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ARTICLE INFO ABSTRACT

Article history: Reduced blood flow to the lower extremities causes peripheral arterial disease (PAD),
Received 23 October 2022 which is caused by atherosclerotic plaque in the arterial wall. If this impairment is not
Received in revised form 27 January 2023 treated, it will result in severe vascular diseases like ulceration and gangrene. Previous
Accepted 7 February 2023 research has shown that while evaluating the pathology of the peripheral artery, the

Available online 23 February 2023 assumption of the model geometry significantly impacts the uncertainty of the

stenosis area. However, more work needs to be done to understand the interaction
between mechanical better and flow conditions in the peripheral artery using a
separate computer model of the cardiovascular system. This paper reviews the
numerical approach on pre- and post-treatment of hemodynamic behavior in
peripheral arterial disease (PAD). The goal of this study was to thoroughly examine the
most recent developments with the application of computational studies in PAD from
2017 to 2022. While FSI investigation highlights the behavior of both the fluid and
structure domains (blood and artery) during the numerical analysis of blood flow, CFD
simulations primarily focus on the fluid domain (blood) behavior. Out of 92 research
publications, 19 were appropriate for this assignment. This thorough study divides the
publications into the categories of CFD, and FSI approaches. The results were then
reviewed in accordance with the wall characteristic, analytical method, geometry,
viscosity models, and validation. This paper summarizes the parameters of geometrical

Keywords: construction, viscosity models, analysis methods, and wall characteristics taken into
Peripheral arterial disease; consideration by the researchers to identify and simulate the blood flood flow in the
computational fluid dynamics; fluid stenosis area. These parameters are summarised in this study. Additionally, it could
structure interaction offer systematic data to help future studies produce better computational analyses.

1. Introduction

Peripheral Arterial Disease (PAD) in the lower limbs of the body has affected more than 200
million people globally [1-3]. The PAD prevalence cases recorded constantly increasing especially in
the elderly for the past 15 years, indicating the high burden to the healthcare systems [4]. Among
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the risk factors for PAD are diabetes, smoking, hypertension, hyperlipaemia, heart disease and stroke
[5].

Majority of PAD patients are asymptomatic, but many also have intermittent claudication, which
can cause numbness, cramping, or pain in the legs when walking or ascending stairs. If PAD is not
treated, the patient may experience lifestyle-altering leg ulcers, gangrene, and eventually
amputation [6]. Atherosclerosis is the primary cause of the obstruction of blood supply, which causes
the impairment (Figure 1). As a result of the build-up of lipids, cholesterol, and other compounds in
the artery wall, atherosclerosis is the development of a substance known as plaque. Particularly, the
profunda femoris artery, a branch of the femoral artery and a component of the external iliac
arteries, is where it is most likely to happen [7].

Low wall shear stress (WSS) in specific areas of the arteries encourages the build-up of substances
by reducing the atheroprotective genes on the arterial wall and in the same time promoting the
atherogenic ones that will lead to plaque formation [1,3]. Dead foam cells, macrophages, smooth
muscle cells, and extracellular matrix are present in the plaque [8]. The accumulation of plaques will
narrow the arterial inner diameter, reducing the wall compliance (increased arterial stiffness) [9]. In
situations of high grade stenosis, the local blood flow may change from laminar to turbulent in the
downstream area [10,11]. The narrowing phenomenon also disrupts the nearby normal blood flow.
An abrupt increase in WSS on the endothelium layer may cause the plaque to break and produce a
blood clot, which may reduce blood flow to the lower reaches of peripheral arteries.

Peripheral Arterial Disease

Normal Artery PAD Artery

Cross section of in: Cross section of Cross section of
normal artery di plaque reduces plaque blocked
blood flow blood flow

Fig. 1. Schematic diagram of atherosclerosis in the lower limbs of the body causing
peripheral arterial disease (PAD) [12]

Patients with severe PAD and large plaque diameters may be advised to undergo endovascular
therapy in addition to taking generic drugs such aspirin, clopidogrel, and statins [13]. Patients may
be referred to surgeons for open surgical atherectomy intervention or for invasive procedures like
angioplasty and stenting [6,14,15]. Generally, there are two methods of endovascular therapy i.e.,
invasive and non-invasive techniques. Stent implantation is usually performed to open-up the
narrowed artery and prevent it from happening again. widen the affected arteries from narrowing
again. Figure 2 depicts the state of an artery with stenosis after stent placement. For minor and
long/medium lesions, stenting and angioplasty are advised [2]. One of the advanced ways in
percutaneous transluminal angioplasty (PTA) to totally relieve the constriction by "leave nothing
behind" strategy is the use of drug-coated balloons and bioresorbable stents [16]. After stent
implantation, arterial stiffness may change due to a reduction in axial elongation, although this has
no impact on the average arterial curvature [17]. Additionally, these implantations limit the artery's
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axial shortening and result in decreased flow velocity during leg flexion [18]. For femoropopliteal
artery, the long-term primary patency after endovascular treatment remains low with rates around
25% [19]. The development of restenosis may strongly happen after 6-12 months follow-up on the
treated area [20,21].

Peripheral Arterial Disease

PAD Artery
Treatment for Peripheral Artery Disease

PAD Artery e~ aoo
reduces blood flow e
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to expand stent

Stent expand
result is increase
blood flow

Fig. 2. Treatment for peripheral artery disease (PAD) [22]

Previous studies claims that their working models have yet to achieve the expected results in
term of its precision [18,23,24]. They nevertheless need to occasionally take into account restrictions
when choosing variables such geometry types, viscosity models (whether Newtonian or non-
Newtonian), types of flows, boundary conditions at the entrance and outflow of the artery, and the
solver used to solve its governing equations. In order to comprehend how the PADs behave, it is
essential to reveal and enhance those assessments before moving forward with the inquiry. The
discussion of choosing parameters will be expanded upon in the next section.

This paper presents a systematic review of important recent research articles from 2017 to 2021
in the investigation of blood hemodynamic in PAD using computer simulation analysis. This work aims
to demonstrate the methods applied to the computer modelling and investigation of this
phenomenon. Future research may benefit from a better approach from the systematic review in
order to provide computational analyses with more effect.

2. Methodology

This systematic review was performed according to an agreed predefined protocol. The review
was conducted and presented according to the statement standards of the Preferred Reporting Items
for Systematic Reviews and Meta-Analyses (PRISMA) [25].
2.1 Search Strategy

The literature was searched up to October 31, 2022, using the Boolean operators AND, OR, and
NOT along with the keywords "Peripheral Arterial Disease," "Atherosclerosis," "Computational Fluid

Dynamics," and "Fluid Structure Interaction." Science Direct, PubMed, and Scopus are among the
search databases.
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2.2 Eligibility Criteria

Search references were gathered and arranged according to their research importance in
accordance with PRISMA principles. First, the database's articles were categorised by filtering
according to article category and restricting the year of publication to 2018 and later. The remaining
papers were then manually evaluated for quality and topical relevance through the reading of
abstracts and conclusions. The exclusion criteria were restricted to the following: (1) full texts in
languages other than English; (2) kinds of arteries that do not exist from hip to toe (lower limb
extremities); (3) studies on animals; and (4) accessibility of the articles in the database. After
screening, 19 articles were found that could have their content's uniqueness evaluated in full. In
several of the studies by the same author, when a meta-analysis technique was used to address these
problems, it was discovered that the information and findings were insufficient.

3. Results

Out of the 92 research publications, 19 have been found to be eligible for this work after
duplicates were removed and papers were excluded after reading the abstracts. This thorough
analysis was done to divide the publications mainly into two groups: CFD approaches and FSI
approaches. While FSl investigation highlights the behaviour of both the fluid and structural domains
(blood and artery) during numerical analysis of blood flow, CFD simulations primarily focus on the
behaviour of the fluid domain (blood).

3.1 Study Characteristic
Possible relevant article papers were found after using the screening methodology for this study

through systematic review in accordance with PRISMA criteria, as shown in Figure 3. 18/19 (94%) of
the included papers were exclusively CFD works, whereas 1/19 (6%) were FSI works.
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Fig. 3. Flowchart of the systematic review
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Thus, Table 1's categories provide a summary of the review's findings [26]. Classification was
carried out to draw attention to the crucial variables examined in the pre- and post-processing
simulation methods for PAD research in the corresponding articles. The several types of geometry
models that were used for pre-processing parameters were first discussed, then the geometry model
source, the analysis technique, and finally an explanation of the different types of viscosity models
and wall features that were considered during simulation. The post-processing parameter was noted
in the category of "Validation procedure." The technique employed in the study to evaluate the
reliability and excellence of the simulation results is represented by this category. Validation
techniques may change depending on the author's preferences and considerations.

Table 1
Summary of CFD and FSl studies in peripheral arteries disease [26]
Article Geometry Image Source Analysis Viscosity Wall Validation
Platform Model Characteristic Method
CFD Studies
Xu etal., [27] Patient-specific MRA (MIMICS)  CFD Newtonian Rigid Ultrasound
(stenosis, (Scientific Doppler
bending, report of
branching) comparison
between CFD
data and
UDV result)
Salman and Patient-specific CTA (MIMICS) CFD (Analysis - Single layer -
Yazicioglu [23] (stenosed) of skin structured
response to (FEA)
identify the
Idealised - Iocatlo.n of Rigid -
stenosis)
Cortietal, [1] Idealised - CFD-FLUENT non- Rigid (based -
(healthy SFA) Newtonian on ABM
(Carreau) Framework)
Colombo et al.,  Patient-specific CTA (CAD) CFD-FLUENT  non- Rigid Rigid 3D
[2] (stented) Newtonian printed
(Carreau) phantoms
Gogineni and Idealised - CFD-FLUENT Newtonian Rigid -
Ravigururajan (bifurcation)
(7]
GoOkgol et al., Patient-specific CTA (MIMICS) CFD-CFX Newtonian Rigid -
[18] (stented,
kinking)
Desyatova et Patient-specific CTA CFD-CFX Newtonian FEA (Abaqus) -
al., [28] (aging, FPA)
Donadoni et Patient-specific USA CFD-CFX non- Compliant -
al., [29] (stenosed) Newtonian
(Carreau-
Yasuda)
Gu etal., [30] Idealised - CFD based on  Newtonian Rigid Clinical data
(peripheral Finite
ECMO) Element
Method
Ferrarinietal.,  Patient Specific CTA CFD-FLUENT Newtonian, Rigid -
[31] (FPA) non-
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Newtonian
(Carreau)
Donadoni et Patient-specific CTA (Scan IP) CFD-CFX Newtonian Rigid Clinical data
al., [32] (vein graft
failure)
Wood et al., Patient-specific MRA (MIMICS)  CFD-CFX Newtonian Rigid -
[33] (curvature, USA (HDI Lab,
tortuosity) MATLAB)
Li et al., [34] Patient-specific CTA (MIMICS) CFD-CFX Newtonian Rigid -
(tortuosity)
McGah et al., Patient-specific USA (MATLAB)  CFD-FLUENT - Rigid -
[35] (curvature)
Colombo etal,, Idealised (FPA) - LS-DYNA Newtonian Rigid -
[36] (ALE)
Colombo etal,, Patient-specific CTA CFD-FLUENT non- Rigid Experimental
[37] (stented, SFA) Newtonian data
(Carreau)
Gokgol et al., Patient-specific ocT LS-DYNA Newtonian Rigid Clinical data
[38] (FPA)
Cortietal, Idealised (FA) - CFD-FLUENT non- Rigid Clinical data
[39] Newtonian
(Carreau)
FSI Studies
Wang et al., Patient-specific CTA (MIMICS) CFD-FLUENT,  non- nonlinear, -
[40] (stenosed) One-Way Newtonian homogenous,
(Carreau) and
hyperelastic
material

