Cas-
son and Quemada models give similar values of
WSS for both values of St. Thus, for flexible walls
with lower elasticity, the author concluded that it
is important to consider a good non-Newtonian
viscosity model to predict the hemodynamics
accurately.

Apart from the two-dimensional model, for
rigid model of CCA, Razavi et al.%® performed
axisymmetric*® CFD simulations with four dif-
ferent stenosis levels and seven different viscos-
ity models: Newtonian, power law, generalized
power law, Casson, Carreau, Carreau-Yasuda,
and Walburn-Schneck models. A pulsatile flow
based on physiological conditions was used at the
inlet of artery. Along with hemodynamic param-
eters, they defined a parameter, termed as global
non-Newtonian Importance Factor (NNIF), and
was calculated at different time instants of cardiac
cycle. They observed a deviation from Newto-
nian behavior during lower velocity, i.e., during
diastolic phase.““ Further, they observed that the
non-Newtonian behavior is over-estimated by
the power law model while under-estimation by
generalized power law and Casson models. The
Carreau and Carreau-Yasuda model gave mod-
erate NNIF values during lower shear rates only,
and hence were suggested to be better models.
For hemodynamic parameters WSS and OSI, they
found almost same results from all the models
except power law and Casson model; indicating
Newtonian behavior of blood at most of the time
instants.

In order to understand whether non-New-
tonian model is really necessary for large arter-
ies, Arzani®” performed a CFD investigation on
patient-specific carotid-artery aneurysm using
Newtonian, Carreau-Yasuda and a novel hybrid
viscosity model. The novel model was devel-
oped, using Lagrangian tracking-based Residence
Time (RT) of RBCs in aneurysm sacs. The author
argued that apart from lower shear rate (<50 s7h,
the amount of time spent by RBCs in recircula-
tion zone also matters since rouleaux formation
and RBC aggregation takes around 5-10 s. The
main motivation behind author’s argument was

AB Axisymmetric simulations are a type of computational
modeling used to study fluid flow around bodies that possess
axial symmetry. In these simulations, instead of modeling an
entire 3D domain, a 2D cross section is employed and rotated
around an axis to represent the complete geometry.

AC This phase occurs when the heart relaxes. The left ventricle
relaxes and refills with blood from the atria. Blood continues
to flow through the arteries, but the pressure and velocity are
lower compared to systole (heart contraction)
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the observation made in rheology experiments,
where shear-thinning behavior was observed
after some time—when shear rate went below
threshold. This was attributed to the reason that
some time is required for RBC to aggregate and
increase the effective viscosity. Hence, if the RT
> RTy, (either 5 or 10 s), the non-Newtonian
model is activated. The results obtained for pul-
satile blood flow in aneurysm sac indicate that
the non-Newtonian behavior is rarely achieved for
large arteries (like carotid). Further, the hemody-
namic indicators like WSS, time-averaged WSS
(TAWSS), and OSI remain almost same, between
the Newtonian and proposed hybrid non-Newto-
nian model, since the RT remains below 5 s for
most of the locations during pulsatile cardiac
cycle.

Most of the studies on viscosity mod-
els involved CFD (discussed above), while the
in vitro measurements were missing. Recently,
for effect on different viscosity models on the
hemodynamics of patient-specific left anterior
descending (LAD) coronary, Abbasian et al.®®
performed a systematic investigation using CFD,
and compared their results with 4D MRI. The
arterial mid-point flow velocity, obtained using
16 different viscosity models, for three atheroscle-
rotic patient arteries were compared with clinical
measurements using 4D MRI. They observed that
Newtonian model provides accurate results in
the proximal region of atherosclerosis while the
Casson, Carreau-Yasuda, and Quemada model
compare better, with the clinically measured
velocities, in the distal region. Further, the time-
averaged hemodynamic parameter, calculated
using Newtonian model, compared well with
those calculated using Casson, Carreau-Yasuda,
and Quemada model, whereas the instantaneous
hemodynamic parameters like WSS, OSI varied
significantly for Newtonian model. Thus, the clin-
ical measurements were used as benchmark to
understand which viscosity model is best suitable
for performing CFD study in coronary arteries—
most susceptible to plaque deposition.

