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Abstract

End-to-side anastomoses are commonly utilised in peripheral arterial bypass surgery and are plagued by high rates of re-
stenosis which are contributed to by non-physiological blood flow impacting the arterial and graft structures. Computational
simulations can examine how patient-specific surgical decisions in bypass graft placement and material selection affect blood
flow and future risk of graft restenosis. Despite graft geometry and compliance being key predictors of restenosis, current
simulations of femoro-popliteal artery grafts do not consider the interaction of flowing blood with compliant vessel, graft,
and suture structures. Utilising fluid—structure interaction simulations, this study examines the impact of surgical technique,
such as anastomosis angle, graft material, and suture material, on blood flow and fluid—structure forces in patient-specific
asymptomatic arterial tree versus side-to-end peripheral grafts for symptomatic atherosclerotic disease. To render these
complex simulations numerically feasible, our pipeline uses regional suture mechanics and a pre-stress pipeline previously
validated in small-scale idealised models. Our simulations found that higher anastomosis angles generate larger regions of
slow and recirculating blood, characterised by non-physiologically low shear stress and high oscillatory shear index. The
use of compliant graft materials reduces regions of non-physiologically high shear stress only when used in combination
with compliant suture materials. Altogether, our fluid—structure interaction simulation provides patient-specific platforms
for vascular surgery decisions concerning graft geometry and material.

Keywords Peripheral artery disease - Blood flow - Computational fluid dynamics - Fluid—structure interaction -
Cardiovascular biomechanics
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1 Introduction

Cardiovascular disease (CVD) is the most common cause
of death worldwide. The annual incidence of global deaths
related to CVD is expected to rise from 16.7 million in
2002 to 23.3 million in 2030 (D. and Loncar, C. Mathers
2002). A common manifestation of CVD is peripheral
arterial disease (PAD), whose symptoms develop as a con-
sequence of the critical atherosclerotic narrowing of the
peripheral arteries. International research studies show a
prevalence of approximately 10-20% for PAD depending
on study design, country, and participant’s age and gender
(Bauersachs et al. 2019). PAD affects more than 200 mil-
lion people worldwide, with atherosclerosis accounting
for more than 90% of cases of PAD. In Australian primary
care settings, up to 15% of patients have a diagnosis of
PAD (Conte and Vale 2018). This study focuses on the
femoro-popliteal segment, since it is the arterial segment
with the highest likelihood to develop PAD (Kasapis and
Gurm 2010; Aronow 2007) with the femoral and popliteal
arteries being affected in 80-90% of symptomatic PAD
patients (Shu and Santulli 2018).

In the case of PAD progression to critical limb threat-
ening ischaemia (CLTI), restoration of tissue perfusion
is essential for limb salvage. Current revascularisation
techniques consist of endovascular interventions, includ-
ing angioplasty, stenting and other endovascular adjuncts
(atherectomy and catheter directed thrombolysis), as well
as open surgical repair with bypass grafting using autolo-
gous or prosthetic conduit. The choice of operative treat-
ment for CLTT has been evaluated recently in the BASIL-2
and Best-CLI trials which demonstrated disparate results
when comparing open versus endovascular revascularisa-
tion techniques for CLTI (Bradbury et al. 2023; Farber
et al. 2022). From the perspective of lower limb bypass
surgery, the gold standard conduit is autologous, with the
great saphenous vein demonstrating the best patency rates
at all intervals and the fewest re-interventions (Klinkert
et al. 2003). Great saphenous vein as a bypass graft con-
duit has an average primary patency rates of 74% after
5 years (Klinkert et al. 2004). However, the use of autol-
ogous grafts require harvesting and may be unavailable
for use as a result of prior bypass grafting procedures or
pre-existing conditions (varicose degeneration) (Stewart
and Lyman 2004). One-third of patients requiring primary
revascularisation lack a suitable autologous conduit. This
number increases to 50% in patients presenting for a re-
operation or secondary bypass procedure (Carrabba and
Madeddu 2018).

In cases where no autologous graft can be used, blood
flow can be restored by implanting synthetic grafts. The
two most common materials for synthetic vascular grafts
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are expanded poly(tetrafluoroethylene) (ePTFE) and
poly(ethylene terephthalate) (PET), better known by its
brand name Dacron® (Walpoth and Bowlin 2005). While
synthetic grafts are readily accessible in all required
lengths and diameters, their low average primary patency
rates of 39% after 5 years are their most significant limita-
tion (Klinkert et al. 2004). The economic burden associ-
ated with PAD is considerable because of the high rates
of leg revascularisation procedures and hospitalisations
(Mahoney et al. 2010) and the poorer results of secondary
bypass surgeries that may be required after primary bypass
graft failure (Lepéntalo et al. 2012).

While early graft failure within 30 days of bypass graft-
ing is usually due to complications at the time of surgery,
such as technical errors, graft thrombogenicity, low flow, or
poor run-off, late graft failure is mainly caused by the graft
abnormality and metachronous disease. In particular, graft
stenoses due to intimal hyperplasia (Thomas et al. 2013;
Bregy et al. 2008; Conte et al. 2002; D.N. and F. 2013) at
points of anastomosis have been reported as a major cause
of failure in autogenous and prosthetic bypass (Stewart and
Lyman 2004; D.N. and F. 2013; Sottiurai et al. 1983; Taylor
et al. 1987).