CAD — Computer Aided Design; MIMICS — Materialise Interactive Medical Image Control System; CTA — Computed
Tomography Angiography; MRA — Magnetic Resonance Angiography; USA — Ultrasound Angiography; OCT — Optical
Coherence Tomography; FEA — Finite Element Analysis; ECMO - Extracorporeal Membrane Oxygenation; ALE —
Arbitrary Lagrangian Eulerian

3.2 Geometry Construction

In order to get a qualitative outcome in the investigation of peripheral blood flow, the choice of
PAD geometrical configuration is essential in the early stages of simulation. Idealized and patient-
specific model geometries are the two types of geometries most frequently utilised. Patient-specific
(13/19) as opposed to idealised model (5/19) has been employed more frequently out of the 19
papers (CFD and FSI). Furthermore, a comparative study (1/19) was carried out using an idealised and
patient-specific model.

3.3 Medical Images

The patient-specific models from the available research papers are found to often use CTA image
sources (9 out of 19 articles), followed by USA (2 out of 19 articles), while MRA and OCT is least likely
to be used among the examined studies. However, several studies done by Wood et al., [33] have
used more than one image source. The typical imaging method used in clinical diagnosis is described
in Table 2.
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Table 2

The comparison of stenosis diagnosis method [41,42]

Method Hemodynamic Anatomic Time Resolution Risk

data Measurements consumption

Computed No Yes Low High Radiation

Tomography exposure

Angiography

(CTA)

Magnetic Yes Yes High Low -

resonance

Angiography

(MRA)

Ultrasound No Yes High High (have Imaging

Angiography depth limit) modality

(USA) (operator and
patient
dependent)

3.4 Characteristics of Peripheral Artery

The network of arteries from hip to toe makes up most of the peripheral arterial system. The lliac
Artery (lA), which later split into the internal and exterior iliac arteries as seen in Figure 4, is the
starting point for the Peripheral Artery (PA) construction. The external iliac artery continues as the
femoral artery (FA), a significant artery in the thigh. FA is made up of the Superficial Femoral Artery
(SFA), which connects to the lower branch of the Profunda Femoral Artery (PFA), also known as the
Deep Femoral Artery, and the Common Femoral Artery (CFA) (DFA). From the distal end of the FA,
SFA goes down the medial thigh to the knee, where it is terminated by the Popliteal Artery (PA),
which continues to the lower boundary of the popliteus muscle. Peroneal Tibial Artery, also known
as Fibular Artery, is located at the lowest extremities of Posterior Tibial Artery and performs
comparable responsibilities to ATA to give blood to the lower compartment of the leg.

A smooth blood flow along the hip to toe area also depends on the size and length of peripheral
arteries. Additionally, those criteria were discovered to vary in humans depending on a variety of
variables, including age group, gender, body size, and leg side. Table 3 summarises findings from
Shahrulakmar et al., [26] the size and length of the arteries involved in the peripheral system from
earlier studies, focusing primarily on the relationship between gender and side of the leg.
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Fig. 4. Vascular anatomy of lower limb arteries [43]
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Table 3
Summary of peripheral arterial sizes [26]
Article Gender FA CFA PFA SFA PA PTA ATA Peroneal
/ Side L D L D(mm) L D L D L D L D L D L D
of leg (mm)  (mm) (mm) (mm) (mm) (mm) (mm) (mm) (mm) (mm) (mm) (mm) (mm) (mm) (mm)
Avolio [44] - 127 4.8 - - 126 4.6 - - 94 4.0 161 3.6 25& 26& 159 2.6
150 2.0
Valerioetal, - - - - 9.4+ - - - - - - - - - - - -
[45] 1.3
Lorbeer et al., Right - - - 8.03+ - - - 594+ - 5.34 + - 3.09+ - 336+ - 3.10+
[46] 1.17 0.91 0.95 0.38 0.46 0.45
Left - - - 8.12 + - - - 593+ - 543+ - 3.09+ - 343+ - 3.08 +
1.2 0.93 0.91 0.38 0.46 0.39
Wolf et al., Male - - - 9.3+ - - - 73+ - 69t - - - - - -
[47] 1.1 1.0 0.9
(Prox.)
6.8+
0.8
(Mid)
4.9
0.6
(Dist.)
Female - - - 84+ - - - 6.2 - 6.0 - - - - - -
0.8 +2.7 0.6
(Prox.)
6.0
0.7
(Mid)
44+
0.6
(Dist.)
Sandgren et Male - - - 9.8 - - - - - - - - - - - -
al., [48] Female -s - - 8.2 - - - - - - - - - - - -
Spector and - - - - 6.6t - 49+ - 52¢% - - - - - - - -
Lawson [49] 1.2 0.9 1.2
Li et al., [50] - 354 4.8 - - - - - - 188 4.0 322 3.6 25 & 26& 318 2.6
300 2.0

L — Length; D — Diameter; FA — Femoral Artery; CFA — Common Femoral Artery; PFA — Profunda Femoris Artery; SFA — Superficial Femoral Artery; FPA — Femoralpopliteal

Artery; PA — Popliteal Artery; PTA — Posterior Tibial Artery; ATA — Anterior Tibial Artery; Prox. — Proximal; Dist. - Distal
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3.5 Viscosity Model

In PAD numerical works, 10 of 19 prior research articles presumed blood flow to be a Newtonian
fluid, whereas 7 papers propose a non-Newtonian viscosity model. Similarly, one study outlines a
comparative study using both Newtonian and non-Newtonian viscosity models, whereas the
remaining papers make no assumptions regarding the kind of blood flow considered. Carreau and
Carreau-Yasuda are two further models of non-Newtonian viscosity that are presented. 6/7 studies
considered Carreau model and 1/7 study included Carreau-Yasuda model in their studies. Table 4
displays the equations describing these models as well as the common values used to simulate blood
rheology.

Table 4
Viscosity models used to model blood rheology condition (with adaptation from Lopes et al., [51])
Model Equation Parameters
Newtonian U= U Ue = 0.0035 Pa.s
Power Law u=k@r? k =0.017
n = 0.708
Quemada . 7 -2 tp = 0.0012 Pa.s
170 7 T30 ko = 4.33
S e A ke = 2.07
1+ \/: Y. = 1.88s7!
Ye
Carreau — Yasuda _ R Lo Uo =0.056 Pa.s
U= fo T (,uO - ,uOO)[(l + 7\}’) ] a A =1.902 Stoo
U = 0.00345 Pa.s
n =0.22q
q=125
Casson z Uo = 0.004Pa.s
’ to (-my) 7o = 0.004Pa
u= — 1—e€ + 12 0 )
|yl [ I+ ko m = 100

3.6 Analysis Platform

Table 1 contains 15 research that utilised CFD methodology in PAD investigations. CFD involves
several applications, including commercial softwares such as ANSYS CFD, Comsol-Multiphysics,
Autodesk CFD, STAR-CCM, and SolidWorks Flow Simulation, as well as Open-Source codes such as
Visual-CFD, simFlow, OpenFoam, SimScale, HARVEY, etc. Fluent and CFX from ANSYS Inc. are the most
often used commercial CFD software for modelling blood flow.

3.7 FSI Techniques

The FSl investigations combines CFD and FEA to analyse fluid and structural behaviour, as well as
how they interact and impact one another. Previously, blood flow prediction models were based on
rigid geometries that required the arterial lumen to be reconstructed and partitioned, resulting in
reasonably precise results that could be provided in a short amount of time [52,53]. Nonetheless,
numerous additional variables must be considered, including the elasticity structure of the artery
wall and the stresses it endures as a result of atherosclerosis, as well as changes in material
characteristics as the atherosclerotic lesion proceeds [54]. As a result, improved discretization
methodologies, domain coupling techniques, and mesh interaction types are applied in fluid and solid
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domain problem solution using FSI [55]. Besides, FSI also important specially after interventions
which permanently change local biomechanics such as stenting and bypass grafting [56,57].

4. Discussion
4.1 Geometry Constructions

According to Xu et al.,, [27], a patient-specific model reflects a more intricate structure for
stenosis, branching, and bifurcation and indirectly affects the distribution of Wall Shear Stress (WSS).
This structure also advances the hemodynamic research, which is affected by alterations in a
particular lesion of the sick geometry. However, in another situation shown by Colombo et al., [36]
the effect of leg movement was examined by simulating hip rotation, knee flexion, and the full gait
cycle on FPA hemodynamic with an idealised model. The intricacy of the patient-specific model,
according to the author, will make it difficult to include it in this study. Additionally, as per the clinical
standard imaging technique, CTA and MRA also ignore the leg bending throughout the imaging
process.

Therefore, using an idealised model and accounting for pertinent boundary conditions in line with
patient-specific data also clearly identifies essential components that affect the phenomena. Strong
evidence is provided by Colombo et al., [36] and Ferrarini et al., [31] and others that patient-specific
boundary conditions are more accurate in leg flexion investigations and directly guarantee the lack
of irrational results. According to Colombo et al., [37], also discussed that due to limited resolution
of CT and the metallic artefacts created by the stent in post-operative CT scans, viewing the stent
struts and immediately rebuilding a 3D model of the stent is not possible. In addition, Salman and
Yazicioglu [23] looked into the site of stenosis by measuring the skin's sensitivity to sound vibrations
along the inner artery wall of peripheral arteries. Using the hyper-elastic Ogden and Mooney-Rivlin
method, the hyper-elastic of skin, fat, artery, and muscle describe the relationship between stress
and strain. In the meanwhile, the Maxwell technique is used to simulate the behaviour of viscoelastic
soft body tissue. The study's findings indicate that the sum of amplitude reaches its highest value
close to the site of the stenosis.

