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Summary



A
functional vascular access (VA) is the lifeline for patients that rely on hae-
modialysis to compensate for the loss of kidney function. After all, the VA
provides theonly access point atwhich thedialysismachine can be connected

to the patient’s blood stream and is thus of vital importance to the patient’s medical
treatment. In approximately 7%–18% of all dialysis patients in Europe and the
United States, the VA is provided by an arteriovenous graft (AVG). Unfortunately,
AVGs are hampered by high complication rates and exhibit short patency durations
of typically two years. This graft dysfunction is not only a large burden for the
patient, but is also responsible for around 15%–25% of all healthcare costs made in
the treatment of these patients.

Neointimal hyperplasia (NIH) near the graft-vein anastomosis has been iden-
tified as the main cause for AVG dysfunction. NIH is an inward remodelling process
that causes stenosis and low flow, ultimately resulting in thrombosis and graft
patency loss. NIH development is believed to be triggered by non-physiological
haemodynamic conditions near the graft-vein anastomosis after AVG creation, such
as oscillating wall shear stress (WSS) or disturbed flow. Consequently, a popu-
lar approach to improve graft performance (i.e. lowering complication rates and
improving graft longevity), is the development of grafts that, by design, result in
more physiological blood flow characteristics near the graft vein anastomosis. To
develop and evaluate such “haemodynamically optimised” grafts, computational
fluid dynamics (CFD) models are typically used to simulate how each graft concept
impacts haemodynamics.

The aim of this thesis is twofold. The first aim is to create an in silico method-
ology that allows for optimisation of AVG haemodynamics. For this purpose it is
assessed how model assumptions and simplifications impact AVG haemodynamics.
Furthermore, a methodology is developed that allows for efficient graft design
optimisation. The second aim of this thesis is to evaluate how AVG performance
can be improved by graft material selection and geometric design.

Model assumptions

After blood has passed through the dialysis machine, it is returned to the body via a
needle on the venous side of the graft. When exiting the needle, the blood forms
a high-velocity blood flow jet. In Chapter 2 it is assessed how haemodynamics in
the graft-vein anastomosis are impacted by this dialysis needle flow. It is observed
that needle flow can considerably increase disturbed flow and the amount of non-
physiologicalWSS near thevenousanastomosiswith respect to thesituationwithout
needle flow. As such, dialysis needle flow may play an important role in graft
dysfunction and should thus, ideally, be considered during graft optimisation.
Furthermore, we demonstrate that the negative effects of dialysis needle flow can
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be minimised by more upstream cannulation of the graft (i.e. further from the
anastomosis), by ensuring that the dialysis needle tip is located centrally in the
graft’s lumen and by reducing dialysis flow.

Most CFD AVG optimisation studies make use of highly idealised AVG geo-
metries and/or highly idealised representations of the peripheral vasculature. In
Chapter 3, a methodology is developed that allows for the creation of more realistic
AVG geometries on the basis of available clinical follow-up data and a low contrast-
agent dose CTA. Furthermore, realistic boundary condition models are developed
to describe the peripheral vasculature. We demonstrate that haemodynamic con-
ditions commonly associated with AVG dysfunction are highly dependent on the
use of either idealised or realistic AVG geometries as well as on peripheral boundary
conditions. Therefore, the haemodynamic performance of an optimised graft may
be significantly misrepresented when evaluated in a highly idealised model. Hence,
it is concluded that realistic AVG models and boundary conditions should be used
for the haemodynamic optimisation of graft design.

Efficient method for graft optimisation

Graft optimisation requires evaluation of a large number of potentially optimal
graft designs. Since CFD models are computationally expensive (>1 day simulation
time per graft evaluation), the use of CFD models for optimisation is impractical. In
Chapter 4, a generalised polynomial chaos expansion (gPCE) algorithm is imple-
mented to create meta-models (i.e. amodel of a model) that accurately describe the
CFD model output response. These models can be evaluated at low computational
costs and can thus act as surrogates of the CFD model during an optimisation pro-
cedure. The gPCE method requires a number of CFD simulations to be performed
and expands the resulting CFD model output into a finite series of polynomials that
depend on the model input parameters. To minimise the required number of CFD
model evaluations for meta-model creation, an adaptive algorithm is used. For an
example CFD problem of the pressure drop over an AVF, the number of required
model evaluations for meta-model creation can be reduced by 50%–90% with the
use of this adaptive approach.

Graft optimisation

AVGs are typically made from expanded polytetrafluoroethylene (ePTFE), which
is up to 500 times as stiff as a vein. This mismatch in material stiffness between the
graft material and the autologous vein is believed to induce detrimental haemo-
dynamic conditions near the graft vein anastomosis. In Chapter 5 it is evaluated
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if graft performance can be improved by the use of a more compliant graft ma-
terial. More specifically, the haemodynamic performance of a graft constructed
from electrospun polyurethane (ePU) grafts is evaluated, since this material can
be manufactured such that it’s material stiffness approaches that of the veins. It is
demonstrated that the use of an ePU graft improves the haemodynamic conditions
in the venous anastomosis, but also increases mechanical loading of the vein when
compared to an ePTFE graft. We hypothesise that low graft compliance rather
than a large graft-vein compliance mismatch is most detrimental to anastomotic
haemodynamics. It is concluded that, from a haemodynamic perspective, ePU
grafts provide a promising alternative to ePTFE grafts.

Finally, in Chapter 6 a haemodynamically optimised graft design is developed
that efficiently minimises the amount of disturbed flow and the occurrence of WSS
metrics related to graft dysfunction. To improve graft performance, the benefit of
adding helical features (i.e. a helical centreline and/or a helical ridge) to the graft
is evaluated. However, the optimisation algorithm can choose to omit any of the
helical features if inclusion does not benefit haemodynamic graft performance.
To minimise the computational cost of the graft design optimisation procedure, the
adaptive gPCE method from Chapter 4 is used to create meta-models of various
metrics for graft performance. These meta-models are subsequently used during
optimisation to predict graft performance as function of the graft design parameters.
After the optimisation procedure is completed, the haemodynamic performance
of the “optimal” graft design is finally verified using CFD simulation. The final
optimised graft contains both a helical centreline and a helical ridge and consider-
ably improves haemodynamic conditions compared to a regular graft. Hence, it is
concluded that the use of grafts with helical features can indeed be used to improve
graft performance.

This thesis concludeswith aGeneral Discussion (Chapter 7) inwhichwediscuss
the results and main findings of each chapter and put them in a broader perspective.
We elaborate on howgraft performancemay be improved by optimising graft design.
Furthermore, we discuss the limitations of the research and propose directions for
future studies.
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General Introduction



2 | CHAPTER 1

1.1 Clinical background

1.1.1 Kidney function

T
HE KIDNEYS perform the important task of removing metabolic waste prod-
ucts and excess fluids from the bloodstream. Both tasks are executed by the
nephrons, that consist of a glomerulus and a tubule. Blood is filtered over the

wall of the glomerulus, a cluster of capillary vessels, and the filtrate is subsequently
transported over the tubule. In the tubule, most of the fluids and solutes, apart
from waste products, are reabsorbed into the blood [1]. The rate at which the blood
is filtered is expressed by the glomerular filtration rate (GFR) [2].

In patients that suffer from chronic kidney disease (CKD), the kidney’s capacity
to remove waste products and excess fluids from the blood is reduced, which is
characterised by a reduced GFR [2]. In the final stage of CKD, which is referred to
as end-stage renal disease (ESRD), the patient requires renal replacement therapy
(RRT) to compensate for the loss of kidney function.

1.1.2 Renal replacement therapy

RRT is commonly provided by kidney transplantation, haemodialysis, or peritoneal
dialysis. Due to superior long term patient survival, kidney transplantation is the
preferred mode of RRT [3–5]. However, because the number of available donor
kidneys is not sufficient to satisfy the need [6], haemodialysis (HD) is currently the
most prevalent mode of RRT.

During haemodialysis the patient’s blood is cleaned by an external artificial
kidney (i.e. dialyser). To facilitate efficient haemodialysis, the dialyser should be
connected to a blood vessel that provides a high blood flow (>500ml/min), is
easily accessible and allows for repeated cannulation. This so-called vascular access
(VA) is of vital importance for dialysis patients, since it provides the only location
to which the dialyser can be connected to the bloodstream. As no such vessels
exist in the human vasculature, a permanent VA is typically created by surgically
connecting an artery to a vein in the patient’s arm. Because such a connection
creates a low resistance bypass of the peripheral vasculature, blood flow through
the connected vessels will increase (up to thirty-fold), thereby allowing the VA to
be used for dialysis.

Autologous arteriovenous fistulas (AVF), inwhich an artery is directly connected
to a vein, are the preferred type of VA because of longer patency durations and
less complications compared to alternatives [7, 8]. However, before an AVF can be
used as VA, it needs to mature, i.e. flow through the AVF should increase and the
artery and vein need to increase in diameter [7, 8]. Furthermore, since patients
with ESRD often suffer from comorbidities such as diabetes or arteriosclerosis [9],



GENERAL INTRODUCTION | 3

1many of them lack vessels of sufficient quality to allow for fistula creation. Because
of insufficient fistula maturation or unsuitable vessels, in approximately 18% of
the total United States’ HD-population [10] and 7% of that in Europe [11], a VA
is established by connecting an artery to a vein using a synthetic arteriovenous
graft (AVG). Recent studies suggest that AVGs might even be favoured over AVFs
in elderly patient or patients with limited life expectancy, because of less short-term
complications [12–15].

1.1.3 Arteriovenous graft failure

AVGs typically lose patency within two years, despite multiple interventions to
preserve their function such as balloon angioplasty or stent placement [7, 8]. The
main reason for AVG dysfunction is venous neo-intimal hyperplasia (NIH) near
the graft-vein anastomosis [16, 17]. NIH is caused by media-to-intima migration
of smooth muscle cells in the venous wall. In the intima, the smooth muscle cells
proliferate and deposit extracellular matrix, eventually resulting in stenosis [16–
19]. This stenosis causes low flow, which ultimately results in thrombosis and graft
patency loss.

Several factors have been hypothesised to induce NIH development, such as
limited biocompatibility of the graftmaterial or surgical traumaduring graft surgery.
Arguably the most important factor in NIH development is disturbed blood flow
and subsequent non-physiological wall shear stress (WSS) patterns at the venous
anastomosis after AVG creation [20–23]. In the context of VA, disturbed flow can
be characterised as non-uniformly distributed, irregular and possibly turbulent
[24]. The disturbed flow and non-physiological WSS cause endothelial dysfunction,
which results in NIHdevelopment [18, 23, 25]. Amismatch inmechanical properties
of the vein and the graft (i.e. compliance mismatch) is hypothesised to further
promote disturbed flow and play an important role in AVG dysfunction [26, 27].

Because haemodynamics play an important role in AVG dysfunction, graft
longevity is believed to improve by optimising venous anastomotic graft haemo-
dynamics, i.e. reducing flow disturbances and returning WSS patterns to more
physiological conditions. Consequently, various novel graft designs have been pro-
posed for this specific purpose, such as helical grafts [28, 29], grafts with a venous
cuff [30] or tapered grafts [31]. Furthermore, since AVGs are typically made from
expanded polytetrafluoroethylene (ePTFE), which is 400 to 500 times stiffer than
autologous veins [32, 33], the use of more compliant graft materials is hypothesised
to reduce graft-vein compliancemismatch and thus also to promotemore favourable
haemodynamic conditions.
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1.2 Computational AVG haemodynamics modelling

To assess haemodynamic performance of novel arteriovenous graft designs, three-
dimensional computational fluid dynamics (CFD) simulations are often used [34–
39]. Asopposed toexperimental in vitro or in vivo techniques, CFDmodelling allows
for straightforward high resolution assessment of haemodynamic metrics that are
related tograftdysfunction, suchas theWSS. Furthermore, theuseof computational
models facilitates the simultaneous evaluation of the haemodynamic efficacy of a
large numberof graft designs. However, despite promising results in CFD studies, in
vivo patency rates of AVGs have not dramatically increased and clinical adaptation
of novel graft designs is limited [22, 40]. The discrepancy between the expectations
raised by CFD studies and clinical reality could possibly be explained by the fact
that several simplifications, generalisations and assumptions are typically made
in computational AVG studies, which might hamper their applicability.

Studies regarding the evaluation and optimisation of various graft designs re-
quire highly modifiable graft models. Therefore, the efficacy of novel graft designs
is usually evaluated using idealised graft models that can easily be parametrised
[24, 34–38]. Furthermore, flow to and from the distal vasculature (i.e. the hand) is
often assumed to be negligible compared to the graft flow and set to zero [34, 35, 37,
38]. Because blood flow is highly dependent on vessel geometry and anastomotic
configuration [41–45], as well as on the boundary conditions used [46, 47], the
suitability of such approaches for evaluating graft performance might be limited.