Intimal hyperplasia (IH) is the chronic and excessive
thickening of the tunica intima, caused by abnormal pro-
liferation and migration of vascular smooth muscle cells
(VSMCs) in response to endothelial injury or dysfunction
with associated deposition of connective extracellular matrix
(ECM), which results in either partial or complete occlu-
sion of the blood vessel (Graham et al. 1992; Tiwari et al.
2003; Brody and Pickering 1989). IH leads to graft failure
due to restenosis in approximately 20-30% of femoro-distal
bypasses utilising autologous conduit and is recognised
as the main cause of thrombotic complications occurring
between 2 and 24 months after a vascular intervention (Lem-
son et al. 2000). Current surgical anastomotic interventions
for vascular anastomoses utilise a monofilament suture,
with a continuous polypropylene (Prolene®) suture being
considered the gold standard. Regardless of the choice of
suture material and technique, suturing results in injury of
the vessel wall and the presence of foreign material at the
blood-graft interface (Tiwari et al. 2003).

A range of biological, chemical, and mechanical factors
have been studied with regards to their potential to aggravate
the severity of IH (Jeong et al. 2020), and compliance mis-
match of graft and anastomosis with the host artery is one
of the central biomechanical issues of vascular graft design,
as greater compliance mismatch is associated with greater
incidence and severity of IH and consequently lower mid-
term patency rates (Lemson et al. 2000; Post et al. 2019).

Combined in vivo and in-silico studies on small-diam-
eter arterial models have demonstrated that the severity of
IH is related to local biomechanical factors. In particular,
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regions most significantly affected by femoro-popliteal
artery IH are the toe, heel, and floor of the anastomo-
sis (Meyerson et al. 2001; Schoenborn et al. 2022). The
sudden change in flow direction at the anastomosis site
induces regions of both high and low wall shear stress
(WSS) and disturbed flow profiles, including secondary,
recirculating, and oscillatory flows (D.N. and F. 2013).
Both the magnitude and the level of flow disturbance as
marked by the oscillatory shear index have been indicated
to affect IH severity (Jia et al. 2015). Additionally, high
intramural stresses at the suture line due to the presence
of stiff graft and suture materials have been indicated to
have a proliferative effect on IH around the suture (Trubel
et al. 1995), with the degree of IH linked to the mechani-
cal compliance mismatch between the connected materi-
als (Post et al. 2019). Similar flow phenomena have been
simulated in other small-diameter artery grafts, includ-
ing AV fistulae (Jodko and Barber 2024; Colley et al.
2022; Quicken et al. 2020; Bozzetto et al. 2016; Ngoepe
et al. 2011) and venous and arterial coronary grafts
(Ramachandra et al. 2016) which generate regions of low
blood pressure, low and oscillating blood flow, and low
wall shear stress, hypothesised to contribute to patient IH
and restenosis.

Two-way coupled fluid—structure interaction (FSI)
simulations are particularly useful where changes in vas-
cular compliance, which may occur during disease or
after surgical intervention, are of interest. Since rigid-
wall fluid dynamics simulations are shown to overes-
timate WSS by 10-15% in cardiovascular applications
(McGah et al. 2014; Decorato et al. 2011, 2014; Lopes
et al. 2019), FSI approaches have become increasingly
well-used. Examples of FSI applications are studies on
the increase in stroke work after aortic aneurysm repair
with a stiff graft (Bakel et al. 2019), the effect of graft
versus stent repair on haemodynamics (Jayendiran et al.
2018a), vascular wall stress profiles after aortic grafting
(Jayendiran et al. 2018b), the identification of adverse
oscillatory flow after implantation of stiff Dacron® grafts
(Tubaldi et al. 2018), the investigation of suitable graft
materials for aortic repair (Rahmani et al. 2017), the
effect of different surgical orientations and graft length
ratios on haemodynamics (G. E. et al.. 2018), and the
prediction of rupture risk in cerebral aneurysms (Cho
et al. 2020).

Due to the complex fluid and structural mechanics
contributing to IH in femoro-popliteal artery grafts, this
study aims to analyse both the geometric factors, such
as anastomosis angle, and the structural factor, such as
choice of suture and graft material, by independently uti-
lising a multi-patient and asymptomatic femoro-popliteal
artery graft FSI study.

2 Methods

An FSI model coupling blood flow with artery, graft,
and suture wall motion was developed using the 2023R1
version of the commercial computational software suite
Ansys (Ansys Inc., Pennsylvania). Ansys Mechanical was
used for the structural mechanics analysis and Ansys CFX
was used for the fluid mechanics computations.