CTA is a technique that produces inside body X-ray pictures with high contrast and resolution
while also injecting contrast agent [58]. According to Xu et al., [27] the existence of stenosis may be
misinterpreted by the curvature's silhouette in CTA images [59]. The MRA scanning method, in
contrast to CTA, generates detailed pictures with a high magnetic field, and blood works as its own
contrast agent. Using real-time PC-MRA to create a 4D flow pattern, the MRA technique is also
advantageous [58]. It does, however, take more time to acquire and analyse the pictures and is a
relatively more complicated process. Other than CTA and MRA, another often utilised source image
in non-invasive approach is USA. USA images are generated by sound wave frequency to scan part of
the body. Wood et al., [33] compared MRA data with USA data and found that USA data had superior
measurement accuracy of the calculated circular diameter of SFA than the MRA approach. The
analysis was performed with custom-written Matlab 7.0.4 software and HDI Lab 1.9 (ATL-Phillips)
(The Mathworks, Natick, MA). Using MRA pictures from an L12-5 linear array transducer and an ATL
HDI 5000 ultrasound machine, the outcomes of MRA in the USA were compared in terms of diameter
measurement accuracy (ATL Phillips, Bothell, WA). USA is recognised to be a low-cost technology,
but Lopes et al., [51] also reported that USA that the accuracy of the method is still greatly impacted
by the competence and knowledge of the operator. Furthermore, imaging of unusual anatomical
circumstances, such as extensively stenosed carotid vessels, is limited in the USA, resulting in
the lowest prevalence rate [60].
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In general, there are two types of geometry construction: patient-specific models and idealised
models. By using MRA and CTA methods, realistic geometry for a patient-specific model can be
reconstructed. These geometries must be more crucially rebuilt as the necessary model for the
computer analysis. This method will ensure that arterial behaviour and mechanical structure are not
overlooked.

4.2 Characteristics of Peripheral Artery

Avolio [44] and Li et al., [50] reports general length of 127 mm and 354 mm with same diameter
of 4.8 mm for FA. While other researchers report specific size data for CFA in the range of 6.6 mm to
9.4 mm (diameter) and range of 5.2 mm to 7.3 mm (diameter) for SFA. There are also limited data
available for PFA where length found is 126 mm and diameter fall in between 4.6mm to 4.9mm. Next,
the length of PA is 94 mm to 188 mm and the diameter changes from proximal to distal of PA from
6.2 mm to 4.2 mm accordingly. Lastly, in tibia region, the diameter of arteries lay in the range of 3.09
mm to 3.6 mm (PTA), 2.0 mm to 3.43 mm (ATA) and 2.6 mm to 3.10 mm (Peroneal) respectively.

Findings also shows that gender draws changes in the size of arteries in human. The artery size in
male subjects is larger compared to female subjects. For an example, Wolf et al., [47] states the
diameter of CFA in male is 9.4 mm while in female 7.8 mm. Significant difference also found in the
size of other arteries such as SFA and PA as shown in Table 3. Apart from gender, factor such as side
of leg, right and left leg also shows different arterial size for every individual. Lorbeer et al., [46]
describes that for side of leg the comparison has to be carried out for each type of artery accordingly.
This is because certain artery found to be bigger on right leg and vice versa for others. Meanwhile,
PTA shows similar diameter of 3.09 mm for both side of leg. Age and body size another two factors
which affect the arterial size. Sandgren et al., [48] conclude that as the trend of age and body sizes
increases, the arterial length and diameter also becomes larger.

4.3 Viscosity Model

According to Ameenuddin et al, [61], blood consists of erythrocytes, leukocytes, and
thrombocytes suspended in plasma. The haematocrit is the volume fraction in which erythrocytes
compose at around 45 percent of total blood volume. Although it is recognised that plasma is a
Newtonian fluid, the entire fluid exhibits non-Newtonian features, particularly in capillaries. Topps
and Elliott [62] were the first to characterise the shear-thinning behaviour of blood. They established
that viscosity reduces as shear and strain rates increases.

Most arterial simulation studies utilise a Newtonian model to mimic blood flow. This Newtonian
blood assumption is a significant inaccuracy in approximations of blood flow modelling [63]. Even
though plasma is a fully Newtonian fluid, narrow channels such as capillaries display non-Newtonian
behaviour due to variations in the viscosity of the blood flow [64]. Several studies like Guerciotti and
Vergara [64], Kumar et al., [65], Lee et al., [66], and Urevc et al., [67] have discovered distinct change
between Newtonian and non-Newtonian results, especially in local hemodynamics due to decreased
velocities at stenosed regions. This contributes to a decrease in shear rates in the region downstream
of the stenosis, resulting in an increase in viscosity [10]. These findings show that it may be suitable
to mimic blood as a non-Newtonian fluid in simulations of peripheral blood flow. In addition, few
non-Newtonian models are utilised to predict shear-induced blood thinning [68]. As a generalised
non-Newtonian flow behaviour, the Power law model technique is the most used rheology for
constructing empirical relationships due to its simplicity. On the contrary, Power Law model has two
shortcomings: first, it fails to depict the linear shear-strain connection at extremely low and very high
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shear rates, which are typical for most actual systems, and second, the viscosity curve becomes
unique at the vanishing shear limit. Next, Casson model, is a well-known mathematical model
used specifically to evaluate small arteries at low shear rates. Subsequently, Carreau or Carreau-
Yasuda model, a four-parameter model suited to a broad range of shear rates, is afterwards offered
when there is a significant deviation from the previous models [69]. Moreover, this model was
designed to behave as a Newtonian fluid at high and low shear rates and as a Power law fluid in the
intermediate shear phase [51]. No model representing the viscosity of blood has been approved by
all researchers.

Various computational analysis findings on various viscosity model assumptions have also been
presented in studies. Vu et al., [70] evaluated the Newtonian model against non-Newtonian models
in branchial arterial system, by using Power Law, Carreau, and Casson models, and provided quite
compelling hemodynamics predictions for each approach. The size of the recirculation zone
obtained differs dramatically between each observed model. The wall shear stress of the Carreau
model is greater than that of the Newtonian model by 14% for continuous flow and 17% for pulsatile
flow [69]. Pulsatile flow data indicate that the Newtonian model is close to the power law model, but
the Casson model is comparable to the Carreau model.

In summary, Newtonian or non-Newtonian models of viscosity must be taken into account while
analysing blood flow. Findings from Ferrarini et al.,, [31] states that both Newtonian and non-
Newtonian models provide almost identical results in both popliteal geometry models, except when
the magnitude of the TAWSS is relatively small (<0.4Pa). In this latter case the Newtonian model gives
lower values of TAWSS than the non-Newtonian one [15]. Essentially, the Newtonian model is the
simplest and most practical approach to evaluate constant viscosity, but it does not completely match
the viscosity of blood in nature. On the other hand, non-Newtonian considerations are more relevant
due to the incorporation of viscosity variability based on blood flow in the arterial environment.
However, the Newtonian blood treatment should be a good choice in general but the viscosity model
consideration strongly depends on whether they need or does not need to include consideration of
WSS in their study respectively.

4.4 Analysis Platform

CFD is a significant tool to illustrate the flow behaviour in vitro experiments that relate with
vascular hemodynamic. Over the last 20 years, researchers have performed CFD analysis on set of
vascular remodelling mechanisms that result in the development of atherosclerosis. CFD has been a
key tool for analysing various endovascular treatment approaches and evaluating the development
of endovascular devices [2,19,21,71]. In the field of PADs research, the element of pathobiological
processes can be explored using the right analysis platform to examine the blood flow and the wall
structure deformation in correlation with the artery behaviour [7,16-18,23,24,27,28,72].

Two commercially available solvers in ANSYS, Fluent and CFX, are primarily utilised for their
unique capacities to analyse arterial blood flow. The pre-processor, solver, and post-processor can
all be used by Fluent simultaneously in a single window. The grid quality in CFX is much more forgiving
when it comes to meshing, focusing on the cell-vertex node that separates each element into sub-
volumes. Additionally, since iterative methods are used to solve the governing equations in CFD,
convergence is a significant difficulty. It is common to look for residuals that are below a certain
threshold as well as specific local and global flow characteristics that stabilised, while different
research use different convergence criteria [58]. Both Fluent and CFX can assess the data at several
monitor points to see how accurate the convergence is. In these cases, CFX outperformed Fluent in
terms of usability and clarity. While fluent needs more repetitions, it is computationally efficient, and
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it is feasible to tell if the solution is converging or diverging at the first stages of a simulation.
Additionally, Fluent can resolve axisymmetric model simulations while CFX can only do 3D
simulations. Fluent can also execute simulations in both 2D and 3D [73].

Fluent and CFX are competent solver that can solve most flow analyses according to the need of
the user. For inexperienced CFD users, there is a thorough description on how CFD software would
aid users to tackle the Navier—Stokes equations rather than depending on commercialised CFD code
[52,74]. The robust CFD simulation has the capability to be a useful tool in treatment decision-making
systems [27]. LS-DYNA is another commercial software used to examine blood flow modelling under
dynamic boundary conditions. Gokgol et al, [38] investigated the hemodynamic impact of
endovascular therapy by using LS-DYNA on the flow behaviours of femoralpopliteal arteries (FPA)
while Colombo et al., [36] used LS-DYNA with Arbitrary Lagrangian-Eulerian (ALE) on an idealised
model of FPA to perform computational fluid dynamics analysis by simulating hip rotation, knee
flexion, and the full movement of walking. The findings of these studies indicate that this software is
extremely cost-effective and adequate for assessing large and complex models. In addition, the
practicality of integrating diverse software in an integrated system such as adaption of MATHLAB
ABM into CFD simulation as carried by Corti et al., [39] may become the sole viable method to
support the hundreds of simulations required for ambiguity and sensitivity studies, as well as
calibration.

Historically, the computational requirements of three-dimensional computational fluid dynamics
(CFD) models of blood flow were excessively consumed memory and computationally complicated
to calculate blood flows in arteries accurately. However, the use of high-performance computing
resources and development of new massively parallel simulation Open-Source code frameworks
have recently progressed toward solving these limitations. For example, HARVEY is hemodynamic
code that includes the Lattice Boltzmann Method (LBM) to resolve the unsteady Navier-Stokes
equations [75]. This is attributable to the scaling's effectiveness to which boundary conditions in
complex structures are addressed. However, the simulation in this framework still considers the
vessel wall as a rigid wall.