In most CFD studies, vessels (artery, graft and vein) are assumed to be non-
compliant (i.e. rigid). Besides the fact that vessel compliance could impact haemo-
dynamics and WSS distribution [48–50], such approaches eliminate the possibility
to study the haemodynamic performance benefits of newgraftmaterials that reduce
graft-vein compliance mismatch.

Finally, research regarding disturbed AVG haemodynamics has mainly focussed
on AVG flowwithout the interference of HD-needle flow. It has been demonstrated
that needle flow can significantly increase the amount of disturbed flow and non-
physiological WSS downstream of a dialysis needle [51–53]. Since AVGs are often
cannulated in close proximity of the venous anastomosis, flow perturbations caused
by dialysis needle flow could propagate to the venous anastomosis and further
deteriorate anastomotic haemodynamic conditions. Taking into account the reg-
ularity and duration of common in-hospital or nocturnal HD-regimes (10%–30%
of an HD-patient’s weekly routine [54, 55]) it is conceivable that also HD-needle
flow plays an important role in AVG patency loss.

In addition to the assumptions that are generally made in computational AVG
studies, multiple design parameters typically need to be optimised during graft
optimisation. Often, the haemodynamic effect of these design parameters is as-
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1sessed one parameter at a time [37, 56]. However, graft design parameters may
exhibit large interactions [56]. Consequently, the haemodynamic benefit of a single
design parameter can be heavily dependent on the exact settings of all other para-
meters. Therefore it is imperative to use a global optimisation strategy, in which
all parameters are optimised simultaneously. Such an approach typically requires
evaluation of a large number of different graft designs, which is hampered by the
inherently large computational cost of individual CFD simulations.

1.3 Aims and thesis outline

Because of their flexibility and ability to straightforwardly compute haemodynamic
metrics related to AVG dysfunction, computational fluid dynamics models are
ideally suited to study AVG haemodynamics and to evaluate the haemodynamic
benefit of new graft designs. However, from the discussion above it is evident that
assumptions that are generally made in these AVG CFD studies could hamper their
real-world validity and applicability to develop haemodynamically optimised graft
designs. Furthermore, a global optimisation approach is needed to develop new,
haemodynamically optimised graft designs.

The aim of this thesis was the development of a haemodynamically op-
timised arteriovenous graft design by means of computational fluid dy-
namics simulations, while considering the impact of model assumptions
and using a global optimisation technique.

To achieve this aim, this thesis is structured in two parts. In Part I (Chapters 2 to 4),
the impact of CFD model assumptions on the metrics commonly used to evaluate
haemodynamic graft performance is assessed. Furthermore, tools are developed
that allow for global optimisation of graft design. In Part II (Chapters 5 and 6) it is
assessed how haemodynamic graft performance can be enhanced by graft material
selection and graft geometry.

1.3.1 Part I: Model assumptions and tool development

The impact of dialysis needle flow on venous anastomotic haemodynamics is stud-
ied in Chapter 2. Here, the effect of dialysis flow and venous needle positioning on
disturbed flow at the graft-vein anastomosis is assessed. Furthermore, it is invest-
igated how negative effects of dialysis needle flow can be mitigated. In Chapter 3
is assessed how AVG haemodynamics are impacted by the use of idealised AVG
geometries and simplified boundary conditions. Additionally, physiological bound-
ary conditions and a framework for the creation of realistic AVG geometries are
developed. Apart from vessel path and anastomotic configuration, the realistic
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AVG geometries created by this framework are fully parametrised, which allows for
straightforward implementation and evaluation of new graft designs. In Chapter 4
an efficient meta-modelling technique is introduced for application on compu-
tationally expensive cardiovascular models. These meta-models are built from a
limited set of computationally expensive CFD simulations and can subsequently
accurately predict CFD model response at low computational cost. Though the
meta-modelling technique introduced in this chapter is often used for model un-
certainty quantification and sensitivity analysis, these meta-models might also be
used as a substitute for CFD simulations during graft optimisation.

1.3.2 Part II: Graft optimisation

In Chapter 5 the haemodynamic benefit of electrospun polyurethane as an al-
ternative to ePTFE for the production of arteriovenous grafts is examined. The
haemodynamic performance of AVGs of both materials is evaluated using a fluid-
structure interactionmodel that allows to simulate both blood flow and mechanical
behaviour of the vessel walls. In Chapter 6, a geometrically optimised graft is
developed. For this purpose, a global optimisation of the graft design is performed
using the tools developed in Chapter 4.

1.3.3 General discussion

Finally, in Chapter 7 the thesis is concluded with a general discussion. Here the
main findings of each chapter will be discussed and put in a broader perspective.
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Abstract

Background: Arteriovenous grafts (AVG) typically lose patency within 2 years
after creation due to venous neointimal hyperplasia, which is initiated by disturbed
haemodynamics after AVG surgery. Haemodialysis needle flow can further disturb
haemodynamics and thus impact AVG longevity. In this computational study we
assessed how dialysis flow and venous needle positioning impacts flow at the graft-
vein anastomosis. Furthermore, we studied how negative effects of dialysis needle
flow could be mitigated.
Methods: Non-physiological wall shear stress and disturbed blood flow were
assessed in an AVG model with and without dialysis needle flow. Needle distance
to the venous anastomosis was set to 6.5, 10.0 or 13.5 cm, whereas dialysis needle
flow was set to 200, 300 or 400ml/min. Intraluminal needle tip depth was varied
between superficial, central or deep. The detrimental effects of dialysis needle
flowwere summarised by a haemodynamic score (HS), ranging from 0 (minimal)
to 5 (severe).
Results: Dialysis needle flow resulted in increased amounts of disturbed flow
and/or non-physiological wall shear stress in the venous perianastomotic region.
Increasing cannulation distance from 6.5 cm to 13.5 cm reduced the HS by a factor
4.0, whereas a central rather than a deep or superficial needle tip depth reduced
the HS by maximally a factor 1.9. Lowering dialysis flow from 400ml/min to
200ml/min reduced the HS by a factor 7.4.
Conclusion: Haemodialysis needle flow, cannulation location and needle tipdepth
considerably increase the amount of disturbed flow and non-physiological wall
shear stress in the venous anastomotic region of AVGs. Negative effects of haemo-
dialysis needle flow could be minimized by more upstream cannulation, by lower
dialysis flows and by ensuring a central needle tip depth. Since disturbed haemody-
namic are associated with neointimal hyperplasia development, optimising dialysis
flow and needle positioning during haemodialysis could play an important role in
maintaining AVG patency.
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2.1 Introduction

A
RTERIOVENOUS grafts (AVG) typically lose patency within two years due
to neointimal hyperplasia (NIH) at the graft-vein anastomosis [1–3], which is
attributed to disturbed blood flow and non-physiological wall shear stress

(WSS) after AVG creation. Most research on minimizing disturbed flow and nor-
malizing WSS patterns at the graft-vein anastomosis has focused on modifying
graft geometry [4]. Strikingly, the impact of haemodialysis (HD) needle flow on
AVG haemodynamics is often neglected, even though it has been shown that needle
flow can result in increased amounts of flow disturbance [5–7]. Most HD-patients
receive dialysis according to in-hospital or nocturnal dialysis programs that account
to 12–36 hours per week. Consequently these patients are exposed to the possibly
detrimental haemodynamic effects of dialysis needle flow for 10%–30% of their
time. It is therefore conceivable that alsodialysis needle flowplays an important role
in AVG dysfunction [8]. Minimizing disturbed flow by optimizing cannulation
technique and dialysis flow-rate might therefore be beneficial to graft longevity. In
this studywe assessed howdialysis flow-rate, needle tip location in the graft’s lumen
(needle tip depth) and the site of graft cannulation (cannulation location) impact
AVG haemodynamics at the venous anastomosis. The effect of dialysis needle flow
was assessed using a computational fluid dynamics (CFD) model of an idealized
geometry of the venous anastomosis of an AVG.

2.2 Materials and Methods

A model of the venous anastomosis of an axillary-artery to axillary-vein loop AVG
was created in SolidWorks 2017 (Dassault Systèmes, Vélizy-Villacoublay, France)
(Fig. 2.1A). The vein was modelled as a straight, 15 cm long vessel with a constant
diameter of 7.7mm. The graft segment was 20 cm long, with a 6mm internal
diameter. The graft-vein anastomosis had an angle of 45°. The resulting length
of the anastomosis was approximately 9mm. Vascular dimensions were based on
standard-of-care ultrasound follow-up for monitoring graft function. A waiver for
ethical approval of this studywasobtained from the local medical ethical committee.

2.2.1 Cannulation model

In clinical practice the location of venous cannulation of AVGs is changed between
HD sessions to ensure that a maximum length of the graft’s venous segment is used
for cannulation [3, 9]. This practice is known as the rope-ladder technique and
was modelled by setting the distance between the needle tip and the anastomosis
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Figure 2.1: A: The parametrized AVG model. Note that the needle is only included when haemodialysis
is simulated. Needle flow was set to 200, 300 or 400ml/min, needle tip distance was set to 6.5, 10.0 or
13.5 cm from the anastomosis and the needle tip was placed in the centre of the graft or 1.5mm above or
below the centre (superficial and deep needle tip depth, respectively). B: Overview of the simulation
flows. Note that qtotal is constant between simulations, whereas qgraft depends on qneedle.

to 6.5, 10.0 or 13.5 cm. The cannulation procedure was modelled as described in
Brouwer [10]. The shaft of a standard one-inch 15G steel needle was advanced com-
pletely through the skin. The needle tip was positioned bevel-down in the lumen
[10]. Needle back-eye was omitted since it minimally impacts haemodynamics [11].
Intraluminal needle tip location was either in the graft’s cross-sectional centre or
1.5mm above or below, corresponding to a superficial or deep needle tip depth,
respectively (Fig. 2.1A). It was assumed that the graft was located 3mm under the
skin. Consequently, resulting cannulation angles for the superficial, central and
deep needle tip depth were 9.2°, 13.9° and 17.5°, respectively. Dialysis flow rate was
set to 200, 300 or 400ml/min. All 27 combinations of dialysis-flow, needle tip
depth and cannulation location were evaluated, next to a reference AVG simulation
without needle.

In this study, blood was regarded as a Newtonian fluid with a viscosity of
3.5mPa s [12] and a density of 1 · 103 kgm−3. Pulsatile flow through the model
(qtotal) was assumed to be equal in all simulations and was obtained from the duplex
ultrasound measurements (Fig. 2.1B). The average magnitude of the total graft flow
was measured as 9.9 · 102 ml/min. Needle and graft flow were set by prescribing
a blunt velocity profile at the respective inlet. Graft flow (qgraft) was defined as
qtotal − qneedle. Because flow from the distal veins was assumed to be negligible,
blood flow velocity at the distal venous inlet was set to zero. A zero pressure was
prescribed at the venous outlet, since flow velocity and wall shear stress (WSS)
characteristics were invariant of the outlet pressure in this modelling setup. After
an initial start-up of the simulation during the first two cardiac cycles, haemody-
namics were stable from the third cardiac cycle onwards and did not vary between
subsequent cycles. Therefore, for all situations three cardiac cycles were simulated
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of which the final one was considered representative of the simulated condition.
This cycle was subsequently used for all further analyses.

2.2.2 AVG haemodynamics simulations

Blood flowwas simulated by solving the Navier-Stokes equations, applied to the 3D
AVG domain, with the OASIS solver [13], implemented in the finite element package
FEniCS [14]. The OASIS solver has previously been verified and showed good
correspondence with a benchmark problem provided by the U.S. Food and Drug
Administration (FDA) [15]. Computational meshes of the geometries were created
in ICEM 18 (ANSYS, Canonsburg, Pennsylvania, United States) with an increased
mesh resolution proximal to the venous needle and near the venous anastomosis.
A grid independent solution was obtained at 2.4 · 106–3.0 · 106 tetrahedral Taylor-
Hood elements. Time discretisation steps ranged from 0.05ms–0.1ms. The smaller
step sizes were required to resolve the haemodynamics of the higher needle-flow
simulations.

2.2.3 Computed haemodynamic metrics

Disturbed flow was quantified in each simulation by assessing the magnitude of
high frequency velocity perturbations in both the venous anastomotic region and
in the proximal vein (Fig. 2.1A). Furthermore, the amount of non-physiological
WSS in the venous anastomotic region was quantified by assessment of the size of
the area exposed to wall shear stress (WSS) below or above the physiological range
(0.1 Pa–7.0Pa [16]); to WSS levels causing irreversible endothelial damage (>40Pa
[17]); or to highly oscillating WSS.

Time averaged WSS magnitude (TAWSS):

TAWSS =
1

T

∫ T

0

‖~τ(t, ~x)‖ dt, (2.1)

was calculated from theWSS vector~τ(t, ~x), andwas used to identify regions exposed
to non-physiologically low WSS (<0.1 Pa).