2.1 Image segmentation and meshing

Patient-specific asymptomatic arterial disease (n = 5) and
bypass graft (n = 5) vascular geometries were obtained
from computed tomography angiography (CTA) image
datasets (Ouwendijk et al. 2005). The 3D imaging soft-
ware Materialise Mimics was used to manually segment
the contrast-enhanced blood model using threshold-
ing, inter-slice interpolation, region growing tools, and
smoothing tools (Byrne et al. 2016). Volume and shape
conserving algorithms were used. Cross-sectional areas of
graft, anastomosis and artery were checked pre- and post-
smoothing, and less than 2% deviation was achieved. The
model was exported in STL format and further processed
in Autodesk Meshmixer. Since the imaging data included
all vascular structures distal to the diaphragm, the vascular
model was cut to the region of interest around the distal
anastomosis while maintaining minimum inflow and out-
flow lengths (Wang et al. 2020). The structural models
were generated from the segmented fluid geometry via an
offset function of 1.2 mm (Beach et al. 1989) and 0.64 mm
(Lenz et al. 1998; Marin et al. 1993) for the arterial and
graft segments, respectively. The latter was assumed to
be representative of the thickness of both vein and ePTFE
grafts. Both structural and fluid models were meshed in
Ansys ICEM (Chen et al. 2021; Campobasso et al. 2018)
as unstructured tetrahedral meshes with an average size of
0.3 mm (Ghaffari et al. 2017). Ten boundary fitted prism
layers decreasing in size towards the wall were generated
to ensure more accurate WSS data (Rabbi et al. 2020),
as shown in Fig. 1. A transient mesh sensitivity analysis
was performed for each patient case with regards to veloc-
ity, pressure, and wall shear stress for the fluid mesh, and
deformation and von-Mises stress for the structural mesh.
The mesh study was conducted on vein grafts with poly-
propylene sutures, since this material combination led to
the highest von-Mises stresses. Results were considered
mesh-independent when the difference of these parameters
was less than 2% compared with a mesh with an increase
of 150% in the number of nodes. Full details of the con-
ducted sensitivity tests can be found in the supplementary
materials.

@ Springer
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Vascular Bypass

\ Graft

' ! \ d

Healthy After Fem-Pop Bypass
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/ Area

Fig. 1 Structural model generation from STL geometry to material assignment to meshing

2.2 Blood fluid model

In large and medium-sized arteries with high blood veloc-
ity magnitude and shear rates, it is common to assume that
blood acts as a Newtonian fluid (Jayendiran et al. 2018b;
Savabi et al. 2020; Alimohammadi et al. 2015), which can
reduce model complexity. While blood flow has been accu-
rately simulated as a Newtonian fluid in small-diameter
blood vessels such as the coronary arteries (Chaichana et al.
2012; Vimmr and JonasSova 2010), these results cannot be
translated to peripheral small-diameter arteries (Vimmr and
Jonasova 2010) or where regions of blood stasis can occur,
such as in the peripheral artery grafts here, because shear
rates are significantly lower in these locations.

Previous reviews (Schoenborn et al. 2022) describe how
an unsuitable choice of blood viscosity model leads to differ-
ences in WSS and velocity magnitude as high as 60% when
compared with patient in vivo measurements, such as PC-
MRI or Doppler US data (Abbasian et al. 2020). The non-
Newtonian Carreau-Yasuda, modified Casson, or Quemada
blood rheological models are frequently used to produce more
accurate results in CFD simulations of blood flow dynam-
ics (Abbasian et al. 2020). Due to its ability to capture the
shear-thinning properties of blood over a wide range of shear
rates, the Carreau-Yasuda model is the most commonly used

@ Springer

non-Newtonian blood viscosity model for vascular FSI (Pinho
et al. 2019; Amiri et al. 2019; Wang et al. 2021).

In this study, the Carreau-Yasuda model was used to model
the blood viscosity (Rabbi et al. 2020; Boyd et al. 2007). The
apparent viscosity # is given by the shear rate y, empirically
determined constant parameters a, n, and 4, and viscosities

o = limn(y) and ,, = lim n(y)
y—0 y—o00
NG = e + (o = n0) [1+ O] © q))

with #n, =0.0035 Pa-s, n,=0.1600 Pa-s, 41 =8.2s,
a = 0.64, and n = 0.2128 (Boyd et al. 2007).

A time-dependent velocity profile was prescribed at the
inlet of the fluid model as the inflow boundary condition and
a time-dependent pressure profile was prescribed at the outlet.
Boundary conditions were assumed to be uniform over the
cross-section of the inlet and outlet. Both the inflow and out-
flow velocity or pressure boundary conditions were described
as eighth-order Fourier series fit:

pov(t) = ay + i (a; cos (iwt) + b; sin (iwt)) )
i=1
0= 3)
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where a, models a constant intercept term in the data and is
associated with the i = 0 cosine term, o is the fundamental
frequency of the signal, T is the signal’s period, i.e., the
cardiac cycle length, and n(= 8) is the number of terms in
the series. The Fourier series were fitted to pressure and
velocity data taken from the Pulse Wave Database (PWD)
for a 65-year-old patient (Charlton et al. 2019). The model
was fitted for two heartbeats to ensure periodicity, using the
MATLAB (MathWorks, Massachusetts) Curve Fitting tool
(Table S1).