Overall, there are many available software to analyse modelling of blood flow in arterial system
like peripheral artery. However, each software has its own advantages and shortcomings which can
be select by the user according to their research requirements. Besides, inclusion of Open-Source
codes also reduces the shortcomings of the existing software which consequently improves the
accuracy of the results obtained.

4.5 Rigid Wall Assumptions toward Their Works

According to Xu et al., [27], a change in WSS distribution can easily cause rupture and the
development of calcified plaque. This implies that the primary reason for atherosclerosis is hardened
plague. Due to the framework's rigid wall presumption, the displacement of the artery wall generated
by blood is omitted, hence the correlation between geometric characteristics and WSS change
remains unknown.

Desyatova et al., [28] performed the analysis by separating the solid and fluid analyses in order
to achieve simplicity and computational effectiveness. Although the consequences of fluid-structure
interaction are minimal in terms of qualitative outcomes, it may have significant effects in terms of
guantitative outcomes. Another investigation was conducted to ascertain the distribution and
severity of hemodynamic disturbances by taking into account the compliance wall with various SFA
geometry. Hence, distinct findings obtained through both investigations where the assumption of
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compliance wall able to quantify the displacement of the artery wall under hemodynamic stress
might have a significant influence on the study's conclusions.

It is well acknowledged that WSS and related parameters like Wall Shear Stress Temporal
Gradient (WSSTG) and Oscillatory Shear Index (OSl) play a major role in the progression of femoral
artery atherosclerosis [15]. One study on femoral artery showed that the arterial wall compliance
had a negligible impact on the local hemodynamics [76]. The flow parameters and WSS field of a
compliant femoral artery bifurcation model were compared to those of a rigid model using an
internal FSI system. The research's findings indicate that near the SFA bifurcation, small changes in
Time-Averaged Wall Shear Stress (TAWSS) and larger differences in WSSTG were discovered. Wall
motion only slightly effect the velocity field. This study suggests that wall compliance at the femoral
artery bifurcation does not significantly modify factors previously identified as critical in the
development of arterial disease; nevertheless, longer arterial segments must be simulated to see the
influence of wall motion on tortuousity. Data indicate that compliance makes particular sections of
the femoral artery bifurcation more susceptible to the onset of disease by increasing the regions of
high OSI and WSSTG.

Overall, rigid wall assumptions can reduce the computational cost whereas compliant wall
assumptions are essential for producing realistic simulation results. In light of their studies on artery
structure and blood flow, researchers should determine the appropriate wall assumption to produce
accurate and relevant outcome of study.

4.6 FSI Technique

The majority of recent CFD studies, however, used idealised geometry and the CTA/MRA
reconstruction method to analyse the arterial wall compliance on the local blood hemodynamic,
which has a direct impact on blood behaviour [16-18]. Assessment alone, in contrast, could not
illustrate the real rigid wall characterization. The Fluid-Structure Interaction (FSI) approach, which
combines Finite Element Analysis and CFD, can be used to get around these restrictions (FEA). The
analysis of fluid behaviour, structural behaviour, and their interactions with one another is possible
thanks to numerical methods between the fluid domain and the structure domain [57,58,77,78].
Additionally, it can lessen the degree of ambiguity around the growth of stenosis locations. The
doctor will be further assisted in providing an appropriate treatment plan for patients with PAD by
combining all the criteria with actual patient-specific datasets.

The monolithic technique, which meshes both domains and solves them mathematically as a
single entity, is one of the discretization approaches [56,79]. The main benefit of this technique is
that the boundary conditions are virtually contained in the mathematical model, allowing the use of
a single discretization scheme. It is also more accurate in resolving multi-physical phenomena [80-
82]. One of the key disadvantages of this strategy is that code development becomes extremely
problem-specific, resulting in a loss of generality. In order to solve the algorithms, competency is also
required.

Another alternative is partitioned technology, which solves fluid and solid domains using separate
meshing and governing equations. Both domains have strong independent solutions. It is,
nevertheless, prone to mistakes during discretization and meshing due to convergence inaccuracy.
Partitioned processes incur greater computing costs as compared to monolithic approaches. A
coupling mechanism is also required to communicate interface data between the two domain
solvers. The two primary types of coupling approaches used to overcome this problem are one-way
and completely coupled two-way [56,83]. In a One-way FSI analysis, both domains are solved in
series, and the solution of one domain is used as a boundary or starting condition in the second.
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While this study has the advantage of being easy to construct and using fewer computer resources,
it may not fully reflect the fluid-structural interaction [84,85]. In a fully-coupled two-way FSI
investigation, the two domains are solved concurrently, with each iteration defining and achieving
convergence for the fluid and solid domains [84,86]. When the one-way FSI approach fails, the fully
linked two-way methodology is used to address the relevant problem. Conforming and non-
conforming meshes, on the other hand, are also important in the FSI approach. The boundary
condition for fluid and solid domain treatment in conforming mesh technique is physical, but it is not
physical in non-conforming mesh approach. Arbitrary Lagrangian Eulerian (ALE), and Deformed
Spatial Domain/Stabilised Space Time (DSD/SST) are extensively used approaches in conforming
mesh [87-89]. The fluid and structural domains, for example, are linked using a coupling technique,
such as the ALE approach, in which one domain's mesh is allowed to deform in order to conform to
the restrictions of the other domain [84,85,90].

The domains in non-conforming mesh method are addressed by applying single meshing in the
governing equations themselves. Some of the ways that have been developed in this field are the
Immersed Boundary Method (IBM), the Immersed Interface Method (IIM), the Coupled-Momentum
method, and the Direct Forcing method [76,89,92]. Similarly, IBM has seen an increase in application,
where it is often utilised in heart valve simulations due to the thin valve leaflets experiencing
significant structural deformation [90,93-96]. Because the structural mesh is integrated inside the
larger model mesh, re-meshing and mesh deformation are avoided [90,94,97].

The FSI technique is still considered futuristic, and most researchers are not very interested in
these approaches to lower limb research. Only a few studies have focused at other arteries besides
the carotid and coronary arteries. Wang et al., [40] conducted 1/19 FSI tests on stenosed femoral
artery to assess hemodynamic performance with multiple plaques (calcified and lipid plaques)
utilising Mooney-Rivlin material property. Besides, Nematzadeh [98] also discussed regarding
Mooney-Rivlin model which performed better mechanically in generation of stress-strain distribution
compared to Ogen model. These models were suitable for describing peripheral artery performance
and smart stent behaviour while taking material qualities, strain level, and friction coefficient into
account throughout the interaction process. Johari et al., [57] indicate FSI findings related to minimal
wall displacement of the bifurcation and the stented area where the rigid-wall model might overstate
the region of low TAWSS, which could contribute to the development of neointimal hyperplasia and
the development of restenosis.

Despite patient-specific geometries, the existence of restriction is evident due to the complex
composition of the artery wall, which includes smooth muscle cells, elastin, and collagen fibrils [40].
Furthermore, FSI must still adhere to various boundary requirements that limit output precision in a
manner similar to that of a realistic vascular model [31,34,36].

4.7 Validation and Verification

It is of utmost importance that CFD hemodynamic studies be verified and validated. An evaluation
of the computational model's accuracy in numerical terms is referred to as "verification". Usually,
this process needs to be done in the presence of an analytical model solution. Instead, the process
of validating a computer model involves finding and gauging how closely it resembles reality.
Verification must occur before validation while developing innovative hemodynamic models. The
simulation is said to have been validated if there are small and acceptables differences between the
results of the simulation and the real data, and if the experimental data's uncertainties are also small.
The distinction between validation and verification was made clear by Roache [99] and Babuska and
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Oden [100], who defined validation as "solving the right equations" and verification as "solving the
equations properly".

In line with the current ASME Standard for Verification and Validation in Computational Fluid
Dynamics and Heat Transfer, it is also stated that "There can be no validation without experimental
data," and that the data can be produced through in vivo or in vitro investigations. According to
Prantil et al., [101] in their book "Lying by Approximation: The truth about Finite Element Analysis,"
modelling validation using theoretical or experimental data is necessary to get reliable simulation
results.

Some researchers, including Schumann et al., [17], Gokgol et al., [16], Desyatova et al., [28], and
McGabh et al., [35], recommended further research on clinical datasets or experimental data in the
scenario of leg flexion brought on by stent implantation to assess the consistency of their findings.
Combining computational models with longitudinal patient scans can help demonstrate complex
hemodynamic properties, their importance in determining long-term morphologic changes, and
most importantly clinical outcomes. In research paper by Donadoni et al., [32], the model validation
was carried out against a patient-specific, unique clinical dataset by detecting the locations of
restenosis in the CT scans from the patient, and then compared them against the simulated results.

Furthermore, a typical strategy among academics is to use already-existing in vivo data to test
numerical models. Publicly available research has the advantages of being simple to get, inexpensive,
taking less time to carry out specific experiments, not requiring ethical approval, and being able to
be compared to many databases [41]. It is possible to directly or indirectly compare the simulation
output to the actual in vivo data. The indirect comparison strategy is either (a) the CFD user modifies
the initial boundary conditions and/or geometry to match existing clinical data, or (b) the CFD user
compares the published research to the original simulation findings [102,103]. For example, Xu et al.,
[27] acquired the Ultrasound Doppler measured velocities from the previous research to validate the
evaluation of hemodynamics which serves as a complement for therapeutic decision-making to
prevent the overestimation or underestimation of the anatomical evaluation.

However, there are two different ways to go about the verification process. The initial approach
investigates the output's sensitivity to the elements on the changing quality level of the meshed
domain. By concentrating on the sizes of residual error, this mesh sensitivity test evaluates whether
the number of mesh components can effectively capture the flow pattern. The second method, on
the other hand, concentrates on and assesses governing equation solver issues. As an alternative,
the direct comparative technique has a high degree of validity since it builds a 3D structure and
pathway for the CFD simulation based on the unique data and boundary conditions of the patient
[104]. A comparison between the reaction and the patient's initial data is then made. The drawback
of this technique is that it takes time to collect patient imaging data from CTA or MRA, extract and
rebuild data for modelling, obtain ethics clearance, then enrol and obtain consent from patients [41].

5. Conclusion

Cardiovascular disease known as peripheral artery disease affects the lower body by reducing the
lumen patency of blood vessels. The use of computer software to mimic the circumstances in the
afflicted region is now possible thanks to recent technologies. However, because of how blood
behaves and the peculiarities of arteries wall, accurate representation of the conditions due to the
behaviour of blood and the characteristics of arteries wall. In order to identify and simulate the blood
flood flow in the stenosis area, the researchers took into account a number of geometrical
constructions, viscosity model, analysis technique, and wall characteristic features. These parameters
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are summarised in this study. The techniques used to validate the identification and simulation are
also discussed in this paper.