Regions exposed to high (>7 Pa) and very high (>40Pa) WSS were identified
using the local maximum WSS magnitude:

WSSmax = max {‖~τ(t, ~x)‖ : t = 0 . . . T} . (2.2)

Oscillatory shear was assessed using the oscillatory shear index (OSI):

OSI =
1

2

1−

∥∥∥∫ T

0
~τ(t, ~x)dt

∥∥∥∫ T

0
‖~τ(t, ~x)‖ dt

 , (2.3)
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which ranges between 0–0.5. An OSI above 0.25 was used as a threshold for highly
oscillatory WSS.

Themagnitudeof flowdisturbanceswasassessed using Reynoldsdecomposition,
where velocity u(t, ~x) at each mesh point was regarded as the sum of an average
velocity trend ū(t, ~x), and high frequency velocity perturbations ũ(t, ~x). The root-
mean-squareof ũ(t, ~x): ũRMS(~x)was used to assess the average velocity perturbation
magnitude over a cardiac cycle.

Haemodynamic scoring of needle impact

To allow for comparison of the haemodynamic effects of different HD-settings, a
scoring technique was devised that lumped the overall haemodynamic effect into a
single variable. This haemodynamic score quantified how much haemodynamics
in a simulation with a dialysis needle had deteriorated with respect to the reference
simulation. The haemodynamic score used in this paper was computed on the
basis of 5 variables related to graft dysfunction, i.e. the size of the anastomotic
area exposed to non-physiologically low WSS (<0.1 Pa); to non-physiologically
high WSS (>7 Pa, ≤40Pa); to very high WSS (>40Pa); or to high OSI (>0.25), as
well as the magnitude of velocity perturbations in the anastomotic and proximal
venous region. The total area of the anastomotic region of the model (Fig. 2.1) was
1256.5mm2. A haemodynamically relevant deterioration or improvement of any
WSS metric was defined as an increase or decrease in size of the exposed area of
at least 5% of the total size of the anastomotic region (i.e. >62.8mm2) compared
to the reference simulation. A haemodynamically relevant increase or decrease
in the amount of disturbed flow was defined as a difference of the magnitude of
velocity perturbations of at least 2 cm/ sec with respect to the reference simulation.

For each haemodynamic metric that showed a relevant deterioration in a sim-
ulation, the haemodynamic score was incremented by 1. Conversely, the score was
decreased by 1 for each haemodynamic metric that showed a relevant improvement
compared to the reference simulation. Finally, an average haemodynamic score was
computed for all simulations that either shared the same tip depth, dialysis-flow, or
cannulation location. Since all combinations of flow, needle tip depth and cannu-
lation location were evaluated, each average haemodynamic score was computed
on the basis of nine simulations.
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Table 2.1: Anastomoticareapercentageexposed tohigh (>7 Pa,≤40Pa) and very high (>40Pa, between
brackets) WSS for each dialysis settings. A superscript + denotes a relevant increase compared to the
reference simulation.

Dialysis flow Cannulation location Needle tip depth

Superficial Central Deep

200ml/min

6.5 cm 43+ 44+ 30

10 cm 43+ 31 28

13.5 cm 34 36 36

300ml/min

6.5 cm 56+ (1) 47+ 48+

10 cm 40+ 32 46+

13.5 cm 34 34 42+

400ml/min

6.5 cm 49+ (13+) 49+ (1) 46+

10 cm 41+ 40+ 44+

13.5 cm 37 33 41+

2.3 Results

2.3.1 General observations

Wall shear stress

In the reference simulation, the area exposed to high (>7 Pa), low (<0.1 Pa) and
highly oscillatory (OSI >0.25) WSS amounted to 32%, 20% and 3% of the ana-
stomotic area, respectively. No WSS in excess of 40 Pa was observed.

A relevant increase in the area subjected to high WSS was observed for all
simulations using a 6.5 cm cannulation location, except when using a 200ml/min
needle flow, in combination with a deep needle tip depth (Table 2.1). Only when
needle flow was set to 400ml/min and cannulation was in close vicinity of the
anastomosis (6.5 cm) with a superficial needle tip depth, we observed a relevant
area exposed to very high WSS (>40Pa). In general, a central needle tip depth
combined with more distal cannulation most efficiently lowered maximum WSS to
reference conditions for the 300ml/min and 400ml/min needle flows. Although
relevant increases in the anastomotic area exposed to low TAWSS and high OSI
were observed in some simulations (Tables 2.2 and 2.3), no clear general trendswith
respect to cannulation location, needle tip depth or dialysis flow were observed.
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Table 2.2: Anastomotic area percentage exposed to low (<0.1 Pa) WSS for each dialysis settings. A
superscript + denotes a relevant increase compared to the reference simulation.

Dialysis flow Cannulation location Needle tip depth

Superficial Central Deep

200 ml/min

6.5 cm 31+ 28+ 21

10.0 cm 17 19 18

13.5 cm 19 17 16

300 ml/min

6.5 cm 24 19 26+

10.0 cm 21 22 27+

13.5 cm 22 19 22

400 ml/min

6.5 cm 23 18 26+

10.0 cm 20 30+ 26+

13.5 cm 28+ 24 24

2.3.2 Disturbed flow

An increase in the magnitude of flow disturbances in the venous segment could be
observed with more proximal cannulation sites (towards the anastomosis), higher
dialysis flow settings and when the needle tip was not placed in the centre of the
graft’s lumen (Figs. 2.2 and 2.3) When the needle was placed centrally in the graft’s
lumen, flow perturbations were, in general, similar or lower to those observed in
the reference simulation.

2.3.3 Haemodynamic scoring

Lowest haemodynamic scores were obtained by using a central needle tip depth,
a 200ml/min dialysis flow and a 13.5 cm cannulation distance (Fig. 2.2, Table 2.4).
When using a superficial or deep needle tip depth instead of a central needle
tip depth, the haemodynamic score increased on average by a factor 1.2 and 1.9,
respectively . Furthermore, the average haemodynamic score increased by a factor
4.0 and 7.4 when using a 300ml/min and 400ml/min, instead of 200ml/min
dialysis flow, respectively. Finally, decreasing the cannulation distance from 13.5 cm
to 10.0 cm or 6.5 cm increased the average haemodynamic score by a factor 2.4 and
4.0, respectively.
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Table 2.3: Anastomotic area subjected to high (>0.25) OSI for each dialysis settings. A superscript +
denotes a relevant increase compared to the reference simulation.

Dialysis flow Cannulation location Needle tip depth

Superficial Central Deep

200ml/min

6.5 cm 4 16+ 3

10 cm 8 2 2

13.5 cm 2 1 1

300ml/min

6.5 cm 10+ 5 8

10 cm 1 3 6

13.5 cm 2 2 5

400ml/min

6.5 cm 20+ 9 12+

10 cm 2 9+ 10+

13.5 cm 5 10+ 10+

Table 2.4: Overview of the haemodynamic scores (HS) for each needle tip depth (Depth), cannulation
location (Location) and dialysis-flow (Flow). For each variable, the setting with the best haemodynamic
outcome is highlighted and printed in boldface.

Depth HS Location [cm] HS Flow [ml/min] HS

Superficial 1.22 6.5 2.22 200 0.33
Central 1.00 10.0 1.33 300 1.33

Deep 1.89 13.5 0.56 400 2.44

2.4 Discussion

This study showed that venousHD-needle flowcan considerably impact the amount
of non-physiological and highly oscillating WSS experienced by the venous peria-
nastomotic region of AVGs. FurthermoreHD-needle flow induces disturbed flow in,
and downstream of, the AVG’s venous anastomosis. This is of particular interest
as both disturbed flow and disturbed WSS are believed to be the main initiators of
NIH development in the venous anastomotic region, which is the primary cause
for AVG failure [1, 18]. Since HD is performed for a considerable period of time of
a dialysis patient, this study thus suggests that haemodialysis needle flow plays an
important role in the process of AVG dysfunction. Indeed, increased AVG longevity
is observed in VAs that are not being used, compared to those in dialysis patients
[19].

A haemodynamic score was used to isolate the haemodynamic effects of varying
dialysis flow, cannulation location and needle tip depth. As such, this score was
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Figure 2.2: Left: Comparison of the flow fields observed in the reference flow simulation (top), a
simulation with a low haemodynamic score (middle) and a simulation with a high haemodynamic
score (bottom). For each simulation the anastomotic region is denoted by the dashed rectangle. For
the reference simulation, percentages of the anastomotic area exposed to high OSI (>0.25), non-
physiologically low (<0.1 Pa), high (>7 Pa, ≤40Pa) and very high WSS (>40Pa) are presented on the
right, along with the maximum observed magnitude of velocity perturbations. For the HD-simulations,
the triangles on the right denote which metrics showed a relevant deterioration with respect to the
reference simulation, whereas the circles indicate which metrics did not show a relevant deterioration.

used to identify optimal settings for each individual dialysis parameter, regardless of
the setting of the other two. It was demonstrated that the negative effects of dialysis
needle flow could best be mitigated by decreasing dialysis flow, more upstream
cannulation and/or by ensuring a central needle tip depth.

Because a central needle tip depth showed the least negative impact on ana-
stomotic haemodynamics, this study adds an additional haemodynamic argument
for existing clinical recommendations that advocate for placing the needle tip in
the centre of the graft’s lumen, to prevent needle infiltration of the graft wall. Since
recent research shows that the needle tip is only in the graft’s centre in 10% of all
successful cannulations [20], it is important to develop techniques that streamline
the process of placing the needle tip in the centre of the graft’s lumen. In this
context, ultrasound guided cannulation might be a promising technique to ensure
optimal needle tip depth [3]. In addition, it should be investigated if needle tip
depth changes considerablyduring adialysis sessiondue tomovementof the patient
[10, 20]. If so, it may be advantageous to develop methods to maintain a stable
needle tip depth during dialysis.
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Figure 2.3: Cross-sectional median magnitude of velocity perturbations along the venous centreline for
all simulations. Each plot represents a different needle combination of needle tip depth and cannulation
location. The reference simulation is represented in each plot by the solid black line. Note that the
anastomosis, indicated by the black dot in Fig. 2.1, is located at distance = 0 cm.

In clinical practice AVGs are also cannulated in close proximity of the ana-
stomosis, since grafts are cannulated over the longest possible stretch to prevent
excessive local graft damage (rope-ladder cannulation). Since this study demon-
strated that haemodynamics deteriorate with more downstream cannulation, it
might be necessary to find an optimal trade-off between minimizing graft dam-
age due to cannulation and minimizing detrimental haemodynamics. However, it
should be ensured that the cannulation region remains sufficiently large to prevent
pseudo-aneurysm formation [21]. Alternatively, constructing the venous anastom-
osis more proximally on the vein could help creating a longer venous graft segment,
which might reduce the need for cannulation near the anastomosis.

Increasing dialysis flow had a clear negative effect on anastomotic haemodynam-
ics. More specifically, of all evaluated HD-settings, haemodynamics deteriorated
most with a 400ml/min dialysis flow, especially when cannulation was performed
in close proximity of the venous anastomosis. It has been shown that autologous
fistula survival is inversely correlated to dialysis flow [22]. Given the results of this
study, a similar relation might hold true for AVGs.

In this study the effect of dialysis flow and needle positioning on anastomotic
haemodynamics was assessed by a model comprising a standard 6mm graft. How-
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ever, alternative graft designs such as cuffed grafts have been specifically designed
to optimise venous anastomotic haemodynamics [23]. The use of such modified
grafts could possibly further help mitigate the negative effect of dialysis needle
flow on anastomotic haemodynamics. Furthermore, though grafts are typically
cannulated using metal needles [24], it is suggested that the use of plastic cannulae
could reduce dialysis-flow induced flow disturbances [25, 26]. Future research
should be performed to assess the possible haemodynamic benefits of alternative
graft designs and plastic cannulae during haemodialysis.

2.4.1 Limitations

As blood flow is dependent on patient specific properties, such as anastomotic
angle and graft flow magnitude, exact haemodynamics will vary between patients
[27, 28]. However, since important flow characteristics of vascular accesses are
preserved in idealized models [27], we believe that the observed negative effect
of high dialysis flows, proximal cannulation and non-central needle tip depth on
AVG haemodynamics will translate to the general patient population.

The current study employed a CFD model to assess the impact of needle flow on
AVG haemodynamics related to AVG failure. However, the exact biological response
on haemodynamic metrics is often unknown [2, 29]. Consequently, future patient
studies should be performed to confirm and quantify the clinical benefit of lower
dialysis flows, central needle tip depths and more upstream cannulation.