For understanding the limitations of non-
Newtonian models and their deviations from
Newtonian counterparts, Karimi et al.® per-
formed a CFD study on patient-specific geometry
of aortic arch, obtained using CT scan, for nine
different viscosity models for blood. The artery
is modeled as rigid and an idealized transient
inflow velocity, with zero-gage pressure at outlets,
is specified. The NNIF is obtained by measuring
the difference between WSS of various non-New-
tonian models with a Newtonian model (constant
viscosity 4 = 0.0035 Pas). It is observed that the
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Table 3: Summary of literature on various CFD-based viscosity models and their outcomes.

Viscosity model and other

Author Artery studied physics studied Observations
Neofytou®® 2D channel with coronary Newtonian, power law, Casson  Casson and Quemada—simi-
dimensions and Quemada, on moving lar values. non-Newtonian
artery wall behavior at lower frequencies
only
Razavi et al.%® Stenosed carotid artery (axisym-  Seven different viscosity models, Similar hemodynamics with
metric) including power law, Casson, Newtonian models. Carreau
Carreau-Yasuda and CY model—moderate
instantaneous differences
Arzani®’ Intracranial aneurysm Hybrid non-Newtonian (using Hemodynamics similar to that
CY) when RTggc > 5 s (using of Newtonian during most
Lagrangian RBC tracking) time instants
Abbasian et al.%8  Stenosed LAD coronary 16 different viscosity models Proximal (distal) of steno-

(comparison with 4D MRI) sis—good comparison with

Newtonian (CY, Quemada)

Karimi et al.®® Aortic arch Nine different viscosity models ~ Deviation of cross model high-
(comparison with Newtonian est—not suitable to use
CFD)

cross model has largest deviation from Newto-
nian model while the other viscosity models yield
closer results with Newtonian models. It is sug-
gested by the authors that since these models are
developed by a curve fitting procedure on experi-
mental data obtained from steady flow cases, it
is better to avoid cross type-of-models where
deviations are high. Instead, the Carreau and gen-
eralized power law, which consider Newtonian
viscosity at high shear rates, are more realistic,
especially in large arteries where the flow is New-
tonian in most of the flow domain.

Finally, Yilmaz et al.”’ provided a review of
various rheological models, proposed for mod-
eling blood in human vasculature. The authors
discuss about the composition of blood; and
critically review the commonly used (in CFD)
viscosity models (Newtonian and non-Newto-
nian), thixotropic properties, and elastic mod-
els (Olroyd-B, yield stress formulation). They
highlight main issues and future scope, includ-
ing (1) dependence of critical shear rate for dis-
aggregation of RBC on the hematocrit level, (2)
dependence of viscosity on pulsatile flow period
and setup, (3) inability to measure threshold
time for occurrence of aggregation so that non-
Newtonian behavior is predicted accurately, and
(4) measurement of thixotropic properties of
blood. A summary of all the above discussed lit-
erature is presented in Table 3. The table shows
that, for large arteries (carotid, aorta) involving
transient flow, the non-Newtonian behavior is
diminished while the blood-flow strongly devi-
ates from constant viscosity for small arteries (d
< 2 mm). Further, Quemada and Carreau-Yasuda
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model are found to be best suited for non-New-
tonian modeling while power law and its derived
models are found to have abnormal deviation in
hemodynamics.

5 Role of Fluid—Structure Interaction
in Computational Hemodynamics
for Complaint Vasculature

Computational fluid—structure interaction (CFSI)
is a multi-physics problem which involves defor-
mation of solid due to fluid forcing and simulta-
neous change in region of fluid flow due to solid
movement. Blood moves out of aorta with a high
pressure since it has to be transported to other
regions of body while it comes back from capil-
lary and veins with lower pressure. During the
systolic phase (high flow rate), high blood pres-
sure experiencing artery expands and later con-
tracts elastically to serve two purposes: (a) lower
the sudden impact of high pressure load on the
artery wall and (b) store some amount of blood
(by expanding) so that during diastolic phase
(very low flow rate), this additional blood may be
supplied to organs by gradual contraction so as
to avoid oxygen deprivation in the organs. Thus,
it can be observed that FSI modeling in elastic
arteries becomes essential to capture the hemody-
namics accurately. From the prediction of aneu-
rysm rupture to calculation of correct blood flow
rate in aortic dissection, elastic wall modeling has
been observed to yield more accurate outcomes
(in comparison with in vivo measurements) dis-
cussed in the next subsections.