Overall, this study demonstrates the current efforts in the computational analysis of PAD. The
findings can help researchers to develop a better computational analysis that can assists for early
diagnosis of PAD diseases, and appropriate therapeutic approach.

Acknowledgement

The authors would like to thank the Ministry of Higher Education for providing financial support
under Fundamental Research Grant Scheme (FRGS) No.FRGS/1/2021/TKO/UMP/02/8 (University
reference RDU210109) and UMP-IIUM-UiTM Sustainable Research Collaboration grant (RDU200746).

References

[1]  Corti, Anna, Claudio Chiastra, Monika Colombo, Marc Garbey, Francesco Migliavacca, and Stefano Casarin. "A fully
coupled computational fluid dynamics-agent-based model of atherosclerotic plaque development: multiscale
modeling framework and parameter sensitivity analysis." Computers in Biology and Medicine 118 (2020): 103623.
https://doi.org/10.1016/j.compbiomed.2020.103623

[2] Colombo, Monika, Marco Bologna, Marc Garbey, Scott Berceli, Yong He, Jose Felix Rodriguez Matas, Francesco
Migliavacca, and Claudio Chiastra. "Computing patient-specific hemodynamics in stented femoral artery models
obtained from computed tomography using a validated 3D reconstruction method." Medical Engineering & Physics
75 (2020): 23-35. https://doi.org/10.1016/j.medengphy.2019.10.005

[3]1 Miah, Md Abdul Karim, Shorab Hossain, and Sayedus Salehin. "Effects of Severity and Dominance of Viscous Force
on Stenosis and Aneurysm During Pulsatile Blood Flow Using Computational Modelling." CFD Letters 12, no. 8
(2021): 35-54. https://doi.org/10.37934/cfdl.12.8.3554

[4] Fowkes, F. Gerry R., Victor Aboyans, Freya JI Fowkes, Mary M. McDermott, Uchechukwu KA Sampson, and Michael
H. Criqui. "Peripheral artery disease: epidemiology and global perspectives." Nature Reviews Cardiology 14, no. 3
(2017): 156-170. https://doi.org/10.1038/nrcardio.2016.179

[51 Morley, Rachael L., Anita Sharma, Alexander D. Horsch, and Robert J. Hinchliffe. "Peripheral artery disease." BMJ
360 (2018). https://doi.org/10.1136/bm|.j5842

[6] Seman, Che Mohammad Hafizal Muzammil Che, Nur Ayuni Marzuki, Nofrizalidris Darlis, Noraini Marsi, Zuliazura
Mohd Salleh, lzuan Amin Ishak, Ishkrizat Taib, and Safra Liyana Sukiman. "Comparison of Hemodynamic
Performances Between Commercial Available Stents Design on Stenosed Femoropopliteal Artery." CFD Letters 12,
no. 7 (2020): 17-25. https://doi.org/10.37934/cfdl.12.7.1725

[71 Gogineni, A, and T.S. Ravigururajan. "Flow dynamics and wall shear stresses in a bifurcated femoral artery." Journal
of Biomedical Engineering and Medical Devices 2, no. 02 (2017). https://doi.org/10.4172/2475-7586.1000130

[8] Sun, Nanfeng, Ryo Torii, Nigel B. Wood, Alun D. Hughes, Simon AM Thom, and X. Yun Xu. "Computational modeling
of LDL and albumin transport in an in vivo CT image-based human right coronary artery." Journal of Biomechanical
Engineering 131, no. 2 (2009). https://doi.org/10.1115/1.3005161

[9] Hewlin, Rodward L., and John P. Kizito. "Development of an experimental and digital cardiovascular arterial model
for transient hemodynamic and postural change studies:"A preliminary framework analysis"." Cardiovascular
Engineering and Technology 9 (2018): 1-31. https://doi.org/10.1007/s13239-017-0332-z

[10] Ismail, Zuhaila, Muhammad Sabaruddin Ahmad Jamali, Norliza Mohd Zain, and Lim Yeou Jiann. "Bioheat transfer
of Blood Flow on Healthy and Unhealthy Bifurcated Artery: Stenosis." Journal of Advanced Research in Applied
Sciences and Engineering Technology 28, no. 2 (2022): 56-79. https://doi.org/10.37934/araset.28.2.5679

[11] Johari, N. H., N. B. Wood, Z. Cheng, R. Torii, M. Oishi, M. Oshima, and X. Y. Xu. "Disturbed flow in a stenosed carotid
artery bifurcation: Comparison of RANS-based transitional model and LES with experimental measurements."
International Journal of Applied Mechanics 11, no. 04 (2019): 1950032.
https://doi.org/10.1142/51758825119500327

[12] Flowcare. “Peripheral Arterial Disease (PAD) Treatment.” Flowcare Centre for Diagnostics & Intervention. Accessed
2022. https://flowcare.co.in/peripheral-artery-disease/.

[13] Saratzis, A., N. E. M. Jaspers, B. Gwilym, O. Thomas, A. Tsui, R. Lefroy, M. Parks et al. "Observational study of the
medical management of patients with peripheral artery disease." Journal of British Surgery 106, no. 9 (2019): 1168-
1177. https://doi.org/10.1002/bjs.11214

[14] Cristalli, Gloria, and David CB Mills. "Identification of a receptor for ADP on blood platelets by photoaffinity
labelling." Biochemical Journal 291, no. 3 (1993): 875-881. https://doi.org/10.1042/bj2910875

112


https://doi.org/10.1016/j.compbiomed.2020.103623
https://doi.org/10.1016/j.medengphy.2019.10.005
https://doi.org/10.37934/cfdl.12.8.3554
https://doi.org/10.1038/nrcardio.2016.179
https://doi.org/10.1136/bmj.j5842
https://doi.org/10.37934/cfdl.12.7.1725
https://doi.org/10.4172/2475-7586.1000130
https://doi.org/10.1115/1.3005161
https://doi.org/10.1007/s13239-017-0332-z
https://doi.org/10.37934/araset.28.2.5679
https://doi.org/10.1142/S1758825119500327
https://flowcare.co.in/peripheral-artery-disease/
https://doi.org/10.1002/bjs.11214
https://doi.org/10.1042/bj2910875

Journal of Advanced Research in Fluid Mechanics and Thermal Sciences
Volume 103, Issue 2 (2023) 95-117

[15]

(16]

(17]

(18]

(19]

[20]

[21]

(22]

(23]

(24]

[25]

[26]

(27]

(28]

[29]

(30]

(31]

Razhali, Nur Farahalya, Ishkrizat Taib, Nurul Fitriah Nasir, Ahmad Mubarak Tajul Arifin, Nor Adrian Nor Salim,
Shahrul Azmir Osman, Nofrizal Idris Darlis, and A. K. Kareem. "Analysis of Hemodynamic Effect on Different Stent
Strut Configuration in Femoral Popliteal Artery during the Physical and Physiological Conditions." Journal of
Advanced Research in Applied Sciences and Engineering Technology 29, no. 1 (2022): 223-236.
https://doi.org/10.37934/araset.29.1.223236

Gokgol, Can, Steffen Schumann, Nicolas Alexander Diehm, Guoyan Zheng, and Philippe Bichler. "In-Vivo
Quantification of Femoro-popliteal Artery Deformations: Percutaneous Transluminal Angioplasty vs. Nitinol Stent
Placement." Journal of Endovascular Therapy 24, no. 1 (2017): 27-34. https://doi.org/10.1177/1526602816677530
Schumann, Steffen, Can Gokgol, Nicolas Diehm, Philippe Biichler, and Guoyan Zheng. "Effect of stent implantation
on the deformations of the superficial femoral artery and popliteal artery: in vivo three-dimensional deformational
analysis from two-dimensional radiographs." Journal of Vascular and Interventional Radiology 28, no. 1(2017): 142-
146. https://doi.org/10.1016/j.jvir.2016.04.023

GOkgol, Can, Nicolas Diehm, Lorenz Raber, and Philippe Biichler. "Prediction of restenosis based on hemodynamical
markers in revascularized femoro-popliteal arteries during leg flexion." Biomechanics and Modeling in
Mechanobiology 18, no. 6 (2019): 1883-1893. https://doi.org/10.1007/s10237-019-01183-9

Miller, Andrew J., Edwin A. Takahashi, William S. Harmsen, Kristin C. Mara, and Sanjay Misra. "Treatment of
superficial femoral artery restenosis." Journal of Vascular and Interventional Radiology 28, no. 12 (2017): 1681-
1686. https://doi.org/10.1016/].jvir.2017.07.032

El Sayed, Hosam, Richard Kerensky, Michael Stecher, Prasant Mohanty, and Mark Davies. "A randomized phase Il
study of Xilonix, a targeted therapy against interleukin 1la, for the prevention of superficial femoral artery
restenosis after percutaneous revascularization." Journal of Vascular Surgery 63, no. 1 (2016): 133-141.
https://doi.org/10.1016/].jvs.2015.08.069

Kawarada, Osami, Koji Hozawa, Kan Zen, Hsuan-Li Huang, Su Hong Kim, Donghoon Choi, Kihyuk Park et al. "Peak
systolic velocity ratio derived from quantitative vessel analysis for restenosis after femoropopliteal intervention: a
multidisciplinary review from Endovascular Asia." Cardiovascular Intervention and Therapeutics 35 (2020): 52-61.
https://doi.org/10.1007/s12928-019-00602-z

Imaging and Interventional Specialists. “Peripheral Artery Disease: A Comprehensive Look.” Imaging and
Interventional Specialists, 2022. https://www.imagingandinterventional.com/services/peripheral-artery-disease.
Salman, Huseyin Enes, and Yigit Yazicioglu. "Computational analysis for non-invasive detection of stenosis in
peripheral arteries." Medical Engineering & Physics 70 (2019): 39-50.
https://doi.org/10.1016/{.medengphy.2019.06.007

Carallo, Claudio, Cesare Tripolino, Maria Serena De Franceschi, Concetta Irace, Xiao Yun Xu, and Agostino Gnasso.
"Carotid endothelial shear stress reduction with aging is associated with plaque development in twelve years."
Atherosclerosis 251 (2016): 63-69. https://doi.org/10.1016/j.atherosclerosis.2016.05.048