2.5 Conclusion

In this study it was demonstrated that needle flow can substantially deteriorate
haemodynamics at the venous anastomosis of AVGs. Since haemodynamics trigger
NIH development, dialysis-needle flow might play a considerable role in AVG
dysfunction. The negative effect of needle flow can be minimized by a larger
distance between the cannulation site and the anastomosis, lower needle flows
and a needle tip that is placed in the centre of the graft.
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Abstract

Background: The haemodynamic benefit of novel arteriovenous graft (AVG)
designs is typically assessed using computational models that assume highly ideal-
ised graft configurations and/or a highly idealised representation of the peripheral
vasculature. These assumptions could hamper the applicability of such models
for the haemodynamic evaluation of new graft designs.
Methods: A clinical imaging-based AVG geometry was created that was paramet-
rised to allow for implementation and evaluation of new graft designs in future
studies. Furthermore, two physiological boundary condition models were de-
veloped to represent the peripheral vasculature. We assessed how haemodynamic
metrics related to AVG dysfunction were impacted by graft geometry (idealised or
realistic) and the applied boundary condition models of the peripheral vasculature
(physiological or zero-flow).
Results: Anastomotic regions exposed to high WSS (>7 Pa–≤40Pa), very high
WSS (>40Pa) and highly oscillatory WSS were larger in the simulations using the
realisticAVGgeometry. Furthermore, themagnitudeof velocityperturbations in the
venous segment was up to 1.7 times larger in the realistic AVG geometry compared
to the idealised one. Large regions exposed to highly oscillatoryWSS were observed
when applying a (non-physiological) boundary condition that neglected blood flow
to and from the peripheral vasculature. This region with highly oscillatoryWSS was
not observed when using either of the newly developed distal boundary condition
models.
Conclusion: It was demonstrated that haemodynamic metrics related to AVG
dysfunction are highly dependent on the geometry and the distal boundary condi-
tion model used. Consequently, the haemodynamic benefit of a novel graft design
can be misrepresented when evaluated using either idealised geometries or non-
physiological boundary conditions. For future studies on graft performance we
propose that realistic parametrised AVG geometries are used in combination with
physiological boundary conditions.
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3.1 Introduction

D
ESPITE multiple interventions to preserve function, arteriovenous grafts
(AVG) for haemodialysis typically lose patency within two years due to
neointimal hyperplasia (NIH) near the graft-vein anastomosis [1, 2]. NIH

causes stenosis, low flow and ultimately thrombosis and patency loss. Disturbed
blood flow and resulting non-physiological (oscillatory) wall shear stress (WSS) at
the graft-vein anastomosis are believed to be themain triggers for NIH development
[1, 2].

Haemodynamically optimised graft designs have been proposed to increase
AVG longevity by reducing haemodynamic disturbances near the graft-vein ana-
stomosis [3]. The haemodynamic benefit of these grafts is typically assessed and
demonstrated using computational fluid dynamics (CFD) simulations [4–9], be-
cause, as opposed to experimental in vivo or in vitro techniques, CFD modelling
allows for straightforward, high resolution assessment of WSS parameters and for
simultaneous evaluation of multiple graft designs. Despite promising results in
CFD studies, clinical patency rates of AVGs have not dramatically increased and
clinical adaptation of novel graft designs is limited [3, 10].

A possible cause for the discrepancy between the CFD-based expectations and
clinical reality is that several assumptions are generally made in CFD studies that
could hamper their applicability. First, AVG geometries are often highly idealised
and/or only take into account the graft-vein anastomosis [11]. An advantage of
these idealised geometries is that they can be easily parametrised to allow for
straightforward implementation of new graft designs, something that is more
difficult to do in patient-specific geometries. Secondly, though often great care is
taken to prescribe realistic flow patterns through the main in- and outlet of the
geometry [4–9], flow to and from the distal vasculature (i.e. the hand) is often
regarded negligible compared to the graft flowand set to zero [4, 5, 8, 9]. While such
boundary conditionsmight have little influenceon bulk flowandWSSmagnitude, it
mightgreatly affectderivedWSSmetrics suchas theoscillatory shear index (OSI) [5].
Although the use of idealised AVG geometries and zero-flow boundary conditions
could result from the lack of clinical data to inform the model or be dictated by
study designs that require highly modifiable AVG representations, it remains that
haemodynamics are highly susceptible to the applied boundary conditions [12]
and to geometric vessel characteristics [13–16]. Consequently, the applicability of
these simplified approaches for evaluating haemodynamic graft performancemight
be limited.

Theaimof this studywas todevelopamodelling setup that can serve as a realistic
baseline for AVG simulations and that can be extended in future studies to evaluate
the efficacy of new graft designs. For this purpose, it was required that the geometry



34 | CHAPTER 3

maintained important patient characteristics, such as vessel path and anastomotic
configuration, whilst also being easily modifiable to allow for implementation of
different graft designs. Therefore, a realistic AVG geometry was developed based on
diagnostic clinical imaging. This geometrywas fully parametrised, apart fromvessel
shape and anastomotic configuration, to allow for the implementation of differ-
ent graft designs. Furthermore, physiological distal boundary condition models
were developed to represent the peripheral vasculature and couple the model’s
arterial outflow to the venous inflow. To assess the importance of using realistic
geometries and boundary conditionswhen evaluating AVG haemodynamics, results
were compared to those obtained using idealised AVG geometries and boundary
conditions.

3.2 Materials and Methods

Patient data used in this studywere obtained from clinical follow-up formonitoring
graft function and were measured at the Maastricht University Medical Centre
(Maastricht, the Netherlands). A waiver for ethical approval for this study was
obtained from the local medical ethical committee.

3.2.1 AVG geometries

Framework for creating realistic AVG geometries

A realistic, parametrised AVG geometry was created from 15 months-postoperative
computed tomography angiography (CTA) scans of a single patient with an axillary-
artery to axillary-vein upper-arm loop AVG (Fig. 3.1A). The scans were made for
diagnostic purposes during graft follow-up. Clinical evaluation of the CTA revealed
a non-significant stenosis near the venous anastomosis, which was assumed to have
no impact on the vessel’s path.

The graft and adjacent blood vessels were segmented from the CTA data us-
ing the software package VMTK [17]. Graft configuration and vessel shape were
subsequently defined by computing the vessel’s centrelines, which were imported
into SolidWorks 2018 (Dassault Systèmes, Vélizy-Villacoublay, France). Vessels with
circular cross-sections were imposed onto the centrelines to define the inner lumen
of the artery, vein and graft. Arterial and venous diameters were estimated from a
two weeks-preoperative ultrasound examination for AVG surgery planning and set
to 6.6mm and 7.7mm, respectively. Graft diameter was chosen to be 6mm. The
length of the venous and arterial segments proximal to the anastomosis were cut
to 7.5 times the respective diameter, whereas distal to the anastomosis the venous
and arterial segments were cut to 3.25 times the respective diameter. Straight flow



A REALIST IC AVG MODEL FOR HAEMODYNAMIC SIMULATIONS | 35

3

Figure 3.1: An overview of the realistic (A) and idealised (B) AVG model. Flow prescribed at the arterial
inlet is presented in figure C. The distal boundary condition models (ZF-DB, AVC-DB and AVCE-DB) are
presented in figures D–F. In figures E and F, arterial and venous characteristic impedances are depicted
by Za and Zv, respectively. Peripheral resistance is indicated byRp, whereas compliance of the arterial
and venous system are represented byCa and Cv, respectively. Extravascular pressure is indicated by
pext. Finally, in figure F, Rc represents the variable resistor that controls flow through the collateral veins.
Note that the coloured symbols in figures C–F correspond to the symbols near the boundaries in A & B
and indicate where each boundary condition was prescribed.

extensions were subsequently added to double the length of the distal and proximal
arterial and venous vessel segments, in order to reduce the influence of possible
boundary artefacts on the simulation results [18].

Idealised AVG model

An idealised AVG geometry was created in SolidWorks 2018 (Fig. 3.1B). Arterial
and venous segments were modelled as straight tubes. The graft anastomosis was
defined as fully in-plane with the autologous vessels and followed a path that could
be defined in three orthogonal planes. Arterial and venous anastomotic angles
were set to 45°, which corresponds to the anastomotic angle that is often used in
idealised AVG studies [4, 7, 9]. All vessel lengths and diameters, including those
of the graft, were set equal to those prescribed in the realistic AVG geometry.
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3.2.2 Boundary conditions

Arterial inlet and venous outlet

A blunt pulsatile velocity profile as introduced by Smith et al. [19] was prescribed
at the arterial inlet (Fig. 3.1C). It was assumed that, in order to maintain sufficient
perfusion of the peripheral vasculature, the time averaged blood flow towards
the hand would not be influenced by AVG creation. Consequently, the flow at
the arterial inlet was assumed to be equal to the sum of the 7 week-postoperative
pulsatile graft flow (average flow: 990ml/min) and the 2 week-preoperatively
measured average brachial artery flow (i.e. 73ml/min), resulting in an averaged
flow of 1.06 · 103 ml/min. Both preoperative and postoperative flow were assessed
using clinical Doppler ultrasound measurements. Pressure at the venous outlet
was assumed constant and was set to 0mmHg.

Distal boundary conditions

Three different sets of boundary conditions with different levels of complexity were
applied to the distal model boundaries of the CFD model.

The most simple distal boundary condition model assumed that the flow to
and from the peripheral vasculature was negligible compared to the graft flow.
Consequently, a zero-flowdistal boundary conditionmodel (ZF-DB) was prescribed
at the arterial outlet and the venous inlet (Fig. 3.1D). This boundary condition
corresponds to the approach often used in computational AVG studies [4, 5, 8, 9].

A second boundary condition model was developed to couple the arterial outlet
to thevenous inletwith a lumped-parametermodel of the peripheral vasculature. In
this arteriovenous coupling model (AVC-DB, Fig. 3.1E), the distal arteries and veins
were represented as compliant systems that were connected by a purely resistive
microvasculature. The lumped parameter model was coupled to the arterial outlet
and venous inlet using their characteristic impedances. For stability reasons [20,
21], the arteriovenous coupling models were implemented as Dirichlet pressure
boundary conditions. These boundary condition were explicitly coupled at the
arterial outlet and the venous inlet (Appendix 3.A).

Finally, an extension of the arteriovenous coupling model was developed that
allowed for splitting the returning flow from the peripheral vasculature over the 3D
modelled venous segment and possible collateral veins that might be present in
reality (AVCE-DB, Fig. 3.1F). Here, collateral veinswere represented by an adjustable
resistor in parallel to the 3D simulated venous segment. The value of this resistor
was continuously adjusted throughout the simulation to achieve the desired flow
division between the 3D simulated vein and the collateral vein. In this study it
was assumed that the flowwas equally distributed over the collateral and the 3D
simulated veins.
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To ensure that the flow towards the peripheral vasculature corresponded to
the preoperatively measured value for both arteriovenous coupling models, an
initial CFD simulation was performed for both the realistic and the idealised AVG
geometry to fit the value of the total peripheral resistance (i.e. Rtot = Za+Rp+Zv).
During fitting, all compliances of the boundary conditionmodel were set to zero and
the average value of the axillary-artery flowwas prescribed at the arterial inlet. After
fitting, impedances and resistances in the arteriovenous model were determined
as: Rp = 0.9Rtot and Za = Zv = 0.05Rtot (Fig. 3.1E, F). Finally, arterial and venous
compliance were chosen such thatRpCa = RpCv = 0.5 s [22].

Both arteriovenous coupling models were implemented using the methods
described in Kroon et al. [23]. An extensive description of the implementation of
both models is presented in Appendix 3.A.

3.2.3 CFD simulations

Blood flow through theAVGgeometrieswas simulated bysolving the incompressible
Navier-Stokes equations using the open source computational fluid dynamics (CFD)
solver OASIS [24] implemented in the finite element package FEniCS [25]. Blood
was modelled as a Newtonian fluid with a dynamic viscosity of 3.5 · 10−3 Pa s [26]
and a density of 1050 kgm−3 [27]. Computational meshes of the AVG geometries
were made in ICEM 18 (Ansys, Canonsburg, PA, USA). Mesh density was increased
in a spherical region with a radius of 2.5 cm around both anastomoses to increase
local solver accuracy. For the realistic geometry, a grid independent solution was
obtained at 3.1 · 106 second-order tetrahedral Taylor-Hood elements. The idealised
geometrywasmeshed using the samemeshing size settings as the realistic geometry
and consisted of 2.8 · 106 tetrahedral elements. The solver was progressed in time
using time steps of 0.1ms. Three cardiac cycles were simulated, of which the last
one was used for analysis.

Haemodynamic metrics for disturbed flow and non-physiological WSS

Haemodynamic metrics were defined to quantify disturbed flow and non-physio-
logical WSS in the anastomotic region. Although multiple hypotheses regarding
the definition of non-physiological WSS exist [28], here it was assumed that WSS
outside the physiological range (<0.1 Pa or>7.0Pa [29]), WSS sufficiently high to
cause irreversible endothelial damage (>40Pa [30]) and highly oscillatory WSS
weredetrimental tograft longevity. Disturbed flowand non-physiologicalWSSwere
assessed over the total venous segment and in the venous peri-anastomotic region
of all simulations. The venous peri-anastomotic region was defined as the venous
segment ranging from 2.5 cm distal to 3.0 cm proximal to the venous anastomosis
(Fig. 3.1A, B).
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Exposure to non-physiologically low WSS (<0.1 Pa) was assessed by computing
the time averaged WSS magnitude (TAWSS):

TAWSS =
1

T

∫ T

0

‖~τ(t, ~x)‖ dt, (3.1)

where ~τ(t, ~x) represents the local WSS vector and T the duration of the cardiac
cycle.