A transient analysis was performed with a Second Order
Backward Euler transient scheme and high resolution (2nd
order iteratively bounded) advection scheme. In asymptomatic
patient models, a laminar fluid model was applied with a time
step size of 107> s. This was selected via a timestep sensitiv-
ity analysis. Timestep convergence was considered achieved
when the change in wall shear stress, velocity, and pressure
was less than 1% for a given timepoint after halving the time
step size (please refer to supplementary materials). In patient
models with bypass grafts, laminar simulations were compared
with those using scale-resolving turbulence models such as
the Stress Blended Eddy Simulation (SBES) model, which
applies the k- SST model in the near-wall region and a Large
Eddy Simulation model away from the wall with the transition
between the two accomplished using a blending function. No
turbulent flow features were found, which is in agreement with
typical Reynolds numbers in peripheral arteries and the current
literature (Ivanova et al. 2022). A timestep was considered as
converged when the Root Mean Square (RMS) residuals of
the mass conservation equation and the momentum conser-
vation equations were all below a residual target of 10 and
the mesh deformation equation was below a residual target of
107>, The model was run for two cardiac cycles after confir-
mation of cyclic convergence, where differences in wall shear
stress, velocity, and pressure between cycle 2 and 3 were less
than 0.5% for each corresponding timestep, and only the last
cycle was analysed to eliminate transient start-up effects from
the results.

Since flow properties change throughout the cardiac cycle,
time-averaged parameters such as the time-averaged WSS
magnitude (TAWSS) and time-averaged WSS vector (TAW-
SSV) are commonly analysed in biological flows (Piatti et al.
2017) and have become a valuable tool to predict restenosis
in peripheral arteries for low TAWSS (< 0.5 Pa) (Ninno et al.
2023):

T
TAWSS = 1  WSS|dt @)
0
1 D
TAWSSV = +|/ WSSt ®)
0

Both parameters can be combined into the oscillatory
shear index (OSI), with OSI values larger than 0.15 being
considered a risk factor in the development of arterioscle-
rosis and IH (Teng et al. 2021; Chen et al. 2017) and OSI
larger than 0.2 well-applied to predict peripheral artery
restenosis (Ninno et al. 2023), since it indicates large tem-
poral variations of low and high WSS being present in
recirculation zones:

TAWSSV
051:0-5X<1‘m—m> ©)

2.3 Artery structural model

A hyperelastic first-order Ogden model was utilised to
reproduce the arterial wall’s stress—strain behaviour
(Karimi et al. 2014; Bosi et al. 2016; Schiavone and Zhao
2015). The Ogden model parameters were determined
using the Ansys hyperelastic curve fitting function on
circumferential uniaxial tensile testing data of healthy
femoral arteries reported in the literature (Jadidi et al.
2021). The model parameters utilised for a 65-year-old
patient are calculated via the Ansys Curve Fitting Tool for
hyperelastic materials using published mechanical testing
data on femoral arteries and are summarised in Table 1.
The tissue surrounding the femoral artery was expected
to have a damping effect on the arterial wall movement,
which was taken into account by applying a linear elas-
tic support boundary condition (Lantz et al. 2011). The
structural model was run as a transient analysis using the
sparse direct solver with a time-step size matching the
fluid solver. A timestep was considered as converged when
the force convergence value and the displacement conver-
gence value were both below a residual target of 10™*. The
structural model was pre-stressed using a ten-step itera-
tive pre-stress pipeline following Caimi et al. (Caimi et al.
2020), which we previously adapted for Ansys and experi-
mentally validated in idealised small-diameter cylindrical
models (Schoenborn et al. 2023).

Table 1 First-order Ogden model parameters of structural arterial
wall model

Parameter Value Source [reference]

Uy, 26.414 kPa Ansys curve fitting tool, source data
from literature (Jadidi et al. 2021)

a, 14.405 Ansys curve fitting tool, source data
from literature (Jadidi et al. 2021)

d, 3.63x107°Pa~! Literature (Schiavone and Zhao 2015)

p 1080 kg m™> Literature (Duck 1990)

Incompressibility parameter d,, material constant @;, material con-
stant y,, density p

@ Springer
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2.4 Graft and suture structural models

Idealised models of artery-graft anastomoses explicitly
modelling the sutures are employed to accurately model the
stresses and deformations at the anastomosis region for dif-
ferent graft-suture material combinations. The results from
these idealised models were utilised to inform isotropic
linearly elastic material models to model the anastomotic
region in the patient-specific simulations (Fig. 1). Specifi-
cally, the isotropic linear elastic material parameters in the
simplified models were calibrated to match the deforma-
tion and von-Mises stress responses of the explicitly mod-
elled sutures in the idealised models within a 2% tolerance
averaged across the stitch length. The rationale behind this
approach is primarily driven by computational efficiency
as the inclusion of suture contacts in full-scale 3D patient-
specific FSI simulations would increase the computational

DO, Suture

cost for each patient case to impractical magnitudes. This
method effectively strikes a balance between the analysis of
suture line stresses without significant loss of accuracy with
the possibility to study a larger number of patient models
and follows similar strategies employed in other numerical
patient-specific vascular models in literature, particularly in
the study of stents and grafts (Menichini et al. 2018).

A continuous suture with a circular cross-section and
diameter Dg_gyqe =0.07 mm (Suture Sizes and Suggested
Indications for their use 2015) was modelled as depicted
in Fig. 2. The contact between suture and artery or graft is
assumed to be a frictional contact with a coefficient of fric-
tion g, = 0.43.