Liberati, Alessandro, Douglas G. Altman, Jennifer Tetzlaff, Cynthia Mulrow, Peter C. Ggtzsche, John PA loannidis,
Mike Clarke, P. J. Devereaux, Jos Kleijnen, and David Moher. "The PRISMA statement for reporting systematic
reviews and meta-analyses of studies that evaluate health care interventions: explanation and elaboration." Journal
of Clinical Epidemiology 62, no. 10 (2009): e1-e34. https://doi.org/10.1016/j.jclinepi.2009.06.006

Shahrulakmar, U. Z., M. N. Omar, and N. H. Johari. "Brief Review on Recent Advancement of Computational Analysis
on Hemodynamics in Peripheral Artery Disease." Technological Advancement in Instrumentation & Human
Engineering: Selected papers from ICMER 2021 (2022): 555-572. https://doi.org/10.1007/978-981-19-1577-2 41
Xu, Pengcheng, Xin Liu, Qi Song, Guishan Chen, Defeng Wang, Heye Zhang, Li Yan, Dan Liu, and Wenhua Huang.
"Patient-specific structural effects on hemodynamics in the ischemic lower limb artery." Scientific Reports 6, no. 1
(2016): 39225. https://doi.org/10.1038/srep39225

Desyatova, Anastasia, Jason MacTaggart, Rodrigo Romarowski, William Poulson, Michele Conti, and Alexey
Kamenskiy. "Effect of aging on mechanical stresses, deformations, and hemodynamics in human femoropopliteal
artery due to limb flexion." Biomechanics and Modeling in Mechanobiology 17 (2018): 181-189.
https://doi.org/10.1007/s10237-017-0953-z

Donadoni, Francesca, Mirko Bonfanti, Cesar Pichardo-Almarza, Shervanthi Homer-Vanniasinkam, Alan Dardik, and
Vanessa Diaz-Zuccarini. "An in silico study of the influence of vessel wall deformation on neointimal hyperplasia
progression in peripheral bypass grafts." Medical Engineering & Physics 74 (2019): 137-145.
https://doi.org/10.1016/j.medengphy.2019.09.011

Gu, Kaiyun, Zhe Zhang, Bin Gao, Yu Chang, and Feng Wan. "Hemodynamic effects of perfusion level of peripheral
ECMO on cardiovascular system." Biomedical Engineering Online 17, no. 1 (2018): 1-14.
https://doi.org/10.1186/s12938-018-0493-5

Ferrarini, A., A. Finotello, G. Salsano, F. Auricchio, D. Palombo, G. Spinella, B. Pane, and M. Conti. "Impact of leg
bending in the patient-specific computational fluid dynamics of popliteal stenting." Acta Mechanica Sinica 37

113


https://doi.org/10.37934/araset.29.1.223236
https://doi.org/10.1177/1526602816677530
https://doi.org/10.1016/j.jvir.2016.04.023
https://doi.org/10.1007/s10237-019-01183-9
https://doi.org/10.1016/j.jvir.2017.07.032
https://doi.org/10.1016/j.jvs.2015.08.069
https://doi.org/10.1007/s12928-019-00602-z
https://www.imagingandinterventional.com/services/peripheral-artery-disease
https://doi.org/10.1016/j.medengphy.2019.06.007
https://doi.org/10.1016/j.atherosclerosis.2016.05.048
https://doi.org/10.1016/j.jclinepi.2009.06.006
https://doi.org/10.1007/978-981-19-1577-2_41
https://doi.org/10.1038/srep39225
https://doi.org/10.1007/s10237-017-0953-z
https://doi.org/10.1016/j.medengphy.2019.09.011
https://doi.org/10.1186/s12938-018-0493-5

Journal of Advanced Research in Fluid Mechanics and Thermal Sciences
Volume 103, Issue 2 (2023) 95-117

(32]

(33]

(34]

(35]

(36]

(37]

(38]

(39]

[40]

(41]

[42]

(43]
(44]

(45]

(46]

(47]

(48]

(49]

(2021): 279-291. https://doi.org/10.1007/s10409-021-01066-2

Donadoni, Francesca, Cesar Pichardo-Almarza, Matthew Bartlett, Alan Dardik, Shervanthi Homer-Vanniasinkam,
and Vanessa Diaz-Zuccarini. "Patient-specific, multi-scale modeling of neointimal hyperplasia in vein grafts."
Frontiers in Physiology 8 (2017): 226. https://doi.org/10.3389/fphys.2017.00226

Wood, Nigel B., Shun Z. Zhao, Andrew Zambanini, Mark Jackson, W. Gedroyc, Simon A. Thom, Alun D. Hughes, and
Xiao Yun Xu. "Curvature and tortuosity of the superficial femoral artery: a possible risk factor for peripheral arterial
disease." Journal of Applied Physiology 101, no. 5 (2006): 1412-1418.
https://doi.org/10.1152/japplphysiol.00051.2006

Li, Xuanyu, Xiaosheng Liu, Xiao Li, Lijian Xu, Xin Chen, and Fuyou Liang. "Tortuosity of the superficial femoral artery
and its influence on blood flow patterns and risk of atherosclerosis." Biomechanics and Modeling in
Mechanobiology 18 (2019): 883-896. https://doi.org/10.1007/s10237-019-01118-4

McGah, Patrick M., Daniel F. Leotta, Kirk W. Beach, R. Eugene Zierler, James J. Riley, and Alberto Aliseda.
"Hemodynamic conditions in a failing peripheral artery bypass graft." Journal of Vascular Surgery 56, no. 2 (2012):
403-409. https://doi.org/10.1016/j.jvs.2012.01.045

Colombo, Monika, Giulia Luraghi, Ludovica Cestariolo, Maddalena Ravasi, Anna Airoldi, Claudio Chiastra, and
Giancarlo Pennati. "Impact of lower limb movement on the hemodynamics of femoropopliteal arteries: A
computational study." Medical Engineering & Physics 81 (2020): 105-117.
https://doi.org/10.1016/j.medengphy.2020.05.004

Colombo, Monika, Anna Corti, Diego Gallo, Andrea Colombo, Giacomo Antognoli, Martina Bernini, Ciara McKenna
et al. "Superficial femoral artery stenting: impact of stent design and overlapping on the local hemodynamics."
Computers in Biology and Medicine 143 (2022): 105248. https://doi.org/10.1016/j.compbiomed.2022.105248
GoOkgol, Can, Yasushi Ueki, Daniel Abler, Nicolas Diehm, Rolf P. Engelberger, Tatsuhiko Otsuka, Lorenz Raber, and
Philippe Bichler. "Towards a better understanding of the posttreatment hemodynamic behaviors in
femoropopliteal arteries through personalized computational models based on OCT images." Scientific Reports 11,
no. 1(2021): 16633. https://doi.org/10.1038/s41598-021-96030-2

Corti, Anna, Monika Colombo, Francesco Migliavacca, Scott A. Berceli, Stefano Casarin, Jose F. Rodriguez Matas,
and Claudio Chiastra. "Multiscale agent-based modeling of restenosis after percutaneous transluminal angioplasty:
Effects of tissue damage and hemodynamics on cellular activity." Computers in Biology and Medicine 147 (2022):
105753. https://doi.org/10.1016/j.compbiomed.2022.105753

Wang, Danyang, Ferdinand Serracino-Inglott, and Jiling Feng. "Numerical simulations of patient-specific models
with multiple plaques in human peripheral artery: a fluid-structure interaction analysis." Biomechanics and
Modeling in Mechanobiology 20 (2021): 255-265. https://doi.org/10.1007/s10237-020-01381-w

Zakikhani, Parnia, Raymond Ho, William Wang, and Zhiyong Li. "Biomechanical assessment of aortic valve stenosis:
advantages and limitations." Medicine in Novel Technology and Devices 2 (2019): 100009.
https://doi.org/10.1016/j.medntd.2019.100009

Wallyn, Justine, Nicolas Anton, Salman Akram, and Thierry F. Vandamme. "Biomedical imaging: principles,
technologies, clinical aspects, contrast agents, limitations and future trends in nanomedicines." Pharmaceutical
Research 36 (2019): 1-31. https://doi.org/10.1007/s11095-019-2608-5

PVU. “Lower Limb Arterial Duplex Ultrasound.” Precision Vascular Ultrasound, 2022. https://pvu.com.au/lower-
limb-arterial-duplex-ultrasound/.

Avolio, A. P. "Multi-branched model of the human arterial system." Medical and Biological Engineering and
Computing 18 (1980): 709-718. https://doi.org/10.1007/BF02441895

Valerio, Fiore, Pedri Stefano, Kozakova Michaela, and Signorelli Salvatore Santo. "Arterial wall characteristics in
patients with peripheral arterial disease. Preliminary data obtained at different arterial sites by radiofrequency-
based wall tracking system." Angiology 69, no. 5 (2018): 431-437. https://doi.org/10.1177/0003319717727656
Lorbeer, Roberto, Andreas Grotz, Marcus Dorr, Henry Vélzke, Wolfgang Lieb, Jens-Peter Kiihn, and Birger Mensel.
"Reference values of vessel diameters, stenosis prevalence, and arterial variations of the lower limb arteries in a
male population sample using contrast-enhanced MR angiography." PloS One 13, no. 6 (2018): e0197559.
https://doi.org/10.1371/journal.pone.0197559

Wolf, Yehuda G., Zeev Kobzantsev, and Laszlo Zelmanovich. "Size of normal and aneurysmal popliteal arteries: a
duplex ultrasound  study." Journal of Vascular  Surgery 43, no. 3  (2006): 488-492.
https://doi.org/10.1016/].jvs.2005.11.026

Sandgren, Thomas, Bjérn Sonesson, Asa Rydén Ahlgren, and Toste Linne. "The diameter of the common femoral
artery in healthy human: influence of sex, age, and body size." Journal of Vascular Surgery 29, no. 3 (1999): 503-
510. https://doi.org/10.1016/50741-5214(99)70279-X

Spector, Kenneth S., and William E. Lawson. "Optimizing safe femoral access during cardiac catheterization."
Catheterization and Cardiovascular Interventions 53, no. 2 (2001): 209-212. https://doi.org/10.1002/ccd.1150

114


https://doi.org/10.1007/s10409-021-01066-2
https://doi.org/10.3389/fphys.2017.00226
https://doi.org/10.1152/japplphysiol.00051.2006
https://doi.org/10.1007/s10237-019-01118-4
https://doi.org/10.1016/j.jvs.2012.01.045
https://doi.org/10.1016/j.medengphy.2020.05.004
https://doi.org/10.1016/j.compbiomed.2022.105248
https://doi.org/10.1038/s41598-021-96030-2
https://doi.org/10.1016/j.compbiomed.2022.105753
https://doi.org/10.1007/s10237-020-01381-w
https://doi.org/10.1016/j.medntd.2019.100009
https://doi.org/10.1007/s11095-019-2608-5
https://pvu.com.au/lower-limb-arterial-duplex-ultrasound/
https://pvu.com.au/lower-limb-arterial-duplex-ultrasound/
https://doi.org/10.1007/BF02441895
https://doi.org/10.1177/0003319717727656
https://doi.org/10.1371/journal.pone.0197559
https://doi.org/10.1016/j.jvs.2005.11.026
https://doi.org/10.1016/S0741-5214(99)70279-X
https://doi.org/10.1002/ccd.1150