Exposure to non-physiologically high (>7 Pa–≤40Pa) and to very high WSS
(>40Pa) were assessed using the time maximum WSS (WSSmax):

WSSmax = max {‖~τ(t, ~x)‖ : t = 0 . . . T} . (3.2)

Finally, exposure to oscillating WSS was assessed using the oscillatorywall shear
stress index (OSI) [31]:

OSI =
1

2

1−

∥∥∥∫ T

0
~τ(t, ~x)dt

∥∥∥∫ T

0
‖~τ(t, ~x)‖ dt

 . (3.3)

The OSI ranges between 0 (unidirectional WSS) and 0.5 (purely oscillatoryWSS). A
threshold of OSI >0.25 was used to identify regions exposed to highly oscillatory
WSS.

Disturbed flowwas quantified by the root-mean-square (RMS) magnitude of
high frequency velocity perturbations in the vein. Here, Reynolds decomposition
was used to decompose the local velocity magnitude u(t, ~x) into the average velocity
trend ū(t, ~x) and high frequency perturbations ũ(t, ~x). Subsequently, ũRMS(~x) was
computed as the RMS value of ũ(t, ~x) over the last cardiac cycle. The development
of disturbed flow along the venous segment was assessed using ũRMS,50, i.e. the
cross-sectional median value of ũRMS(~x) perpendicular to the centreline.

3.2.4 Simulations and analysis

All six combinations of geometry (realistic or idealised) and distal boundary con-
dition model (ZF-DB, AVC-DB, AVCE-DB) were evaluated using CFD simulations.
The impact of the distal boundary condition model and the AVG geometry on
the observed haemodynamics were studied by comparing the metrics for non-
physiological WSS and the magnitude of high frequency velocity perturbations.
Furthermore, the effect of the geometry and boundary conditions on flow distri-
bution over each outflow boundary and the total pressure drop over the geometry
was assessed.
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3.3 Results

3.3.1 Disturbed flow

We observed that the magnitude of ũRMS(~x) was lower than 0.01 cm s−1 in the
proximal arterial segments of all simulations, indicating that flow was stable and
laminar for the complete cardiac cycle (Fig. 3.2A). This laminar flowwasmaintained
up to 1 cm before the artery-graft anastomosis. Distal to the arterial anastomosis
of the idealised geometry, flow showed stable 40Hz–45Hz oscillations for each
distal boundary condition model. This behaviour was not observed in any of the
simulations employing the realistic AVG geometry. At the arterial inlet of the graft,
ũRMS(~x) increased up to 25 cm s−1, which gradually decreased along the path of the
graft. At the venous anastomosis of all simulations a jet was observed that exited
the graft and impinged on the venous floor. In the highly idealised AVG geometries,
the jet broke down after approximately 2.5 cm proximal to the venous anastomosis,
whereas in the realistic AVG geometry jet breakdown was observed at the curved
segment proximal to the anastomosis. For all simulations jet breakdown coincided
with an increase in ũRMS,50 (Fig. 3.2B). It was observed that, given the same distal
boundary condition model, the maximum of ũRMS,50 was up to 1.7 times higher in
the realistic geometry compared to the idealised one. Finally, the maximum value
of ũRMS,50 was up to 31% higher for the simulations in which the peripheral flow
was impeded (ZF-DB), compared to the simulations where AVC-DB or AVCE-DB
were prescribed (Fig. 3.2B).

3.3.2 Wall shear stress metrics

It was observed that AVG geometry had a large influence on the anastomotic and
venous area exposed to low WSS (<0.1 Pa). Depending on the distal boundary
condition model, the percentage of the anastomotic area exposed to low WSS was
20%–50% larger for the idealised AVGgeometry than for the realistic one (Table 3.1).
A similar trend was observed for the total venous segment exposed to low WSS,
although differences between the geometries were smaller. Furthermore, it was
observed that anastomotic region exposed to low WSS was up to 50% smaller in
the simulations in which flow to the peripheral vasculature was impeded (ZF-DB),
compared to those in which flow was regulated with an arteriovenous coupling
model (AVC-DB and AVCE-DB). However, the total venous area exposed to lowWSS
did not change more than approximately 3% between different distal boundary
conditions (Table 3.1).

The area exposed to non-physiologically high WSS (>7 Pa ) covered more than
50% of the total venous anastomosis of the realistic AVG geometry. In comparison,
the anastomotic region exposed to high WSS was less than 40% in the idealised
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Figure 3.2: A: Overview of the magnitude of velocity perturbations in the idealised and realistic AVG
geometries (bothwithdistal boundary conditionAVC-DB) B: Valueof ũRMS(~x) along thevenous segment
of both the idealised and the realistic AVG geometry.

geometry (Table 3.1). Furthermore, a small region exposed toWSS in excess of 40 Pa
was observed in the anastomotic region of the realistic AVG geometry simulations.
Such a region did not exist in the CFD simulations of the idealised geometry.

Finally, the area exposed to highly oscillatoryWSS (OSI>0.25) made upmaxim-
ally 2.2% of the venous anastomotic region of the idealised AVG geometry, whereas
highly oscillatoryWSS was much more present in the venous anastomotic region of
the realistic AVG geometry (Table 3.1). When neglecting peripheral flow (ZF-DB), a
significant percentage of the idealised geometry’s total venous segmentwas exposed
to highly oscillating WSS, which was mainly located at the distal venous segment.
These regions disappeared when either of the distal arteriovenous coupling mod-
els (AVC-DB or AVCE-DB) were used (Table 3.1). Although less pronounced, similar
observations were made for the realistic AVG geometry.

3.3.3 Flow distribution

Differences in time averaged flow distribution over the various in- and outlets of
the idealised and realistic AVG geometries were within 1.5ml/min of each other,
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Table 3.1: Overview of the metrics for disturbed haemodynamics in the anastomotic region and over
the complete venous segment.

Idealised Realistic

Distal boundarymodel ZF AVC AVCE ZF AVC AVCE

Anastomotic region

WSS <0.1 Pa [%] 22.3 32.1 32.8 18.6 21.3 26.7

WSS >7 Pa–≤40Pa [%] 39.3 33.5 35.9 56.7 51.5 54.3

WSS >40Pa [%] 0.0 0.0 0.0 1.9 1.1 1.1

OSI >0.25 [%] 2.2 0.2 0.9 14.6 4.3 5.5

Complete venous segment

WSS <0.1 Pa [%] 23.6 26.6 26.9 21.1 21.9 23.8

WSS >7 Pa–≤40Pa [%] 15.4 11.8 13.0 21.8 20.9 21.2

WSS >40Pa [%] 0.0 0.0 0.0 0.6 0.4 0.4

OSI >0.25 [%] 16.3 0.2 0.4 9.9 1.6 1.9

when applying the same distal boundary conditions (Fig. 3.3). For the simulations
performed with ZF-DB, arterial inflow and venous outflow were equal in shape
and magnitude (Fig. 3.3A). When applying AVC-DB or AVCE-DB, a phase shift was
observed between the arterial inlet and the venous outlet (Fig. 3.3B, C). For both
AVC-DB and AVCE-DB, flow at the arterial outlet showed an (almost) triphasic flow
pattern, i.e. a fast acceleration during systole, followed by a slight retrograde or zero
flow during early diastole, and slow antegrade flow for the remainder of the cardiac
cycle. Flow through the venous inlet showed low pulsatility and was monophasic
(Fig. 3.3B, C). Average flow through the arterial outlet was 70ml/min–71ml/min
when applying either arteriovenous coupling model. For the simulations in which
the extended arteriovenous coupling model (AVCE-DB) was prescribed, time av-
eraged flow was evenly distributed over the 3D simulated vein and the collateral
veins (<0.1ml/min difference Fig. 3.3C).

3.3.4 Pressure drop over the AVG geometry

Simulated pressure drops from the arterial inlet to the venous outlet were approx-
imately 17%–18% higher within the realistic AVG geometry compared to those
observed in the idealised geometry that used the same distal boundary condition
(14mmHg–16mmHg compared to 12mmHg–13mmHg, respectively). Furthermore,
when applying distal boundary condition ZF-DB, the pressure drop over the geo-
metrywasapproximately 1 mmHg highercompared to boundaryconditionsAVC-DB
and AVCE-DB.
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Figure 3.3: Overview of the flows over the in- and outlets of the 3D geometry and over the collateral
veins for distal boundary condition model ZF-DB (A), AVC-DB (B) and AVCE-DB (C).

It was observed that in the idealised geometry the pressure drop showed oscilla-
tions of approximately 45Hz. This frequency coincided with the flow oscillations
that where observed at the artery-graft anastomosis of the idealised AVG geometry.

3.4 Discussion

Novel graft designs that aim to improve haemodynamics at an AVG’s venous ana-
stomosis are often evaluated with CFD simulations using highly idealised model
set-ups. As a result of this idealised approach, observed haemodynamics might
not be representative of reality, which might explain the limited clinical adaptation
of novel graft designs [3, 10]. The aim of this study was to develop a modelling
strategy that could serve as a physiological basis for evaluating novel grafts. For this
purpose, new distal boundary conditions and a methodology for creating realistic
parametrised AVG geometries from clinical imaging were developed.

Wedemonstrated that thecomplexityof anastomotic haemodynamics is signific-
antly underestimated in idealised AVG geometries compared to realistic ones. More
specifically, the area exposed to non-physiologically high and very high WSS as well
as highly oscillatory WSS were considerably larger around the venous anastomosis
of the realistic geometry compared to that in the idealised geometry. Conversely,
the area exposed to non-physiologically low WSS (<0.1 Pa [29]) was larger for the
idealised geometry. Furthermore, velocity perturbations in the venous segment of
the realistic geometrywere of largermagnitude than those observed in the idealised
geometry. Although the exact trigger of NIH development is unknown [28], these
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haemodynamic metrics are often used in the evaluation of novel graft designs [4–9].
Consequently, because flow characteristics are considerably simplified in idealised
models, the haemodynamic benefit of new graft designs could be overestimated
or generally misrepresented when evaluated in such models.

Two new distal AVG boundary conditions were developed that mimicked the
vasculature distal to the 3D modelled domain and that coupled the flow over the
model’s distal arterial boundary to that of the distal venous one. Using these
boundary conditions, the blood flow waveform at the arterial outflow was triphasic,
whereas venous flow was monophasic and showed significantly reduced pulsatility
compared to the arterial flow. Since this behaviour is expected in healthy individuals
and because it has been demonstrated that in autologous arteriovenous fistulas
flow distal to the anastomosis also retains its triphasic waveform [32], these results
suggest that the proposed boundary condition models are physiologically accurate.
Because the two newly developed boundary condition models resulted in similar
anastomotic haemodynamic phenomena, the results from this study suggest that
collateral veins may be ignored in future studies.

Higher velocity perturbation magnitudes and larger regions exposed to non-
physiologically high WSS were observed when applying either of the arteriovenous
coupling models instead of ZF-DB. Both the development of disturbed flow and
the increase of local WSS magnitude are directly related to an increases in blood
flow velocity . Consequently, this observation might be explained by the fact that
local blood flow velocities in the observed venous anastomotic jet were higherwhen
applying ZF-DB, because all flow was directed through the graft, instead of also to
the peripheral vasculature.

A large region of highly oscillatory WSS was observed distal to the venous
anastomosiswhenapplying ZF-DB. This is probablyadirectartefact from theapplied
boundary condition, which can be explained by critical evaluation of Eq. (3.3). First,
because flow at the peripheral boundary is impeded when prescribing ZF-DB, no
preferred flow direction exists in the segment distal to the venous anastomosis
and flow velocities are close to zero. Therefore, flow direction will change randomly
due to downstream flow phenomena in the venous anastomosis. Because WSS
direction is directly related to local flow, WSS direction will also change randomly.
Consequently, the fraction in the right-hand side of Eq. (3.3) will be close to zero,
resulting in high OSI values. Furthermore, the described artefacts resulting from
ZF-DB will likely also affect OSI-derived metrics such as the relative residence time
[33]. Future studies onAVG haemodynamics should therefore preferably avoid using
a boundary condition in which peripheral flow is impeded. If this is not possible
due to the modelling setup, the region of high OSI should be acknowledged as a
non-physiological artefact, resulting from the applied boundary condition.
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3.4.1 Limitations

Because irregularities in vessel wall and diameter were neglected and vessels were
represented by constant diameter tubes, the proposed approach for creating real-
istic geometries was not fully patient-specific. However, since fully patient-specific
geometries are hard to modify, the proposed methodology has the advantage that
new graft designs can be easily implemented whilst maintaining important patient-
specific characteristics such as the vessel path and anastomotic configuration. Still,
the simplifications made in the proposed framework might impact simulated hae-
modynamics. Althoughwebelieve that the impactof theseassumptions is negligible
compared to the errors made by using completely idealised AVG geometries, future
studies should be performed to assess the effect of these assumptions on AVG
haemodynamics.