@ Springer n%
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CFSI involves coupled solutions to Navier-
Stokes equations (through computational fluid
dynamics—CFD) and structural momentum
conservation laws (through computational struc-
ture dynamics—CSD). As discussed in a recent
review article on CFSI methodologies and appli-
cations by Morab and Sharma’!, there have been
numerous works’>"* in the area of development
of CFSI algorithms and solvers. All these numeri-
cal works are classified based on the way coupling
between fluid and solid is achieved, and also on
the way in which the grid is generated and gets
deformed. FSI can be modeled using a mono-
lithic or partitioned approaches. The monolithic
approach involves formulating a single equation
for fluid and structure’”; however, these meth-
ods are limited to linear deformation problems
and need to be modified or changed completely
for different problems, whereas the partitioned
approach involves separate equations that lead to
a coupled solution of the existing fluid and solid
solvers discussed by Hughes et al.”® and Trepanier
et al.”’, using the finite element (FE) and finite
volume (FV) discretization methods, respectively.
Further, a classification based on the type of mesh
generated to solve fluid solid interactions leads us
to body conforming and non-conforming type
mesh (Fig. 5). In case of body conforming type
system’®, the interface between fluid and solid
is considered to be a physical boundary. In most
of the cases, fluid particles are tracked through
Eulerian approach whereas solid movement is
tracked via Lagrangian formulation, and the
mesh is regenerated and/or deformed as per solid
deformation. In case of non-conforming mesh
methods’>®’, the interface conditions are not
treated as physical boundary conditions for fluid
and solid domain. They are treated in govern-
ing equations itself so as to give the same effect
of boundary conditions (no slip and specified
traction). The major advantage with these meth-
ods is that, though fluid and solid are discretized
quite differently, a static initial mesh is used for
an FSI problem; thus, re-meshing is not needed
that reduces the computational cost. Efficient
mathematical formulation of governing equa-
tion for accurate interface conditions needs to be
considered.

From the above discussion, it can be noticed
that there are many techniques, which have dif-
ferent time complexities,*” to model interaction

AD Time complexity refers to the computational efficiency
of an algorithm, representing how the execution time of the
algorithm grows concerning the input size. It helps in under-
standing how an algorithm’s performance scales as the size of
the input increases.
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of blood flowing through lumen®F with elastic
artery wall. It becomes important to first under-
stand whether modeling vessel wall deformation
is really necessary or not, and second, choose the
optimum method so that accurate results with
minimum computational time are obtained. Thus,
a detailed literature survey for different computa-
tional techniques and their outcomes is presented
in a separate subsection below.

5.1 Studies on Computational
Hemodynamics with FSI

Hirschhorn et al.** provided a comprehensive
review of various FSI works performed for Car-
diovascular flows. They presented various meth-
odologies to model the multi-physics problem
of arterial deformation and blood flow. They
reported that the immersed boundary method
(IBM), which can handle large deformation, is
gaining popularity with improvement in com-
putational power. Further, a review of FSI mod-
els applied to understand blood-flow in vascular
aneurysms, cardiac valves, prosthetic valves, ath-
erosclerosis regions, and stented artery was
detailed along with relevant literature between
2017 to 2019.

Blood flow in compliant/flexible aortic dissec-
tion was numerically modeled using two-phase
(RBC suspended in plasma) non-Newtonian
model (Carreau-Yasuda) by Qiao et al.?*. The
mixture model for two-phase flow, along with
empirical models for shear lift force and interface
momentum exchange was employed for spheri-
cal RBC particles suspended uniformly in plasma
at the inlet. arbitrary Lagrangian Eulerian (ALE)
method was employed for FSI modeling, with
artery (structure) modeled as linear isotropic
material. From the multi-physics simulations,
it was observed that, although TAWSS did not
vary much between single, multiphase, and rigid
models, OSI varied significantly between single
and multiphase non-Newtonian models while a
small difference with rigid model was observed.
Overall, the authors concluded that considera-
tion of multi-phase model can alter the hemo-
dynamics and lead to different conclusion on the
pathogenesis of atherosclerosis. Further, in order
to understand the effect of arterial elasticity and
blood visco-elasticity, Bilgi and Atalik® per-
formed FSI simulation with Newtonian and non-
Newtonian Oldroyd-B model. They reported that
von-Mises stresses on arterial wall increase with