Journal of Advanced Research in Fluid Mechanics and Thermal Sciences
Volume 103, Issue 2 (2023) 95-117

(50]

(51]

(52]

(53]

(54]

(55]

(56]

(57]

(58]

(59]

(60]

(61]

(62]
(63]

(64]

(65]

(66]

(67]

(68]

(69]

Li, Xiaoyun, Ling Wang, Chi Zhang, Shuyu Li, Fang Pu, Yubo Fan, and Deyu Li. "Why is ABI effective in detecting
vascular stenosis? Investigation based on multibranch hemodynamic model." The Scientific World Journal 2013
(2013). https://doi.org/10.1155/2013/185691

Lopes, D., Hélder Puga, J. Teixeira, and R. Lima. "Blood flow simulations in patient-specific geometries of the carotid
artery: A systematic review." Journal of Biomechanics 111 (2020): 1100109.
https://doi.org/10.1016/j.jbiomech.2020.110019

Kanyanta, Valentine, Alojz Ivankovic, and Aleksandar Karac. "Validation of a fluid-structure interaction numerical
model for predicting flow transients in arteries." Journal of Biomechanics 42, no. 11 (2009): 1705-1712.
https://doi.org/10.1016/].jbiomech.2009.04.023

Siogkas, P. K., A. I. Sakellarios, T. P. Exarchos, K. Stefanou, D. I. Fotiadis, K. Naka, L. Michalis, N. Filipovic, and O.
Parodi. "Blood flow in arterial segments: rigid vs. deformable walls simulations." Journal of the Serbian Society for
Computational Mechanics 5, no. 1 (2011): 69-77.

Friedman, Morton H., Rob Krams, and Krishnan B. Chandran. "Flow Interactions with Cells and Tissues:
Cardiovascular Flows and Fluid-Structure Interactions: Sixth International Bio-Fluid Mechanics Symposium and
Workshop, March 28-30, 2008, Pasadena, California." Annals of Biomedical Engineering 38 (2010): 1178-1187.
https://doi.org/10.1007/s10439-010-9900-1

Tang, Aik Ying, and Norsarahaida Amin. "Some numerical approaches to solve fluid structure interaction problems
in blood flow." In Abstract and Applied Analysis, vol. 2014. Hindawi, 2014. https://doi.org/10.1155/2014/549189
Schoenborn, S., S. Pirola, M. A. Woodruff, and M. C. Allenby. "Fluid-Structure Interaction Within Models of Patient-
Specific Arteries: Computational Simulations and Experimental Validations." IEEE Reviews in Biomedical
Engineering (2022). https://doi.org/10.1109/RBME.2022.3215678

Johari, Nasrul Hadi, M. Hamady, and Xiao Yun Xu. "Fluid-Structure Interaction Study of The Effect of Stent on Local
Hemodynamics Parameters at The Stented Carotid Artery Bifurcation." Journal of Advanced Research in Applied
Sciences and Engineering Technology 28, no. 2 (2022): 247-255. https://doi.org/10.37934/araset.28.2.247255
Caballero, Andres D., and S. J. C. E. Lain. "A review on computational fluid dynamics modelling in human thoracic
aorta." Cardiovascular Engineering and Technology 4 (2013): 103-130. https://doi.org/10.1007/s13239-013-0146-
6

Johari, Nasrul Hadi, Kahar Osman, Zuliazura Mohd Salleh, Juhara Haron, and Mohammed Rafiq Abdul Kadir. "The
effect of different locations of tracheal stenosis to the flow characteristics using reconstructed ct-scanned image."
Journal of  Mechanics in Medicine and Biology 12, no. 04 (2012): 1250066.
https://doi.org/10.1142/50219519412500662

Adla, Theodor, and Radka Adlova. "Multimodality imaging of carotid stenosis." International Journal of Angiology
24, no. 03 (2015): 179-184. https://doi.org/10.1055/s-0035-1556056

Ameenuddin, Mohammed, Mohan Anand, and Mehrdad Massoudi. "Effects of shear-dependent viscosity and
hematocrit on blood flow." Applied Mathematics and Computation 356 (2019): 299-311.
https://doi.org/10.1016/j.amc.2019.03.028

Topps, J. H., and R. C. Elliott. "Relationship between concentrations of ruminal nucleic acids and excretion of purine
derivatives by sheep." Nature 205 (1965): 498-499. https://doi.org/10.1038/205498b0

Roy, Mukesh, Basant Singh Sikarwar, Mohit Bhandwal, and Priya Ranjan. "Modelling of blood flow in stenosed
arteries." Procedia Computer Science 115 (2017): 821-830. https://doi.org/10.1016/j.procs.2017.09.164
Guerciotti, Bruno, and Christian Vergara. "Computational comparison between Newtonian and non-Newtonian
blood rheologies in stenotic vessels." Biomedical Technology: Modeling, Experiments and Simulation (2018): 169-
183. https://doi.org/10.1007/978-3-319-59548-1 10

Kumar, Nitesh, Abdul Khader, Raghuvir Pai, Panayiotis Kyriacou, Sanowar Khan, and Prakashini Koteshwara.
"Computational fluid dynamic study on effect of Carreau-Yasuda and Newtonian blood viscosity models on
hemodynamic parameters." Journal of Computational Methods in Sciences and Engineering 19, no. 2 (2019): 465-
477. https://doi.org/10.3233/JCM-181004

Lee, Sang Hyuk, Kap-Soo Han, Nahmkeon Hur, Young I. Cho, and Seul-Ki Jeong. "The effect of patient-specific non-
Newtonian blood viscosity on arterial hemodynamics predictions." Journal of Mechanics in Medicine and Biology
19, no. 08 (2019): 1940054. https://doi.org/10.1142/50219519419400542

Urevc, Janez, Iztok Zun, Milan Brumen, and Boris Stok. "Modeling the effect of red blood cells deformability on
blood flow conditions in human carotid artery bifurcation." Journal of Biomechanical Engineering 139, no. 1 (2017):
011011. https://doi.org/10.1115/1.4035122

Pang, Boxue, Shuyan Wang, Weiqgi Chen, Muhammad Hassan, and Huilin Lu. "Effects of flow behavior index and
consistency coefficient on hydrodynamics of power-law fluids and particles in fluidized beds." Powder Technology
366 (2020): 249-260. https://doi.org/10.1016/j.powtec.2020.01.061

Al-Azawy, Mohammed Ghalib, Saleem Khalefa Kadhim, and Azzam Sabah Hameed. "Newtonian and non-newtonian

115


https://doi.org/10.1155/2013/185691
https://doi.org/10.1016/j.jbiomech.2020.110019
https://doi.org/10.1016/j.jbiomech.2009.04.023
https://doi.org/10.1007/s10439-010-9900-1
https://doi.org/10.1155/2014/549189
https://doi.org/10.1109/RBME.2022.3215678
https://doi.org/10.37934/araset.28.2.247255
https://doi.org/10.1007/s13239-013-0146-6
https://doi.org/10.1007/s13239-013-0146-6
https://doi.org/10.1142/S0219519412500662
https://doi.org/10.1055/s-0035-1556056
https://doi.org/10.1016/j.amc.2019.03.028
https://doi.org/10.1038/205498b0
https://doi.org/10.1016/j.procs.2017.09.164
https://doi.org/10.1007/978-3-319-59548-1_10
https://doi.org/10.3233/JCM-181004
https://doi.org/10.1142/S0219519419400542
https://doi.org/10.1115/1.4035122
https://doi.org/10.1016/j.powtec.2020.01.061

Journal of Advanced Research in Fluid Mechanics and Thermal Sciences
Volume 103, Issue 2 (2023) 95-117

(70]

[71]

[72]

(73]

(74]

[75]

[76]

[77]

(78]

[79]

(80]

(81]

(82]

(83]

(84]

(85]

(86]

(87]

blood rheology inside a model of stenosis." CFD Letters 12, no. 11 (2020): 27-36.
https://doi.org/10.37934/cfdl.12.11.2736

Vu, Ha-Hai, Cheung-Hwa Hsu, and Yaw-Hong Kang. "Rheology of blood flow in a branched arterial system with
three-dimension model." In Computational Fluid Dynamics 2008, pp. 175-180. Springer Berlin Heidelberg, 2009.
https://doi.org/10.1007/978-3-642-01273-0 20

Razavi, Mahmood K., D. Preston T. Flanigan, Sean M. White, and Tyler B. Rice. "A real-time blood flow measurement
device for patients with peripheral artery disease." Journal of Vascular and Interventional Radiology 32, no. 3
(2021): 453-458. https://doi.org/10.1016/].jvir.2020.09.006

Johari, Nasrul Hadi, Mohamad Hamady, and Xiao Yun Xu. "A computational study of the effect of stent design on
local hemodynamic factors at the carotid artery bifurcation." Artery Research 26, no. 3 (2020): 161-169.
https://doi.org/10.2991/artres.k.200603.001

Acharya, Rutvika. "Investigation of differences in Ansys solvers CFX and fluent." Royal Institute of Technology, KTH,
Stockholm (2016).