The results obtained in this study were based on clinical data of a single patient
with an AVG. Therefore, the observed differences between the idealised and the
realistic AVG can differwhen using data from another patient. However, since, apart
from vessel shape, all other model settings, such as boundary conditions, vessel
length and diameter, were equal between the simulations, it was demonstrated that
local vessel shape has a large impact on local blood flowand haemodynamicmetrics.
Hence, we believe that blood flow characteristics in idealised AVG geometries are
generally oversimplified with respect to reality. Therefore, idealised geometries
should not be used in graft design optimisation studies.

3.5 Conclusion

In this studywe created a modelling strategy that can serve as a realistic baseline for
simulation of AVG haemodynamics. Because the proposed framework was largely
parametrised, new graft designs can be straightforwardly implemented and evalu-
ated, whilst maintaining important patient-specific characteristics such as vessel
path and anastomotic configuration. We demonstrated that haemodynamic met-
rics related to graft failure are highly dependent on both the applied distal boundary
conditions and the AVG geometry that is used. Consequently, the haemodynamic
benefit of novel graft designs could be misrepresented when using idealised AVG
geometries and/or non-physiological boundary conditions. For future graft design
optimisation studieswe therefore propose to use physiological boundary conditions
and multiple realistic AVG geometry to demonstrate general efficacy of the graft
in the target patient-population.
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Appendix

3.A Implementation of the arteriovenous coupling models

This appendix details the implementation of the arteriovenous coupling models.
First, the implementation of the arteriovenous model without collateral veins is
described. Subsequently, the arteriovenous model is extended to include collateral
veins. Both models were implemented using the methods described in Kroon et al.
[23].

Arteriovenous coupling model

The arteriovenous coupling model was created as a lumped-parameter model rep-
resenting the peripheral vasculature that coupled the arterial outlet boundary to
the venous inlet boundary (Fig. 3.4). Here, arteries and veins were represented as
compliant vessels (Ca and Cv, respectively), thatwere connected by a purely resistive
microvasculature (Rp). The model was coupled to the 3D AVG domain by means of
an arterial and venous impedance (Za and Zv, respectively). As input, the coupling
model received blood flow volume over the arterial outlet and venous inlet of the
CFD model (Qa and Qv, respectively). Furthermore, extravascular pressure (pext)
was prescribed as 0 kPa. The coupling model was implemented as an explicitly
coupled Dirichlet pressure boundary condition on the distal venous and arterial
boundary of the CFD model.

Numerical implementation

Pressures and inward pointing flows were defined at the endpoints of each compon-
ent of the arteriovenous model (Fig. 3.5). These pressures and flows were related
as follows:
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Figure 3.4: Schematic representation of the arteriovenous coupling model. Arterial and venous char-
acteristic impedances are depicted by Za and Zv, respectively, whereas the peripheral resistance is
indicated by Rp. Compliance of the arterial and venous system are represented byCa and Cv, respect-
ively. Extravascular pressure is indicated by pext. Arterial and venous flow are represented byQa and
Qv, respectively.

q1 =
p1 − p2
Za

q6 =
p4 − p3
Zv

(3.4)

q2 =
p2 − p1
Za

q7 = Ca

(
∂p2
∂t

− ∂p5
∂t

)
q3 =

p2 − p3
Rp

q8 = Ca

(
∂p3
∂t

− ∂p6
∂t

)
q4 =

p3 − p2
Rp

q9 = Ca

(
∂p5
∂t

− ∂p2
∂t

)
q5 =

p3 − p4
Zv

q10 = Ca

(
∂p6
∂t

− ∂p3
∂t

)
Using a second-order backward differencing method, the relations in Eq. (3.4)

could be rewritten as:[
3

2∆t
C +R

]
pn+1 =

[
C

(
2

∆t
pn − 1

2∆t
pn−1

)]
+ qn+1, (3.5)

where matrices C and R are represented by:
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Figure 3.5: Representation of the implementation of the arteriovenous coupling model. At each nodal
point, inward pointing flows (q) are defined. Pressures (p) are defined at each nodal junction and at
the end-points of the model. The arteriovenous model is connected to the arterial outlet of the 3D
AVG model at the leftmost node, whereas the rightmost node is connected to the venous inlet of the
3D model.

C =


0 0 0 0 0 0
0 Ca 0 0 −Ca 0
0 0 Cv 0 0 −Cv

0 0 0 0 0 0
0 −Ca 0 0 Ca 0
0 0 −Cv 0 0 Cv

 , (3.6)

R =



1
Za

− 1
Za

0 0 0 0

− 1
Za

1
Za

+ 1
Rp

− 1
Rp

0 0 0

0 − 1
Rp

1
Rp

+ 1
Zv

− 1
Zv

0 0

0 0 − 1
Zv

1
Zv

0 0

0 0 0 0 0 0
0 0 0 0 0 0


(3.7)

and pn+1, pn, pn−1 and qn+1 represent the nodal pressure and flow vectors at the
next (n + 1), current (n) and previous (n−1) time step. The vectors p and q are
given by:

p =


p1
p2
p3
p4
p5
p6

 =


p1
p2
p3
p4
pext
pext

 kPa, q =


q1

q2 + q3 + q7
q4 + q5 + q8

q6
q9
q10

 =


Qa

0
0

−Qv

q9
q10

 m3s−1. (3.8)
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3Figure 3.6: Schematic representation of the arteriovenous coupling model with the collateral resistor.
Arterial and venous characteristic impedances are depicted by Za and Zv, respectively, whereas the
peripheral resistance is indicated by Rp. Compliance of the arterial and venous system are represented
by Ca and Cv, respectively. Extravascular pressure is indicated by pext. Arterial and venous flow are
represented byQa and Qv, respectively. The variable resistor that controls flow through the collateral
veins is represented byRc.

It was assumed thatQn+1
a and Qn+1

v could be approximated by their current time
step value (Qn

a andQn
v ). The linear system in Eq. (3.6) was solved for each increment

in time of the CFD simulation to obtain the pressures that were prescribed as
boundary condition on the arterial outlet and venous inlet.

Extension to include collateral veins

To allow for a fraction of the blood to return via collateral veins, the arteriovenous
coupling model was extended with an adjustable resistor Rc that bypassed the
venous segment of the 3D AVG model (Fig. 3.6). Implementing this model in a
similar way as the coupling model without collateral resistor (Fig. 3.7) yielded two
extra equations to be solved:

q11 =
p4 − p7
Rc

(3.9)

q12 =
p7 − p4
Rc

. (3.10)

Furthermore, it now followed that:

q6 + q11 = −Qv. (3.11)
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Figure 3.7: Representation of the implementation of the arteriovenous coupling model with collateral
resistor. At each nodal point, inward pointing flows (q) are defined. Pressures (p) are defined each nodal
junction and at the end-points of the model. The arteriovenous model is connected to the arterial outlet
of the 3D AVG model at the leftmost node, whereas the venous inlet of the 3D model is connected to the
junction between Zv and Rc.

Using the same temporal discretisation as in Eq. (3.5), the expressions for p and
q for the coupling model with collateral resistor were:

p =



p1
p2
p3
p4
p5
p6
p7


=



p1
p2
p3
p4
pext
pext
0


kPa, q =



q1
q2 + q3 + q7
q4 + q5 + q8
q6 + q11
q9
q10
q12


=



Qa

0
0

−Qv

q9
q10
q12


m3s−1 (3.12)

whereas the expressions for the matrices C and R were:
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C =



0 0 0 0 0 0 0
0 Ca 0 0 −Ca 0 0
0 0 Cv 0 0 −Cv 0
0 0 0 0 0 0 0
0 −Ca 0 0 Ca 0 0
0 0 −Cv 0 0 Cv 0
0 0 0 0 0 0 0


, (3.13)

R =



1
Za

− 1
Za

0 0 0 0 0

− 1
Za

1
Za

+ 1
Rp

− 1
Rp

0 0 0 0

0 − 1
Rp

1
Rp

+ 1
Zv

− 1
Zv

0 0 0

0 0 − 1
Zv

1
Zv

+ 1
Rc

0 0 − 1
Rc

0 0 0 0 0 0 0
0 0 0 0 0 0 0
0 0 0 − 1

Rc
0 0 1

Rc


, (3.14)

ThevalueofRc wasadjustedateach timestep toachieve thedesired flowdistribution
between the flow over the 3D modelled vein and the collateral veins.
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Abstract

When applying models to patient-specific situations, the impact of model input
uncertainty on themodel output uncertainty has to be assessed. Proper uncertainty
quantification (UQ) and sensitivity analysis (SA) techniques are indispensable
for this purpose. An efficient approach for UQ and SA is the generalised polyno-
mial chaos expansion (gPCE) method, where model response is expanded into a
finite series of polynomials that depend on the model input (i.e. a meta-model).
However, because of the intrinsic high computational cost of three-dimensional
(3-D) cardiovascularmodels, performing the number of model evaluations required
for the gPCE is often computationally prohibitively expensive. Recently, Blatman
et al. [1] introduced the adaptive sparse gPCE (agPCE) in the field of structural
engineering. This approach reduces the computational cost with respect to the
gPCE, by only including polynomials that significantly increase the meta-model’s
quality. In this study we demonstrate the agPCE by applying it to a 3-D abdominal
aortic aneurysm (AAA) wall mechanics model and a 3-D model of flow through
an arteriovenous fistula (AVF). The agPCE method was indeed able to perform
UQ and SA at a significantly lower computational cost than the gPCE, whilst still
retaining accurate results. Cost reductions ranged ranged between 70%–80% and
50%–90% for the AAA and AVF model, respectively.
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4.1 Introduction

T
HREE-DIMENSIONAL (3-D) mathematical modelling is an attractive ap-
proach for studying the cardiovascular system and has been applied to a large
range of applications, including cardiovascular haemodynamics [2–5] and

mechanical characterization of the cardiovascular system [6–8].
Three-dimensionalmodelling hasmatured to thepoint that researchefforts have

been initiated that aim forpatient-specificapplications, suchas clinical intervention
planning[3, 9] or risk stratification of aneurysms [10–13]. For this purpose models
need to be tailored to patient-specific conditions. Often, this tailoring is limited
to specification of a patient-specific input geometry, while boundary conditions and
other physical parameters are based on literature data or on population averages
(i.e. patient-generic). The effect of applying patient-generic boundary conditions
and physical parameters instead of patient-specific ones on the uncertainty of the
output of interest is in most cases not assessed. Hence, conclusions drawn from
these studies should be taken with care when applying them to individual patients.
However, it is not straightforward toapplypatient-specificparameters and boundary
conditions, as patient-specific measurements that are necessary to directly measure
or estimate these parameters are always hampered by measurement uncertainties
that in turn propagate to uncertainties in the model output. Additionally, some
model input parameters, or data needed for patient-specific model input parameter
estimates might not be measurable at all or measuring them would require an
unacceptable burden on the patient.

Assessing the impact of model input uncertainty on the magnitude of model
output uncertainty is indispensable before patient-specific and patient-generic
models can be used for clinical decision-making [14–16]. This assessment can be
done by uncertainty quantification (UQ).

When a reduction of the resulting model output uncertainty is desired, sensitiv-
ity analysis (SA) can be performed. SA can be used to assess which parameters have
the largest contribution to the model output uncertainty and are thus most reward-
ing to measure or estimate more accurately [17]. Moreover, SA can eventually help
to answerwhether the use of patient-generic data for some of the model parameters
is justified or not [17]. For this purpose, global variance-based SA methods are
best practice because they consider the total input uncertainty domain and include
interactions between parameters, which are neglected with local SA methods, that
only consider variations of the model output around one working point [17].

Proper UQ and SA are often omitted in patient-specific cardiovascular model-
ling, as evidenced by the low number of available literature regarding UQ and SA
for patient-specific cardiovascular modelling (a few examples are found in: Chen
et al. [18]; Donders et al. [19]; Eck et al. [20]; Huberts et al. [21]; Sankaran et al. [22];
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Xiu [23]). One plausible explanation for this scarcity is found in the fact that gen-
erally applicable UQ and SA methods require multiple model evaluations, thereby
limiting the practical feasibility and applicability of UQ and SA for computationally
expensive models [20].

A computationally efficient class of UQ and SA methods that is applied in other
engineering fields relies on generalised polynomial chaos expansion (gPCE) [19,
21, 24–27]. These methods construct a meta-model from the original model by
expanding the model output using a series of predefined orthogonal polynomials.
UQ and SA can then be performed on this meta-model in a straightforward and
computationally inexpensive way [28]. To assess the expansion coefficients of
the gPCE, spectral projection or regression schemes can be used, both requiring
multiple model evaluations [21, 29, 30]. The number of model evaluations that are
needed for SA with gPCE methods increases with the number of the meta-model’s
expansion terms[30]. The number of expansion terms in the meta-model in its
turn increases polynomially with an increase in both the number of model input
parameters and polynomial degree, a phenomenon often referred to as “the curse
of dimensionality”. Consequently, the required number of model evaluations for
UQ and SAwill be prohibitively large for models with many input parameters when
applying the gPCE [19]. The computational cost of UQ and SA is further aggravated
for 3-D models, for which a single model evaluation is already computationally
expensive [22].