AE The lumen of an artery is the hollow space inside the vessel
through which blood flows.
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(a) Locally refined mesh

(b) Conforming mesh

(c) Non-conforming mesh 1

(d) Non-conforming mesh 2

Figure 5: lllustration of various meshing techniques employed in CFSI problems (Adapted from Xu and

Yang with permission from Elsevier).

fluid’s elasticity and hence may increase in arte-
rial deformations. This study was performed for
aneurysm; however, no such study was found for
stenosis.

In order to improve the accuracy of computa-
tional results, Baumler et al.** performed a two-
way coupled FSI simulation on pre-stressed aortic
arch®" with true and false lumen separated by
flexible aortic dissection. The main motivation of
the work was to come up with an accurate model,

AF A curved structure that arises from the ascending aorta
(artery coming out from heart), takes a sweeping arch-like
shape, and then descends through the thorax.
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which could predict flow velocity and deforma-
tions in aorta so that the hemodynamics, after a
surgery, can be predicted well using the CT scan
geometry. The pre-stressing of artery was per-
formed to adjust the CT scan-based geometry
with the diastolic load which is present during
image capture. Further, a non-linear hyper-elas-
tic model for aortic dissection and artery wall,
with elastic modulus varying from 20 to 800
kPa, was considered for simulation. A compari-
son of velocity and deformation results with 4D
MRI measurements (in vivo) showed that the
optimized numerical model was able to capture
maximum deformations and systolic velocities
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with a good accuracy, which were underpredicted
by non-pre-stressed and untethered numerical
simulations.*S The results of FSI model showed
low TAWSS values in false lumen regions, thus
making them prone to endothelium degen-
eration. Further, the false lumen flow rate was
observed to decrease with increasing elastic mod-
ulus, indicating pathogenesis for atherosclerosis.

It is important to understand whether a com-
plete FSI simulation or a standalone CFD and/or
CSD simulations are sufficient to predict artery
rupture in aneurysms. This would lead to reduc-
tion of computational cost, which is extremely
necessary in a clinical setup. In order to gage
this, Valencia et al.*> performed a comparative
hemodynamic study on patient-specific cerebral
aneurysm geometry using coupled FSI (with a
constant elasticity for artery), purely CFD, and
purely CSD (with different elastic models) stud-
ies. Their CSD model considered segment of
aneurysm and complete aneurysm model as two
cases with multiple elastic models like hyper-
elasticc, Mooney-Rivlin, modified MR with
experimental data, etc. They observed that CSD
and CFD simulations underpredicted the effec-
tive stress values as compared to the coupled
FSI simulations. Further, there were changes in
hemodynamic parameters along with effective
stress values for CSD model—with constant elas-
ticity and various non-linear material models.
These deviations were minor as compared to a
63% increase in stress observed for a hyperten-
sive artery. Thus, the authors highlighted that the
use of FSI simulations with non-linear material
modeling can yield similar results as compared to
a simpler model for normal physiological loads,
but consideration of proper pressure boundary
condition (like Windkessel* model) is highly
essential.

In order to understand the role of arterial elas-
ticity on low-density lipoprotein (LDL) uptake
in left coronary artery (LCA), Chen et al.> per-
formed FSI simulations on a patient-specific LCA
geometry with four cases involving rigid artery,
flexible artery with different thickness, and two
different blood pressure levels. It was reported

AG Tethered numerical simulations in fluid—structure inter-
action (FSI) involve modeling the interaction between flu-
ids and structures, where one or more solid structures are
connected to the fluid domain by tethers or cables. This is
implemented by giving Dirichlet boundary condition for
deformation at atleast one end.

AR A windkessel, which translates to “air chamber" in Ger-
man, is a component in various systems that acts as a reser-
voir to dampen pressure fluctuations and ensure a smoother
flow of fluid.
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that the elastic nature of artery introduced com-
plex flow patterns which reduced the LDL accu-
mulation. Thus, consideration of rigid models
can lead to over-prediction of LDL prediction
and lead to unnecessary medical treatments. Fur-
ther, the authors also reported that hypertension
(modeled using high blood pressure) can lead
to larger changes in LDL accumulation, as com-
pared to that in the rigid versus compliant model.