The elastic modulus of the PP suture is determined by lin-
ear regression using tensile testing data published by Dobrin
et al. (Dobrin 1988) and is in agreement with data published
on the mechanical properties of PP elsewhere (Ineos Olefins

0.00020653 Max

0.00018%45
0.00017238
0.0001553
0.00013822
0.00012115
0.00010407
8.6998e-5
6.9922¢-5
5.2847e-5 Min

Deformation [m)]

Fig.2 Simplified geometry of a continuous polypropylene suture with a diameter Dy, g,,,, in an anastomosis between an artery with thickness

T arery and graft with thickness Ty g,

@ Springer
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Table 2 Properties of the Material Density [kg/m3] Elastic modulus [MPa] Poisson’s ratio
polypropylene and polybutester
sutures Polypropylene 900 (Ineos Olefins 1483 (Dobrin 1988; Ineos Olefins 0.42 (Ineos Olefins Poly-
Polymers et al. Polymers et al. 2010) mers et al. 2010)
2010)
Polybutester 1220 (Poly(4- 196.2 (Martin and Williams 2003) 0.35 (Greaves et al. 2011)
hydroxybutyrate),

Polym. xxxx)

Table 3 First-order Ogden model parameters of structural saphenous
vein graft model

Parameter Value Source [reference]

Hy, 8.577 kPa Ansys curve fitting tool, source data
from literature (Rassoli et al. 2015)

a; 65.221 Ansys curve fitting tool, source data
from literature (Rassoli et al. 2015)

d, 3.63x107®Pa~! Literature (Schiavone and Zhao 2015)

p 1080 kg m™3 Literature (Duck 1990)

Incompressibility parameter d,, material constant «,, material con-
stant y,, density p.

Polymers et al. 2010). The suture materials are modelled
as linearly elastic as outlined in Table 2. The PP suture is
compared with an alternative more compliant suture made
of polybutester (PB).

Similar to the femoral arterial wall, the saphenous vei-
nous wall shows a J-shaped nonlinear mechanical behaviour.
While the saphenous vein is more compliant than the femo-
ral artery at the low luminal pressures typically present in
the venous system, it is markedly less circumferentially com-
pliant at the high luminal pressures it is subjected to after
implantation into the arterial system (Lee and Han 2010;
Tai et al. 2000). This nonlinear stiffening of the veinous wall
leads to a compliance mismatch with the more compliant
arterial wall under arterial pressure, which is however less
pronounced than the compliance mismatch between artery
and synthetic graft materials, such as ePTFE (Tai et al.
2000). A first-order Ogden model was chosen to describe
the behaviour of the saphenous veinous wall graft material.
The model parameters utilised for saphenous vein graft are
summarised in Table 3. A linear elastic material model was
chosen to describe the behaviour of the ePTFE graft mate-
rial (Table 4).

2.5 Fluid-structure interaction system coupling

Ansys System Coupling was used to facilitate two-way
data transfers between the outer surface of the fluid

volume and on the luminal surface of the structural model
(Chimakurthi et al. 2018). A time step was considered
converged when the individual solvers had converged and
the force and displacement coupling data transfers had met
an RMS convergence target of 1072 (Lee et al. 2023; Shav
et al. 2014). Fluid mesh deformation was calculated using
a displacement diffusion model without remeshing. The
flow solution was stabilised to prevent divergence by set-
ting a velocity-dependent source coefficient in the pressure
equation at the arterial wall and monitoring monotonical
convergence for a given time step by plotting the forces
and displacements at the arterial wall boundary (Cheng
et al. 2014).

2.6 Statistical analysis

Statistically-significant differences between simulated
asymptomatic and bypass graft patient anastomosis angles,
percent area of high oscillatory shear index (OSI>0.15),
and percent area of high or low time-averaged wall shear
stress (TAWSS > 3 Pa or TAWSS < 0.5 Pa) were calculated
using p-values from Student’s bidirectional #-test, assum-
ing unpaired asymptomatic and grafted patients of equal
variance. Linear correlations between anastomosis angle
with percent area of high oscillatory shear index, or high,
or low time-averaged wall shear stress were calculated
from Spearman’s R? coefficient, as shown in Fig. 3.

3 Results

3.1 Greater anastomotic angles enlarge ‘Toe’
Regions of low blood shear stress and high
oscillatory blood flow

Proximal to the anastomosis, a fully developed laminar
Womersley flow profile through the graft is observed with
no flow in the occluded artery, with Womersley numbers
of 3.6-6.4 in bypass cases and 3.9-6.8 in asymptomatic

Table 4 Properties of the

Density [kg/m’
ePTFE graft model ensity [kg/m]

Elastic modulus [MPa] Poisson’s ratio

3360 (Jorgensen and Paaske 1998)

17.4 (Bouchet et al. 2019) 0.46 (Bouchet et al. 2019)
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Fig.3 Local velocity magnitude (in m.s"") profiles in femoral-pop-
liteal bypass graft (top) proximal to distal anastomosis, (middle) at
distal anastomosis, and (bottom) in host artery distal to distal anas-

cases. Reynolds numbers varied from 13 to 1014 in bypass
cases (average 280) versus 6—854 in asymptomatic cases
(average 222), as in Supplemental Table S1. At the anasto-
mosis, a transition to disturbed flow is observed with high
velocity and WSS at the toe of the anastomosis and eddies
and dead zones at the heel of the anastomosis (Fig. 4).
At and distal to the anastomosis, zones of recirculation
and oscillatory flow behaviour were observed in all five
patient cases, resulting in 25.29-72.59% of regions within
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tomosis along cardiac cycle. Each of these three locations contains
five cross-sectional velocity magnitude profiles, corresponding to five
time points along a cardiac cycle (as illustrated top-left)

a length of 5 vertical centimetres of the anastomosis site
to exhibit elevated OSI values depending on anastomosis
angle (Fig. 5).