To reduce the cost of building a meta-model, several methods have been pro-
posed over the past decade [19, 29, 31–34]. One of such methods was introduced
by Blatman and Sudret [1, 31] in the field of reliability engineering. Their method
aims for reduction of the number of expansion terms, by adaptively adding only
those expansion terms to the meta-model that significantly contribute to the meta-
model’s quality. This approach is justified for most applications, as the full gPCE
contains many high order interaction terms between parameters that can be neg-
lected because model response is often dominated by low order interactions and
direct effects. Additionally, it is conceivable that the required polynomial degree is
not the same in each dimension, as different parameters have a different impact on
the model output [1]. Consequently, the so called “curse of dimensionality” can be
alleviated using the agPCE method. Moreover, the method by Blatman and Sudret
is non-intrusive, meaning that it can be applied to anymodel withoutmodifications
of the model code.

The proposed method by Blatman and Sudret seems ideally suited for non-
intrusive UQ and SA of computationally expensive cardiovascular models, because
the cost of building a meta-model can be significantly reduced [1, 31]. Nonetheless,
to our knowledge, Blatman’s method has not yet been applied to cardiovascular
patient-specific modelling.
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In this paper we will introduce Blatman and Sudret’s adaptive sparse gPCE
(agPCE) in the field of biomedical engineering by applying it to computationally
expensive 3-D cardiovascular models. Moreover, we demonstrate the power of this
method for biomechanical models, with the ultimate goal of obtaining a wider
application of UQ and SA to patient-specific 3-D biomechanical models.

The paper is outlined as follows. First the theoretical background of UQ and SA
using the agPCE method are presented. Second, two computationally expensive 3-D
cardiovascular models are introduced onwhich UQ and SAwill be performed using
the agPCE method. To underline the general applicability of the agPCE method,
one of the models is a solid mechanics model, and the other a computational fluid
dynamics (CFD) model. Parametrised, idealised geometries are used for both
models because the aim of these demonstrations is to elucidate the viability of
applying the agPCE method for UQ and SA on relevant computationally expensive
3-D cardiovascular models and not to provide detailed patient-specific information
about pathologies. These parametrised geometries are also chosen because they
allow for straightforward introduction of uncertainty in geometrical parameters.
Finally the results of the UQ and SA are presented and discussed.

4.2 Materials and Methods

4.2.1 Uncertainty quantification and sensitivity analysis

In this manuscript a computational model is represented as an arbitrary function f ,
which yields an uncertain output of interest Y when evaluated for itsD uncertain

input parameters ~X = (X1, X2, . . . , XD):

Y = f( ~X). (4.1)

It should be verified a priori that the model used is accurate for its intended ap-
plication (e.g. no wrong model assumptions), as output uncertainties due to model
inaccuracies are ignored in this paper. For ease of notation we assume that Y is a
scalar, but the method can also be applied to each separate component of vector
outputs.

UQ can be used to quantify the uncertainty in the outcome Y that results from

the uncertainty in the inputs ~X . For this purpose the variance of Y is often used
as uncertainty measure[17]. A global variance-based sensitivity analysis can split
the full variance of Y into partial variances. These partial variances represent
either direct contributions of each uncertain inputXi to the full variance of Y , or
contributions resulting from interactions betweenXi and other model inputs. In
practice, the full and partial variances of Y are used to compute the main and total
Sobol sensitivity indices [17].
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The main Sobol sensitivity index, Si, of parameter Xi represents the direct
contribution of Xi to the variance of Y : Si = V[E[Y |Xi]]/V[Y ], where V[·] is the
variance operator and E[·] the expected value operator. As such, the main sens-
itivity indices are a measure for the expected reduction in the variance of Y that
can be achieved whenXi were known without uncertainty. This index can there-
fore be used to determine which parameters are most rewarding to measure more
accurately [17]. The total Sobol sensitivity index, ST,i, of parameter Xi repres-
ents the relative size of all partial variances in which parameterXi is involved (i.e.
both directly as well as through interaction), with respect to the full variance of
Y : ST,i = 1− V[E[Y |X−i]]/V[Y ], whereX−i represents the set of all parameters
except Xi. The total sensitivity indices thus represent the variance in Y that re-
mains if all parameters other thanXi were known exactly. Consequently, the total
sensitivity indices can be used to determine which parameters can be fixed within
their uncertainty domains [17].

4.2.2 Generalized polynomial chaos expansion

The generalized polynomial chaos expansion (gPCE) can be used to compute the
Sobol sensitivity indices[30]. For this purpose a polynomial expansion is used to
obtain an explicit formulation of the function f from Equation (4.1), by expanding
the model output Y into a series of orthogonal polynomials [30]:

Y = f( ~X) = fPCE( ~X) =
∑

α∈A∞

cαΦα( ~X). (4.2)

Here, Φα are the orthogonal polynomials that are functions of ~X and cα are the
expansion coefficients. The polynomials Φα are constructed by taking products
of univariate polynomials φαi

of order αi ∈ N0 as indicated by the multi-index
α = [α1, α2, . . . , αD]:

Φα( ~X) =

D∏
i=1

φαi
(Xi). (4.3)

Note that the zeroth order polynomial, described by the multi-index α0 = 01,D is
equal to 1 and the expansion coefficient cα0

is thus equal to the expected value of
the model output[28, 35, 36].

Theoptimal typeof a univariate polynomial φαi(Xi)with respect to convergence
of thegPCE isdetermined by theprobabilitydistributionof the inputXi [28, 35] (e.g.
Legendre polynomials result in fastest gPCE convergence for uniformly distributed
model inputs). The setA∞ contains all unique multi-indices α.

In practice the infinite expansion in Equation (4.2) (using multi-indices in A∞)
is truncated to a finite number of terms (using multi-indices in A) by including
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only polynomials Φα with particular properties. These properties may include the
total polynomial degree and the maximal order of interaction between parameters
of Φα, defined by [21, 24]:.

degree(α) = |α| =
D∑
i=1

αi, (4.4)

and

order(α) =

D∑
i=1

1αi>0, (4.5)

where1αi>0 is 1 forαi > 0 and 0 elsewhere. The set of multi-indices for polynomials
up to a maximal polynomial degree d is then given by: A{d} = {α | degree(α)
≤ d}, while the set of indices for polynomials of maximal polynomial degree d
and a maximal interaction order o is defined by: A{d,o} = {α | degree(α) ≤ d and
order(α) ≤ o} [1, 21, 31]. Limits for these properties (i.e. the truncation scheme)
are generally a priori selected by the user.

After truncation, the expansion coefficients cα of the meta-model need to be
determined. In our study this was done by minimizing the squared difference
between the model output, yi = f(~xi) and the truncated polynomial chaos expan-
sion, ŷ(i) = fPCE(~x

i) by means of least squares regression. Here, ~xi is a sample

drawn within the uncertainty domain of ~X .
After cα has been determined, the meta-model variance can be calculated

analytically according to [30]:

V(Y ) ≈
∑
α∈A

c2αHα, (4.6)

with Hα a normalization factor that depends on the used type of polynomial.
Analytical expressions of Hα are available in literature [28, 30, 35]. In case of the
Legendre polynomials, defined over the domain [−1, 1], that were used in this study,
Hα is given by:

Hα =

D∏
i=1

1

2αi + 1
. (4.7)

The main sensitivity index of parameter Xi can be retrieved from the meta-
model according to:

Si ≈
1

V(Y )

∑
α∈Ai

c2αHα, (4.8)
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where Ai contains all multi-indices for which αi is positive and all other terms are
zero. The total sensitivity index of inputXi, ST,i, is found analogously:

ST,i ≈
1

V(Y )

∑
α∈AT,i

c2αHα. (4.9)

The setAT,i contains all multi-indices in which αi is positive. A graphical repres-
entation of which terms of a meta-model are needed to compute the main and total
sensitivity indices is given in Fig. 4.1.

Figure 4.1: A graphical representation of the total and main effects of a meta-model with a maximal
univariate polynomial orderof two, with three parameters: X1,X2 andX3. Univariate polynomialswith
increasing polynomial degree in eitherX1, X2 orX3 are found on any of the three axes. Multivariate
polynomials are defined according to Eq. (4.3), were αi is equal to the order of the univariate polynomial
of Xi. The zeroth order polynomial is located in the origin. Polynomials needed to compute the
sensitivity indices are represented by black dots. Hence, the main indices are found along the axes and
the total indices are found in all coordinates where φαi > 0.

Themeta-model fPCE contains all polynomials that satisfy the chosen truncation
scheme. However, for most problems it is likely that only a small percentage of
these polynomials significantly contribute to the meta-model (i.e. have non-zero
coefficients). This can be explained by the fact that in most physical problems
high-order interaction terms are likely to be negligible with respect to lower order
interaction terms and also because the maximal significant polynomial degree is
likely to be different for each input parameter [1, 30]. Consequently, the meta-
model contains many polynomials of less importance. Omitting these polynomials
would lower the numberof expansion coefficients that need to beestimated, thereby
lowering the required number of model evaluations for UQ and SA.
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4.2.3 Adaptive sparse polynomial chaos

Instead of selecting the polynomials to be included in the meta-model a priori, it is
also possible to adaptively build up the meta-model with only those polynomials
that significantly contribute to the meta-model’s ability to describe the original
model output (i.e. increase the quality of the meta-model). One method that
does this is the adaptive sparse generalized polynomial chaos expansion (agPCE)
[1, 31]. We use this algorithm to demonstrate UQ and SA for computationally
expensive cardiovascular models. In this section we give a brief overview of the
agPCE algorithm. For a detailed description of the agPCE algorithm the reader is
referred to Blatman et al. [1, 31].

Throughout this section we define the polynomial basis by the set of multi-
indices α and denote the adaptively updating polynomial basis by the set A to
clearly distinguish it from a full truncated basis with polynomial degree d and
maximal interaction order o. Moreover, we define the experimental design (ED):
X =

(
~x1, ~x2, . . . , ~xNs

)
, that containsNs input samples from theuncertaintydomain

of ~X .

Forward-backward steps

The agPCE algorithm performs a series of forward and backward steps. During the
forward steps, polynomials up to a maximum interaction order omax and maximal
polynomial degree dmax, that significantly increase the quality of the meta-model,
are added to the meta-model (A). In the backward steps, polynomials are removed
that seemed to be relevant in first instance but can finally be omitted without
significantly reducing the quality of the meta-model. Forward and backward steps
are repeated for candidate polynomials of increasing maximal polynomial degree
and interaction order. The algorithm stops when the meta-model reaches a user-
defined quality measure.

An overfitting risk is considered to exist when the number of available num-
ber of model evaluations (output realizations) is fewer than twice the number of
polynomials currently in the polynomial basis set A [25]. When this risk occurs,
more model evaluations (output realizations) are obtained by performing addi-
tional simulations. The agPCE algorithm is reset and started again for the updated
experimental design once the simulations are completed.

When the algorithm is finished, a sparse meta-model is obtained that only
contains basis polynomials that significantly contribute to the quality of the meta-
model. Typically, the number of basis polynomials in the agPCE meta-model
will be lower than in meta-models truncated at a maximum polynomial order.
Consequently, fewer model evaluations were needed to estimate the meta-model’s
expansion coefficients. In turn, fewer model evaluations were required to obtain
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the variance and sensitivity indices, which can be obtained in the same way as for
a traditionally truncated meta-model (Eqs. (4.6) and (4.9)).

Algorithm

A detailed algorithmic description is given in the following.

(0) – Initialization
An initial ED is chosen by the user and the agPCE algorithm is initialized at a

polynomial degree d equal to zero. An initial ED size of 2 · (D+1)was heuristically
shown to be sufficient [1]. A meta-model is constructed that is described by the
polynomials defined in the set of multi-indices A{0}. The quality of this meta-
model in fitting the model output is subsequently determined by calculating the
determination coefficient: R2: [1].

R2 = 1− Ns − 1

Ns

Ns∑
i=1

(yi − fPCE(~x
i))2

Ns∑
i=1

(yi − ȳ)2
, (4.10)

in which the expected value of y is represented by ȳ.

(1) – Perform forward-backward series The forward and backward series are
performed on the polynomial basis that is defined by the set of multi-indices A+

{d}.

This set is updated after each forward and backward step and holds all multi-indices
that significantly contribute to the meta-model at a point in the algorithm. At
the first forward-backward series, A+

{d} equals A{0}: the set that is obtained at

initialization of the algorithm. At the beginning of a forward-backward series, the
polynomial degree of the meta-model is incremented by one (d→ d+ 1).