Chiastra et al.% investigated the importance
of considering flexible nature of artery while
computing hemodynamic factors in a stented
coronary artery, to monitor a patient for post-
surgery complications. Using a commercial soft-
ware ADINA, they performed two-way coupled
FSI simulations for coronary artery with two dif-
ferent stent materials. Further, the results were
compared with same geometries modeled as rigid
(without deformations). They found that, for ide-
alized models of a stented coronary artery, the
rigid wall assumption for fluid dynamic simu-
lations appears adequate when the aim of the
study is the analysis of near-wall quantities like
WSS. The authors compared the results of fluid—
structure interaction (FSI) and corresponding
rigid wall models, focusing on the analysis of the
WSS distribution. They found that the trends in
terms of instantaneous and time-averaged WSS
were similar—between compliant and rigid wall
cases. Further, between the FSI and the rigid wall
cases, the difference of percentage area exposed to
TAWSS < 0.4 Pa was about 1.5% for cobalt-chro-
mium (CoCr) and 1.0% for poly-L-lactide (PLLA)
stents.

In order to understand the effect of arterial
flexibility and RBC movement on the resulting
hemodynamics for multiple stenosed coronary
arteries, Athani et al.*’ performed multi-phase
FSI simulations on patient-specific Left Coro-
nary Artery (LCA). The fluid domain was solved,
using a finite volume-based commercial soft-
ware (Fluent R2020), with multi-phase modeling
performed using the mixture model. The fluid
(blood) and the solid (wall) domains were fully
coupled using the ANSYS FSI solver. They evalu-
ated hemodynamic parameters, such as WSS,
pressure, velocity, in the patient’s left coronary
artery while considering the walls to be rigid and
flexible. They found overestimation of hemody-
namic descriptors for the rigid models as com-
pared to the FSI models. The region of larger
displacement occurs at the pre-stenosis area
as compared to the other area of the left coro-
nary artery model. They observed an increase in
blood flow velocity across the restricted regions
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(stenosis) in the LCA, and the recirculation zone
at the post-stenosis and bifurcation regions was
noted.

5.2 Linear and Non-linear Material Model
for Artery
From the extensive review of CFSI modeling
methods for blood flow, it is understood that blood
flow patterns, accumulation of blood particles and
hemodynamic parameters change significantly
due to arterial deformations. Hence, consideration
of FSI is necessary for both conducting*' and dis-
tributing® vessels. Apart from selection of suitable
FST and rheological model for blood, it is also very
important to model the artery wall deformation
accurately. As discussed in Sect. 2, the constitutive
relation between o and € are different for linear and
non-linear material models. A brief description of
these material models is presented in Table 4. For
the commonly used linear material model, the
stress is related linearly with strain using elasticity
matrix [D], which can be calculated using Hooke’s
law for plain-strain/stress cases. For non-linear
artery model, the stress tensor is defined in terms
of derivative of strain-energy function W, which
is a non-linear function of strain field E. Although
non-linear material models are found to be more
realistic and provide closer results with in vivo
observations, the associated modeling is math-
ematically challenging and computationally very
expensive. Also, it is reported in the literature that,
as we move away from heart, the arteries become
thick and have lesser deformation—due to which
linear models can be valid. Hence, a brief literature
survey of effect of different artery wall model on
resulting deformation accuracy is presented below,
which enables selection of an appropriate model
that is suitable for the artery under investigation.
For artery wall modeling, nonlinear and lin-
ear models have been compared in several stud-
ies. The choice between these models depends on
factors, such as accuracy, ease of implementation,
and computational costs. Nama et al.”* presented
a systematic comparison between linear and non-
linear artery wall modeling approaches, including
membrane, shell, and 3D solid formulations. The
comparison is presented in an idealized bifurca-
tion model for regionally varying wall thickness,
while incorporating the effect of external tis-
sue surrounding the vessel wall. It was reported
by authors that although membrane model gave
comparable results with available axisymmetric

Al vessels carrying blood from heart to other arteries.
Al yessels carrying blood from main artery to arterioles and
capillaries.
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solutions, they failed to converge for bifurca-
tion geometries. Shell models with linear elastic
model, which have fewer degrees of freedom,
yield closer results with 3D solid model (P2
wedge-type) and hence can be considered opti-
mal for simulation of artery wall response.