In all bypass graft patients, a recirculation zone is
observed at the toe of the anastomosis, with the size of the
recirculation zone being positively correlated with larger
anastomosis angles (R”=0.96, Fig. 3B) and appearing to
have larger-magnitude downstream vorticity, consistent with
prior experimental flow models (Grus et al. 2016). A larger,
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Fig.4 Velocity streaklines at mid-diastole for five patient-specific ePTFE-PP distal femoral-popliteal bypass graft models (BG; top row) and for
five patient-specific asymptomatic femoral-popliteal segment models (AS; bottom row)

i.e., more obtuse anastomosis angle as measured between the
graft and host artery towards the heel of the anastomosis, is
associated with a larger region of the arterial wall subjected
to high OSI and low TAWSS values (TAWSS < 0.5 Pa; Fig. 3
and Table S2). Conversely, the lowest anastomosis angles
were slightly correlated to have larger regions experiencing
high TAWSS values (TAWSS >3 Pa; R*=0.56; Fig. 3C).
In the asymptomatic femoral-popliteal segments,
regions of disturbed flow (OSI>0.15) were signifi-
cantly reduced compared with the grafted patient
cases with 11.92% +7.81% versus 50.16% + 15.93%
(p=0.005) (Fig. 3). There is no statistically significant
difference in the areas of high WSS (TAWSS >3 Pa)
with 2.55% +2.00% for asymptomatic vs 3.41% +5.26%
for grafted patient cases (p =0.8) (Fig. 3). Conversely,
there were no areas of low WSS (TAWSS < 0.5 Pa) in the
asymptomatic geometries, vs 10.56 +2.90% in the grafted
geometries (p =0.002) as shown in Fig. 6 and Table S3.

Regions of high OSI and low TAWSS existed on and
around bypass graft polypropylene sutures, representing
structures of nonphysiologically low compliance and high
stiffness with elevated Von Mises Stress (Fig. 7). The vas-
cular tissue bordering the stiff sutures experienced high
deformation (Fig. 8), resulting in a para-anastomotic
hypercompliance zone consistent with clinical findings for
femoro-popliteal artery bypass grafts (Stansby et al. 2001).

3.2 Stiffer graft and suture materials lead to larger
regions of high stress and strain

The compliance of graft and suture showed small effects
on tested fluid parameters for bypass graft patient BG1. For
this single patient replicate, regions of elevated OSI made up
72.59, 72.46, 72.39, and 72.69% of ePTFE-PP, ePTFE-PB,
Venous-PP, and Venous-PB anastomotic regions, respec-
tively. For patient BG1, TAWSS were reduced for the more
compliant saphenous vein graft material with anastomotic
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Fig.5 Time-averaged wall shear stresses for patient-specific ePTFE-PP distal femoral-popliteal bypass graft models (BG; top row) and of
patient-specific asymptomatic femoral-popliteal segment models (AS; bottom row). Red line on colorbar annotates a TAWSS of 0.5 Pa

regions being subjected to areas of 2.70, 2.73, 0.49, and
0.31% of high TAWSS and 9.06, 9.08, 9.32, and 9.39% of
low TAWSS for ePTFE-PP, ePTFE-PB, Venous-PP, and
Venous-PB anastomotic regions, respectively (Table 5).

In comparison with the average wall stresses of the
asymptomatic patient-specific femoral-popliteal seg-
ments of 32.12 +4.53 kPa (AS1 to ASS5), which are in
good agreement with in vivo data reported in the litera-
ture (Desyatova et al. 2018), average wall stresses around
patient BG1’s anastomosis were elevated with 284.05,
251.21, 300.33, and 261.43 kPa for ePTFE-PP, ePTFE-
PB, Venous-PP, and Venous-PB anastomoses, respectively.

The use of a more compliant suture material resulted in
reduced von-Mises stress of the arterial model at patient
BG1’s anastomosis site (1 cm distal), while the combi-
nation of a compliant graft material with a stiff suture
material resulted in the highest stresses in the arterial wall
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around the anastomosis (Table 5), which is associated with
the proliferation and migration of VSMCs leading to IH
and potential graft failure (C. M.J. et al.. 2012).

4 Discussion

Re-stenosis due to IH is one of the most common causes of
mid-term vascular bypass grafts, particularly in below-the-
knee applications and when for the application of synthetic
graft materials. The initial trigger for the development of IH
is the localised vascular trauma to the vascular wall which
occurs during surgery, disrupting the endothelial and medial
smooth muscle cells which in turn release various princi-
ple factors, mitogens, cytokines, and growth factors, which
stimulate the quiescent vascular smooth muscle cell into a
proliferative phase (Cao et al. 2022a). A range of biological,
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Fig.6 Summary plots comparing simulations for ePTFE-PP grafted »

patients (in blue) and asymptomatic controls (in orange). Pairwise
student’s t-tests were preformed between asymptomatic and grafted
patient scans, with p-values annotated in A and then repeated in B-D.
Pearson’s R>-coefficient was applied to measure linear correlations
between graft anastomosis angle and OSI or TAWSS percent. Exact
values for anastamosis angle, OSI shear index, or TAWSS percentage
can be found for each patient in Tables S2 and S3

chemical, and mechanical factors have been studied with
regards to their potential to aggravate the severity of IH, and
compliance mismatch of graft and anastomosis with the host
artery is one of the central biomechanical issues of vascular
graft design, as greater compliance mismatch is associated
with greater incidence and severity of IH and consequently
lower mid-term patency rates.