Subramaniam, Thineshwaran, and Mohammad Rasidi Rasani. "Pulsatile CFD Numerical Simulation to investigate
the effect of various degree and position of stenosis on carotid artery hemodynamics." Journal of Advanced
Research in  Applied Sciences and Engineering  Technology 26, no. 2 (2022): 29-40.
https://doi.org/10.37934/araset.26.2.2940

Gounley, John, Erik W. Draeger, Tomas Oppelstrup, William D. Krauss, John A. Gunnels, Rafeed Chaudhury, Priya
Nair, David Frakes, Jane A. Leopold, and Amanda Randles. "Computing the ankle-brachial index with parallel
computational fluid dynamics." Journal of Biomechanics 82 (2019): 28-37.
https://doi.org/10.1016/j.jbiomech.2018.10.007

Kim, Young-Ho, Jong-Eun Kim, Yasushi Ito, Alan M. Shih, Brigitta Brott, and Andreas Anayiotos. "Hemodynamic
analysis of a compliant femoral artery bifurcation model using a fluid structure interaction framework." Annals of
Biomedical Engineering 36 (2008): 1753-1763. https://doi.org/10.1007/s10439-008-9558-0

Maleckis, Kaspars, Eric Anttila, Paul Aylward, William Poulson, Anastasia Desyatova, Jason MacTaggart, and Alexey
Kamenskiy. "Nitinol stents in the femoropopliteal artery: a mechanical perspective on material, design, and
performance." Annals of Biomedical Engineering 46 (2018): 684-704. https://doi.org/10.1007/s10439-018-1990-1
Sagr, Khalid M., Sherif Rashad, Simon Tupin, Kuniyasu Niizuma, Tamer Hassan, Teiji Tominaga, and Makoto Ohta.
"What does computational fluid dynamics tell us about intracranial aneurysms? A meta-analysis and critical
review." Journal of Cerebral Blood Flow & Metabolism 40, no. 5 (2020): 1021-1039.
https://doi.org/10.1177/0271678X19854640

Morab, Sumant R., and Atul Sharma. "An Overview of Computational Fluid Structure Interaction: Methods and
Applications." arXiv preprint arXiv:2006.04068 (2020).

Heil, Matthias, Andrew L. Hazel, and Jonathan Boyle. "Solvers for large-displacement fluid-structure interaction
problems: segregated versus monolithic approaches." Computational Mechanics 43 (2008): 91-101.
https://doi.org/10.1007/s00466-008-0270-6

Michler, C., S. J. Hulshoff, E. H. Van Brummelen, and René De Borst. "A monolithic approach to fluid-structure
interaction." Computers & Fluids 33, no. 5-6 (2004): 839-848. https://doi.org/10.1016/j.compfluid.2003.06.006
Hlbner, Bjorn, Elmar Walhorn, and Dieter Dinkler. "A monolithic approach to fluid-structure interaction using
space-time finite elements." Computer Methods in Applied Mechanics and Engineering 193, no. 23-26 (2004): 2087-
2104. https://doi.org/10.1016/j.cma.2004.01.024

Hirschhorn, Matthew, Vakhtang Tchantchaleishvili, Randy Stevens, Joseph Rossano, and Amy Throckmorton.
"Fluid-structure interaction modeling in cardiovascular medicine-A systematic review 2017-2019." Medical
Engineering & Physics 78 (2020): 1-13. https://doi.org/10.1016/j.medengphy.2020.01.008

Benra, Friedrich-Karl, Hans Josef Dohmen, Ji Pei, Sebastian Schuster, and Bo Wan. "A comparison of one-way and
two-way coupling methods for numerical analysis of fluid-structure interactions." Journal of Applied Mathematics
2011 (2011). https://doi.org/10.1155/2011/853560

Karabelas, Elias, Matthias AF Gsell, Christoph M. Augustin, Laura Marx, Aurel Neic, Anton J. Prassl, Leonid
Goubergrits, Titus Kuehne, and Gernot Plank. "Towards a computational framework for modeling the impact of
aortic  coarctations upon left wventricular load." Frontiers in  Physiology 9 (2018): 538.
https://doi.org/10.3389/fphys.2018.00538

Pei, Ji, Friedrich-Karl Benra, and Hans Josef Dohmen. "Application of different strategies of partitioned fluid-
structure interaction simulation for a single-blade pump impeller." Proceedings of the Institution of Mechanical
Engineers, Part E: Journal of Process Mechanical Engineering 226, no. 4 (2012): 297-308.
https://doi.org/10.1177/0954408911432974

Hirt, Cyrill W., Anthony A. Amsden, and J. L. Cook. "An arbitrary Lagrangian-Eulerian computing method for all flow
speeds." Journal of Computational Physics 14, no. 3 (1974): 227-253. https://doi.org/10.1016/0021-

116


https://doi.org/10.37934/cfdl.12.11.2736
https://doi.org/10.1007/978-3-642-01273-0_20
https://doi.org/10.1016/j.jvir.2020.09.006
https://doi.org/10.2991/artres.k.200603.001
https://doi.org/10.37934/araset.26.2.2940
https://doi.org/10.1016/j.jbiomech.2018.10.007
https://doi.org/10.1007/s10439-008-9558-0
https://doi.org/10.1007/s10439-018-1990-1
https://doi.org/10.1177/0271678X19854640
https://doi.org/10.1007/s00466-008-0270-6
https://doi.org/10.1016/j.compfluid.2003.06.006
https://doi.org/10.1016/j.cma.2004.01.024
https://doi.org/10.1016/j.medengphy.2020.01.008
https://doi.org/10.1155/2011/853560
https://doi.org/10.3389/fphys.2018.00538
https://doi.org/10.1177/0954408911432974
https://doi.org/10.1016/0021-9991(74)90051-5

Journal of Advanced Research in Fluid Mechanics and Thermal Sciences
Volume 103, Issue 2 (2023) 95-117

9991(74)90051-5
[88] Kennedy, J. M., and T. B. Belytschko. "Theory and application of a finite element method for arbitrary Lagrangian-

Eulerian fluids and structures." Nuclear Engineering and Design 68, no. 2 (1982): 129-146.
https://doi.org/10.1016/0029-5493(82)90026-7

[89] Tezduyar, Tayfun E., Mittal Behr, S. Mittal, and J11530600745 Liou. "A new strategy for finite element computations
involving moving boundaries and interfaces-the deforming-spatial-domain/space-time procedure: Il. Computation
of free-surface flows, two-liquid flows, and flows with drifting cylinders." Computer Methods in Applied Mechanics
and Engineering 94, no. 3 (1992): 353-371. https://doi.org/10.1016/0045-7825(92)90060-W

[90] Hou, Gene, Jin Wang, and Anita Layton. "Numerical methods for fluid-structure interaction-a review."
Communications in Computational Physics 12, no. 2 (2012): 337-377. https://doi.org/10.4208/cicp.291210.290411s

[91] Peskin, Charles S. "The immersed boundary method." Acta Numerica 11 (2002): 479-517.
https://doi.org/10.1017/50962492902000077

[92] Figueroa, C. Alberto, Irene E. Vignon-Clementel, Kenneth E. Jansen, Thomas JR Hughes, and Charles A. Taylor. "A
coupled momentum method for modeling blood flow in three-dimensional deformable arteries." Computer
Methods in  Applied  Mechanics and  Engineering 195, no. 41-43  (2006): 5685-5706.
https://doi.org/10.1016/j.cma.2005.11.011

[93] Sotiropoulos, Fotis, and Xiaolei Yang. "Immersed boundary methods for simulating fluid-structure interaction."
Progress in Aerospace Sciences 65 (2014): 1-21. https://doi.org/10.1016/j.paerosci.2013.09.003

[94] Griffith, Boyce E., and Neelesh A. Patankar. "Immersed methods for fluid-structure interaction." Annual Review of
Fluid Mechanics 52 (2020): 421-448. https://doi.org/10.1146/annurev-fluid-010719-060228

[95] Wang, Z. C., Q. Yuan, H. W. Zhu, B. S. Shen, and D. Tang. "Computational modeling for fluid-structure interaction of
bioprosthetic heart valve with different suture density: comparison with dynamic structure simulation."
International Journal of Pattern Recognition and Artificial Intelligence 31, no. 11 (2017): 1757007.
https://doi.org/10.1142/50218001417570075

[96] Sodhani, Deepanshu, Stefanie Reese, Andrey Aksenov, Sinan Soganci, Stefan Jockenhovel, Petra Mela, and Scott E.
Stapleton. "Fluid-structure interaction simulation of artificial textile reinforced aortic heart valve: Validation with
an in-vitro test." Journal of Biomechanics 78 (2018): 52-69. https://doi.org/10.1016/j.jbiomech.2018.07.018

[97] Knutson, J. S. "Cancer to Bone: A Fatal Attraction." Bone 23 (2014): 1-7.

[98] Nematzadeh, Fardin. "A computational study of effects of material properties, strain level, and friction coefficient
on smart stent behavior and peripheral artery performance during the interaction process." Journal of Intelligent
Material Systems and Structures 33, no. 5 (2022): 703-714. https://doi.org/10.1177/1045389X211026380

[99] Roache, Patrick J. Verification and validation in computational science and engineering. Vol. 895. Albuquerque, NM:
Hermosa, 1998.

[100] Babuska, Ivo, and J. Tinsley Oden. "Verification and validation in computational engineering and science: basic
concepts." Computer Methods in Applied Mechanics and Engineering 193, no. 36-38 (2004): 4057-4066.
https://doi.org/10.1016/j.cma.2004.03.002

[101] Prantil, Vincent C., Christopher Papadopoulos, and Paul D. Gessler. "Lying by approximation: The truth about finite
element analysis." Synthesis Lectures on Engineering 8, no. 3 (2013): 1-112.
https://doi.org/10.2200/S00503ED1V01Y201305ENG023

[102] Mao, Wenbin, Andrés Caballero, Raymond McKay, Charles Primiano, and Wei Sun. "Fully-coupled fluid-structure
interaction simulation of the aortic and mitral valves in a realistic 3D left ventricle model." PloS One 12, no. 9 (2017):
e0184729. https://doi.org/10.1371/journal.pone.0184729

[103] Johari, Nasrul Hadi, Jegatis Balaiyah, and Zulkifli Ahmad. "Effect of chronic obstructive pulmonary disease on airflow
motion using computational fluid dynamics analysis." In 2014 International Conference on Computer,
Communications, and Control Technology (14CT), pp. 249-254. IEEE, 2014.
https://doi.org/10.1109/14CT.2014.6914184

[104] American Society of Mechanical Engineers. Standard for Verification and Validation in Computational Fluid
Dynamics and Heat Transfer: An American National Standard. American Society of Mechanical Engineers, 2009.

117


https://doi.org/10.1016/0021-9991(74)90051-5
https://doi.org/10.1016/0029-5493(82)90026-7
https://doi.org/10.1016/0045-7825(92)90060-W
https://doi.org/10.4208/cicp.291210.290411s
https://doi.org/10.1017/S0962492902000077
https://doi.org/10.1016/j.cma.2005.11.011
https://doi.org/10.1016/j.paerosci.2013.09.003
https://doi.org/10.1146/annurev-fluid-010719-060228
https://doi.org/10.1142/S0218001417570075
https://doi.org/10.1016/j.jbiomech.2018.07.018
https://doi.org/10.1177/1045389X211026380
https://doi.org/10.1016/j.cma.2004.03.002
https://doi.org/10.2200/S00503ED1V01Y201305ENG023
https://doi.org/10.1371/journal.pone.0184729
https://doi.org/10.1109/I4CT.2014.6914184