Solovyova et al.”> compared the use of the
linear and nonlinear models, for artery wall
modeling, in the context of blood flow and pulse
wave propagation. They presented a brief review
of the nonlinear models, and applied both 2D
linearized and 1D nonlinear models in their
study. They reported that nonlinear models bet-
ter describe degenerated pathological walls while
linear models satisfactorily describe healthy elas-
tic walls. On a contrary note, Baier et al.’® lin-
earized the general non-linear elastic model and
compared the displacements with those obtained
nonlinear model. Authors reported that linear
model matches well with nonlinear model in
normal physiological conditions while intima
layer** shows deviation in large deformation
cases (abnormal physiological loads). Oshima
and Tori’’ performed FSI simulations, for blood
flow in patient-specific aneurysm with linear and
general non-linear model for artery wall defor-
mations. Their comparison between artery wall
model showed that linear model over-predicts
the wall stresses and can lead to high rupture-risk
prediction. From the above literature survey, it
can be observed that linear models can be consid-
ered in healthy artery (with normal physiological
loads) while they might lead to lower deforma-
tions in highly calcified arteries and those with
aneurysms. Regarding choice of suitable non-lin-
ear artery model, there is no single consensus and
is generally suggested that specific artery param-
eters may be considered—in the constitutive rela-
tion of a general non-linear artery model.

6 Concluding Remarks and Future
Outlook

Understanding the complexities of blood-flow
dynamics within the human vasculature is
important for understanding numerous physi-
ological and pathological phenomena. In this com-
prehensive review, we present computational fluid
dynamics (CFD) modeling techniques applied to
blood flow, aiming to address crucial questions
shaping the contemporary research. Our investiga-
tion centers on three critical decisions one has to

AK The intima is the innermost layer of an artery. It is com-
posed of endothelial cells that line the interior surface of the
blood vessel.
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Table 4: Summary of most commonly used material models for FSI modeling in vasculature.

Model Definition

Parameters

Linear elastic [o] = [D] [€]

General non-linear elastic®®

[D]—elasticity matrix, [e]—strain matrix

[o] = [F] %V [F"], E = 0.5(FI[F]"—I) W—strain-energy function, [Fl—defor-

mation gradient tensor

Hyper-elastic® E?:w Ak + Z; Zﬁ:uz/ A,,Ef A, Aj, k—material parameters deter-

W= +05k(5—1)+0F>

Fung and Chuong® W = 05¢c(e? — 1);

mined from experiments

c—dimensionless material constants

Q= 1B + aE2y + G3EZ, + 2c4EppEoe

+ 2¢sEppEzz + 2¢6E77ERR

Modified Mooney—Rivlin model®® \ = ¢, (1 — 3) + Go(h — 3) + C3(h — 3)> G and D—constants with stress dimen-

sions, D—dimensionless material

+G(h = 3)(h = 3) +Cs(5 - 3)° parameter, —invariant of Cauchy-
+Colh —3)° + Gr(h —3)*(, —3)  Green tensor

+ Ca(I-3)(h — 3)? + Co(h, — 3)°

+ D (€23 — 1)
W= B+ 5 -

Odzen hyper-elastic®
+3 %(J -1

Incompressible polynomial®® W=35 Colh —3)

J—volumetric stretch, —stretches in
the principal directions

Cro — Ceo—polynomial model parameters
(vary with artery)

make while modeling hemodynamics in human
vasculature. First, the relevance of non-Newtonian
models in varying vascular conditions and the
alterations required to incorporate the viscoelastic
nature of red blood cells (RBCs). Second, the valid-
ity of single-phase assumptions versus multiphase
modeling, particularly concerning arterial geom-
etries and potential particle migration effects; and
third, the impact of arterial wall elasticity on blood
flow patterns—in order to understand whether a
rigid wall assumption suffices or a fluid-structure
interaction (FSI) model is required.