FSI simulations are an essential tool for vascular in sil-
ico studies since they can be utilised to model the fluid and
structural domains of the circulatory system, along with their
interaction, both for native and synthetic deformable models.
FSI studies are particularly useful where changes in vascular
compliance, which may occur during disease or after surgi-
cal intervention, are of interest. Biomechanical parameters
which have been deemed relevant with regards to intimal
hyperplasia and graft failure are wall shear stress, wall stress,
and disturbed flow as characterised by high oscillatory shear
index, consistent with recent peripheral artery studies (Sch-
oenborn et al. 2022; Owida et al. 2012; Ninno et al. 2024).
Relative residence time (RRT = 1/[(1 — OSI) x WSS]) is
another useful metric in evaluating platelet activation or
thrombosis risk in small-diameter arteries such as intrac-
ranial aneurysms (S. S.-I. et al. 2013), identifying regions
containing both high OSI and low WSS. However, its defini-
tion results in a quantity with units of Pa~!, which makes its
interpretation difficult.

Optimising the anastomosis angle is essential to
achieve favourable haemodynamic conditions. The ideal
angle may vary depending on factors such as the size
and type of graft, the characteristics of the native ves-
sel, and the patient’s specific condition. In vivo studies
have indicated that disturbed flow patterns (high OSI)
and regions of excessively low or high WSS should be
avoided (Meirson et al. 2015; Keynton et al. 2001). An
unfavourable graft-to-host-artery diameter ratio com-
bined with a low (acute) anastomosis angle may lead to
regions of high WSS just downstream of the anastomosis,
which are associated with areas of rapid, unidirectional
flow and may potentially lead to endothelial damage or
remodelling (Migliavacca and Dubini 2005). On the other
hand, obtuse angles may lead to regions of low WSS and
high OSI near the anastomotic site, typically associated
with areas of recirculation or stagnation, which may be
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Fig.7 Von Mises Stress heatmaps of patient-specific ePTFE-PP distal femoral-popliteal bypass graft models at systole (top row) and diastole
(bottom row). A comparison of bypass grafts versus asymptomatic patient heatmaps can be found in Supplemental Figs. S1-S2

a risk factor for the development of atherosclerosis and
thrombosis, as it can promote endothelial dysfunction
and platelet activation (Freshwater et al. 2006). OSI is a
measure of the directionality and magnitude of changes
in shear stress during the cardiac cycle. OSI above zero
are expected due to the pulsatility and partial backflow
of blood flow across cardiac cycles. However, high OSI
values indicate disturbed, oscillatory, or significantly
reversing flow patterns, which are unphysiological in
small-diameter arteries.

We observed regions of flow separation and recircula-
tion indicated by low TAWSS and high OSI at the heel and
toe of the anastomosis for all patient models, which is in
good agreement with other studies and has been indicated
as a risk factor for IH as significant lesions usually occur in
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this region (Sankaranarayanan et al. 2005). While this effect
may be partially attributed to the geometric composition of
end-to-side anastomoses, low-WSS recirculation zones have
also been reported in idealised end-to-end FSI studies where
blood flows from a low-compliance into a high-compliance
vessel, i.e., at the distal anastomosis between a host artery
and stiff graft or proximal anastomosis between a host artery
and a graft with a mechanical compliance that exceeds arte-
rial compliance (Cao et al. 2022b).

Our numerical results demonstrate non-physiological
flow patterns in the anastomotic region. On the artery floor
opposite the junction flow separation and zones of recir-
culation were found. Fluctuating WSS as indicated by
a high OSI can increase the incidence and severity of IH
through multiple signalling pathways, in which oxidative
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Fig.8 Structural strain heatmaps of patient-specific ePTFE-PP distal femoral-popliteal bypass graft models at systole (top row) and diastole

(bottom row). A comparison of bypass versus asymptomatic patient heatmaps can be found in Supplemental Figs. S3, S4

Table 5 Haemodynamic and
structural comparison of
material models for the BG1
patient case

stress factors are implicated, promoting the proliferation,
migration, and increased survival of VSMCs in the arterial

Graft/suture material ePTFE/PP (stiffest) ePTFE/PB Vein/PP Vein/PB (compliant)
OSI1>0.15 72.59% 72.46% 72.39% 72.69%

TAWSS >3 Pa 2.70% 2.73% 0.49% 0.31%

TAWSS <0.5 Pa 9.06% 9.08% 9.32% 9.39%

Mean strain 4.07% 4.19% 5.73% 5.97%

Mean von-mises stress 284.05 kPa 251.21 kPa 300.33 kPa 261.43 kPa

Graft and suture material versus percentage of regions within anastomosis site (=5 cm) with an oscilla-
tory shear index (OSI) above 0.15, and time-averaged wall shear stresses (TAWSS) above 3 Pa and below
0.5 Pa. Mean strain and von-Mises stress of arterial model at anastomosis site (1 cm distal). Boxes high-
lighted bold are above 10% of the average of their row

intima (Yao et al. 2023). High OSI is associated with rapidly

changing flow directions and high spatial and temporal WSS
gradients, which may cause injury and exfoliation of the
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endothelium, thus triggering the proliferation and migration
of VSMCs and causing IH (Yao et al. 2023; Kim et al. 2017).

Furthermore, our results indicate an increase in graft
compliance results in a decrease in adversely high TAWSS
(TAWSS >3 Pa) and a slight increase in adversely low
TAWSS (< 0.5 Pa). This can be expected, as a larger vessel
diameter—e.g., linked to an increased compliance—is likely
to result in a lower WSS, if the cardiac output is constant.
FSI models of vascular anastomoses comparing deformable
and rigid vascular wall have shown that the deformation of
the arterial wall has a damping effect which reduces peak
wall shear stresses, but the anastomotic compliance mis-
match between the arterial and graft model induces more
oscillatory WSS which may contribute to the initiation of
intimal hyperplasia, indicating the presence of a stiff graft
within the circulatory system counteracts the protective
function of the compliant arterial wall (Qiu and Tarbell
1996). However, the results of this study are limited by the
lack of patient-specific boundary conditions since no clinical
velocity and pressure data were available for this post-hoc
analysis. Furthermore, the arterial wall and graft wall were
assumed to be single-layer structures with uniform thick-
nesses since detailed wall models could not be extracted
from the medical imaging data sets.

Our results indicate that for both PP and saphenous vein
suture materials, the arterial wall movement is restricted
compared with a pristine vessel, resulting in elevated
stresses at the arterial wall close to the anastomosis. While
the effect of the suture material on haemodynamic param-
eters such as WSS and OSI is minimal, the suture material
compliance affects the local von-Mises stresses in the arte-
rial wall. While the use of the more compliant PB suture
material resulted in reduced von-Mises stress of the arterial
model at the anastomosis site (1 cm distal), the combina-
tion of a compliant graft material with a stiff suture mate-
rial resulted in the highest stresses in the arterial wall at the
anastomosis. Since stress concentrations occur in connec-
tions between materials of different stiffnesses, a stiff suture
material connected to two compliant graft materials leads
to a stricture effect at the anastomosis with stress peaks.
Conversely, optimising anastomotic compliance appears to
be particularly relevant in combination with compliant grafts
to minimise adverse arterial wall stresses. When compared
with published in vivo animal studies on intimal hyperplasia,
correlations emerge between suture line stresses and anas-
tomotic intimal hyperplasia, with a pronounced compliance
mismatch appearing to exert a proliferative effect on suture
line hyperplasia (Leuprecht et al. 2002).

Our simulations remain limited in several more ways. It
is important to note that our cohort of 5 bypass graft and
5 asymptomatic patient images is too small to provide
clinical recommendations. Indeed, a recent review sug-
gests 100 patients are required to begin interpreting clinical
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significance from small-diameter artery CFD simulation
outcomes (Liu et al. 2025). Importantly, our study applies
pressure and velocity boundary conditions determined for
the femoral artery of a 65 year old patient from the Pulse
Wave Database (Charlton et al. 2019), as flow and pressure
boundary was not measured in our patients. Furthermore,
in multi-branch and diseased arterial tree models, outlet
impedance is known to vary significantly (Grinberg and
Karniadakis 2008; Choi et al. 2025). The uniform pressure
boundaries applied in this model do not capture the impact
of downstream vessel diameters or resistances on flow dis-
tribution, which would potentially distort flow patterns (Du
et al. 2015). Future work in adopting 3D Windkessel models
(through 3D-0D coupling) or applying impedance allocation
based on outlet diameters could provide a more physiologi-
cally realistic downstream vascular impedance.

5 Conclusions

This study describes a framework to simulate complex
interactions between peripheral blood flow, femoropopliteal
artery walls, and/or grafted material structures which are
reconstructed from CTA images of five patients who have
had a side-to-end bypass graft and five asymptomatic
patients. Non-Newtonian fluid model and three structural
models were applied to simulate the artery, the graft, and
the suture material. Furthermore, all geometries were pre-
stressed to ensure our FSI models were physiologically
pressurised when simulations begun. Our patient database
included graft-to-artery anastomosis angles varying between
21° and 36°, where our simulations predict that bypass grafts
implanted with higher bypass anastomotic angles produce
larger regions of oscillatory blood flow (R*>=0.96), espe-
cially for anastomotic angles of 28° and above. In addition,
simulations of bypass graft patients contained larger zones
of low vessel wall shear stress than asymptomatic patients
(»=0.002). Our multi-structural FSI simulation allowed us
to evaluate the effect of different implant and suture materi-
als on blood flow, where we discovered that compliant graft
and suture materials are both required to reduce nonphysi-
ologically high shear stresses downstream of the anasto-
mosis site. Altogether, minimizing anastomosis angle and
using mechanically-compliant grafts and sutures together
will reduce regions of nonphysiologically low wall shear
stress and high wall stresses, which are known risk factors
leading to peripheral bypass intimal hyperplasia and reste-
nosis. Our study provides a framework to simulate patient-
specific fluid—structure interactions for peripheral artery
grafts and presents a methodology with potential for use as
a pre-surgical planning tool.
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