Based on an extensive survey of literature
encompassing diverse scenarios in blood flow
modeling within human vasculature, several key
insights have emerged. First, the significance of
non-Newtonian blood behavior becomes pro-
nounced in specific conditions: notably, severely
stenosed arteries fostering recirculation zones or
those with diameters below 4 mm and low Wom-
ersley numbers Wo. In these cases, viscoelastic
models exhibit substantial deviations from sim-
ple Newtonian models, surpassing a 10% differ-
ence in predicted outcomes. Conversely, larger
arteries like the carotid and aorta, experiencing
highly pulsatile flows with elevated Wo, maintain
characteristics similar to Newtonian fluids. Sec-
ondly, the debate between single-phase and mul-
tiphase modeling reveals subtle differences. While
straight arteries with stenosis or aneurysms show
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minimal distinction between these approaches,
curved and branched arteries showcase note-
worthy particle migration effect that influences
hemodynamic parameters. Interestingly, single-
phase equations, when integrated with the Philips
diffusive flux model, yield promising results as
compared to two-phase models; especially in
certain arterial configurations. Lastly, the role of
arterial wall elasticity manifests differently across
various scenarios. Complaint arterial models, as
compared to rigid models in larger arteries or
those lacking elastin, maintain similar hemody-
namics. However, instances, such as hypertension
and simulations of blood-flow in smaller arter-
ies, underscore the significance of fluid-struc-
ture interaction (FSI) in altering hemodynamic
patterns. Based on the literature survey, a brief
summary of appropriate physiological modeling
techniques is presented in Table 5.

In conclusion, the choice of modeling
approach for blood flow in human vasculature
must be judiciously tailored to the specific vascu-
lar scenario under consideration. Non-Newtonian
modeling gains prominence in narrower or more
pathological vessels, while the choice between sin-
gle-phase and multiphase modeling hinges on the
vascular geometry and potential particle migra-
tion effects. Furthermore, the influence of arte-
rial wall elasticity, particularly in diseased states,
underscores the relevance of FSI in accurately
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simulating hemodynamics, thus showing the mul-
tifaceted nature of blood-flow modeling within
the human vasculature. Although significant pro-
gress has been made in computational modeling,
clinical implementation of such studies have been
rarely observed. In this regard, future studies can
work on following aspects to take CFD-based
hemodynamics closer to the medical industry.

1. The integration of multiphase simulation
with non-linear elastic arteries as well as non-
Newtonian viscoelastic modeling remains
a critical frontier, particularly in scenarios
involving small hypertensive vessels. While
some efforts have been made®, a robust
solver that considers both artery non-linear-

ity and viscoelasticity is yet to be developed.

2. Current FSI simulations often overlook the
influence of surrounding tissue on vibra-
tions, neglecting its impact based on mate-
rial properties. Future studies should delve
into accounting for these effects for a more
comprehensive understanding.

3. Patient-specific CAD geometries from CT
images face hurdles in approval and acquisi-
tion time. While idealized models are com-
monly used, innovative approaches, like
artificial stenosis generation (proposed in
Doutel et al.”®) and neural networks offer
promising avenues to create realistic yet
computationally feasible models.

4. The role of various physics aspects, such as
Magneto hydro dynamics (MHD)*" and
porous walls, remains largely unexplored
in hemodynamic modeling—presenting an
opportunity for deeper investigations.

5. Application of CFD models for clinical use
demands less time-consuming approaches.
Assessing the viability of Reduced Order Mod-
els (ROM:s) for predicting hemodynamics and
exploring Physics Informed Neural Networks
(PINN) for multi-physics simulations could
offer faster computational solutions.

Lastly, effective implementation of computa-
tional models for diagnosis and treatment heavily
relies on seamless collaboration between medi-
cal practitioners and engineers. Ensuring a con-
tinuous and productive interaction between these

AL Magneto hydro dynamics (MHD) is a field of study that
examines the behavior of electrically conducting fluids, such
as plasmas, liquid metals, or electrolytes, in the presence of
magnetic fields. It combines principles from fluid dynamics,
electromagnetism, and plasma physics.
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domains is essential for a meaningful progress in
this field. These forward-looking perspectives aim
to address current limitations and pave the way
for more comprehensive, clinically applicable,
and efficient CFD-based hemodynamic modeling
in human vasculature.
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