(i) – Forward step A candidate set C+
{d,o} = {α | degree(α) = d and order(α) =

o} is selected for each successive interaction order that is allowed by the chosen
truncation scheme (o ∈ {1, 2, · · · , omax}). Each of theNc candidates αc in C+

{d,o} is

added one-by-one toA+
{d}, resulting in a test meta-model for which the polynomial

basis is defined by the multi-indices in the setA∗
{d}:

A∗
{d} = A+

{d} ∪ {αc}. (4.11)

Meta-models are constructed for each of the resulting bases A∗
{d} and their

corresponding R2 are calculated. Whenever the increase in R2 with respect to the
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meta-model of A+
{d} is larger than a user-specified threshold value ε1, the candidate

is considered to significantly increase the quality of the meta-model (Fig. 4.2b and
d). After all candidate bases have been evaluated for a specific interaction order,
theαc’s that yield a significant increase of R2 of the meta-model are added to the
basis A+

{d}, resulting in an updated basis A+
{d} (Fig. 4.2c and e).

(ii) – Backward step A candidate set C−
{d−1} = A{d−1} is selected. Eachαc from

this candidate set is one-by-one removed from the basis A+
{d}, resulting in a test

meta-model for which the polynomial basis is defined by the multi-indices in the
setA∗

{d} (Fig. 4.2f):

A∗
{d} = A+

{d}\{αc}. (4.12)

Meta-models are constructed for each of the resulting bases A∗
{d} and their cor-

responding R2 are calculated. Whenever the reduction of R2 with respect to the
meta-model of A+

{d} is smaller than a user-specified threshold value ε2, the candid-

ate term is considered to have an insignificant influence on the total meta-model
quality (Fig. 4.2f). After determining all R2 values, insignificant candidate bases
αc are removed from A+

{d}, resulting in the basis A{d} (Fig. 4.2g).

(3) – Stopping conditions
After each forward-backward series, the value of the leave-one-out cross-val-

idation coefficientQ2 is computed for the meta-model with basis A{d} to assess
the quality of the meta-model [1, 37]. The value of Q2 is a measure of how well the
meta-model can predict model evaluations that are not used for fitting the meta-
model. As such, Q2 is a measure of how well the meta-model captures the physical
behaviour of the original model. TheQ2 measure is used for final assessment of the
meta-model quality instead of the determination coefficientR2 (Eq. (4.10)) because
it is generally more conservative [1]. The value of Q2 is calculated according to:

Q2 = 1− Ns − 1

Ns

Ns∑
i=1

(∆i)2

Ns∑
i=1

(yi − ȳ)2
. (4.13)

Here, ∆i is defined as: yi − fPCE\i(~x
i), where fPCE\i is constructed from the exper-

imental design: X\(~xi).
The algorithm is stopped when eitherQ2 reaches a target valueQ2

trgt, or when
d = dmax. It has been shown for two multi-dimensional analytical models (i.e. the
Ishigami function and Sobol’ function) that the agPCE method shows convergence
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in the statistical moments and sensitivity indices with an increase of Q2 [1, 31]. Both
Q2

trgt and dmax are chosen by the user. If neither of these conditions are met, the
algorithm continues with a forward-backward series.

The forward and backward stepsof theagPCEalgorithmare illustrated in Fig. 4.2,
by means of an example that contains two input parameters and only considers
polynomials up to a polynomial degree of two.

Figure 4.2: Graphical example of the forward and backward step of the agPCE algorithm for a model
with two input parameters. The example starts at the forward step were polynomials of degree two
are added to the sparse basis. The increase in R2 for each test basis: A∗

{d} is determined with respect

to A{d}. If ∆R2 > ε1 the term is added to the meta-model, finally resulting in A+
{d}. Then, in the

backward step, polynomials with a degree smaller than two are removed. If the decrease in R2 for a
test polynomial, A∗

{d} with respect to A+
{d} is smaller than ε2, the polynomial is removed from the

meta-model. This finally results in a new A{d}. The visualization of the meta-model follows the
conventions of Fig. 4.1, applied to two dimensions.

4.2.4 Demonstration of the agPCE method

In this section, two computationally expensive 3-D cardiovascular models are in-
troduced on which the agPCE method will be applied. One of these models is a
solid mechanics model describing wall mechanics of abdominal aortic aneurysms
(AAA). The other model is a fluid dynamics model describing blood flow through
an arteriovenous fistula (AVF). For both demonstrations, uniformly distributed,
quasi-random input samples are generated within the corresponding input uncer-
tainty domains using Sobol’s low discrepancy series [38].

Solid mechanics

Abdominal aortic aneurysms (AAA’s) are permanent and irreversible dilatations
of the abdominal aorta that can rupture. Rupture of an AAA is associated with a
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Table 4.1: Parameter uncertainties of the AAA problem.

Parameter Symbol Range Based on

Material parameter α 12.9–21.9N cm−2 Raghavan et al. [43]
Material parameter β 76.5–299.7N cm−2 Raghavan et al. [43]
Mean arterial pressure pa 85–115mmHg Assumed

Wall thickness h 1.5–2.5mm Assumed

high mortality rate (75%–90%) [39]. In literature it has been shown that AAA wall
stresses are a potential indicator for AAA rupture risk [8, 12, 13, 40]. In numerous
studies theAAAwall stress is obtained from 3-Dmodelling of wall stresses in patient-
specificAAAgeometries, whereasAAAwall thickness andmechanical behaviourare
patient-generic [8, 12, 13, 41, 42]. To assess the impact of patient-generic parameters
on the computed wall stress uncertainty, in this demonstration uncertainty will
only be applied on parameters that are typically estimated patient-generically.

In this study, we use a previously developed finite elementmethod (FEM) model
[42] to compute the 99th percentile von Mises wall stress of a parametrized AAA
geometry (Fig. 4.3). The von Misses stress measure is a often used in the context
of AAA’s [8, 42, 43].

The AAA geometry is loaded with an arterial pressure of 140mmHg [12, 42].
In the first step of the FEM model, the backward-incremental method is applied
to obtain an initial, stress-free representation of the AAA geometry [40, 44]. For
this purpose, an estimate of the mean arterial pressure (p) is required. AAA wall
mechanics are characterized by a hyperelastic, isotropic, incompressible material
model, described in Raghavan and Vorp [43], consisting of two mechanical para-
meters: α and β, which are estimated to be 0.174MPa and 1.881MPa, respectively,
based on tensile testing data of 69 AAA samples [43]. AAA geometries with a wall
thickness h are manually generated and meshed in Abaqus 6.12 (Dassault Systèmes,
Paris France). The resulting meshes consisted of roughly 100 · 103 quadratic tetra-
hedral elements. Hybrid elements are used to simulate the incompressible material
behaviour of the AAA wall. The resulting FEM models are solved in Abaqus.

In this demonstration, uncertainty is applied to four parameters: AAA wall
thickness h, mean arterial pressure p, and the two material parameters α and β.
The imposed uncertainty ranges of these parameters are given in Table 4.1. After
generation of the input samples using Sobol’s low discrepancy series, the wall
thickness samples are rounded to eleven discrete values, resulting in a stepwise
increase in the wall thickness of 0.1mm.
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Figure 4.3: Front view of the parametrized AAA geometry. The boundary surfaces of the geometry are
fixed in space.

Fluid dynamics

People with end-stage renal disease (ESRD) have an irreversible loss of their kidney
function and therefore rely on renal replacement therapy. The most common renal
replacement therapy is haemodialysis (HD)[45]. HD requires an easily accessible
blood vessel with a high blood flow, allowing for an efficient exchange of blood
between the body and an artificial kidney. As no such vessel exists in the human
body, this vessel has to be created surgically. The preferred option is by connecting
a vein to an artery in the arm (i.e an arteriovenous fistula (AVF))[46]. Due to the
lower peripheral resistance of the AVF with respect to the resistance in the hand,
the blood flow through the artery and vein increases five- to thirty-fold [9]. After
maturation of the AVF, which involves remodelling of both the vein and the artery,
the AVF can be used for HD.

AVF haemodynamics are studied byusing both parametrized [2, 47, 48] and non-
parametrized geometries [49–51]. The relation between the pressure drop and flow
over a newly created AVF is an important determinant for the post-operative flow
increase. Moreover, accurate descriptions of the pressure drop-flow relationship
of AVF’s are required for pulse wave propagation models [9]. These relations can be
obtained by 3-DCFDmodels. In thisdemonstrationaCFDmodel isused tocompute
the pressure drop from the proximal artery to the distal vein of a parametrized AVF
geometry.

The parametrized AVF geometry is described by four parameters (Fig. 4.4).
A steady plug flow with magnitude qin is prescribed at the inlet of the AVF. The
geometry is truncated at the outflow boundaries with two-element Windkessel
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elements[52]. Windkessels are used instead of purely resistive elements to increase
the numerical stability of our simulations. The arterial Windkessel resistanceRart

is computed using Ohm’s law by assuming a peripheral pressure drop of 90mmHg
and a flowof γ ·qin. Here γ is an estimate of the fraction of the total inflow that exits
through the arterial outlet. The venous Windkessel resistance Rven, is assumed
to be much smaller than Rart and therefore set to 0.01 ·Rart.

Finite element meshes of the AVF geometries are automatically created using
the software package gmsh [53]. The meshes consisted of roughly 50 · 103 quadratic
tetrahedral elements. TheNavier-Stokes equations are solved over the input geomet-
ries by applying the finite element method (FEM) in the in-house software package
TFEM [54] and are stabilized with a streamline upwind scheme [55, 56]. An Euler
implicit scheme with step size 1 · 10−3 s is used for temporal discretisation of the
problem. Each simulation is run for 2100 time steps to ensure a steady-state solution.
The accuracy of the computational model is verified with the data presented Botti
et al. [49].

In this demonstration uncertainty is introduced in six parameters: the in-
flow qin, the distribution parameter γ, and in the four geometrical parameters
d1, d2, d3 and Θ. An overview of the uncertainty ranges is presented in Table 4.2.
The blood dynamic viscosity and density are kept constant at 4.5 · 10−3 Pa s and
1 · 103 kg/m3, respectively. The resulting simulations had a Reynolds number in
the range 1.1 · 103–1.5 · 103. It is verified that elongating the venous and arterial outlet
lengths did not have a significant influence on the observed pressure drop over the
AVF for one typical input parameter set.

Figure 4.4: Side view (left) and bottom view (right) of the parameterized AVF geometry. A indicates
the arterial inlet, B indicates the arterial outlet and C indicates the venous outlet. B and C are truncated
by two-element Windkessels. The arrows denote the orientation of the blood flow.

Construction of the sparse meta-model

The agPCE algorithm settingsQ2
trgt, dmax, omax, ε1 and ε2 need to be a priori selected

by the user. The settings possibly affect the final meta-model that is found by the
agPCE algorithm. It is even possible that some combinations of agPCE settings
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Table 4.2: Parameter uncertainties of the AVF problem.

Parameter Symbol Range Based on

Inflow qin 1.35–1.65 lmin−1 Assumed

Outflow distribution γ 0.03–0.07 Assumed

Arterial inlet diameter d1 0.52–0.58 cm Huberts et al. [21]
Venous outlet diameter d2 0.86–0.92 cm Huberts et al. [21]
Anastomosis diameter d3 0.425–0.455 cm Huberts et al. [21]
Anastomosis angle Θ 30–60° Huberts et al. [21]

require a prohibitively large number of model evaluations before any of the agPCE
stopping criteria is met.

Different combinations of agPCE settings are used for the algorithm to assess the
effect of the algorithm settings on the obtained meta-model. In particular, Q2

trgt is
set to 0.95 ,, 0.98 ,, 0.99 , or 0.999 , omax is varied in the integer range 1–6, ε1 is varied
exponentially in the range [0.001, 0.05] · (1−Q2

trgt) and ε2 is varied exponentially

in the range [2−1, 21] · ε1. The value of dmax is set to a constant value of 6. In total
2640 combinations of agPCE settings are evaluated, each resulting in a separate
meta-model. Because construction of a meta-model will be computationally much
cheaper than performing an individual model evaluation in both demonstrations,
the total computational cost of performing UQ and SA is not significantly affected
by evaluating this series of 2640 individual meta-models.

To prevent an excessive computational cost of performing UQ and SA with the
agPCE algorithm, (e.g. because the agPCE settings are too strict), the algorithm is
stopped as soonas constructionof themeta-model requiresmoremodel evaluations
than would be necessary for the meta-model with A{d=3}. Consequently, for
performing UQ and SA using the agPCE method, 70 model evaluations are available
for the AAA model, whilst 168 model evaluations are available for the AVF model.
This limit is chosen because we assume that for the two described models a full
gPCE of polynomial degree higher than three is not desired, due to the limited
practical applicability following from the increased number of required model
evaluations. Additionally, in our experience, for most physiological models a meta-
model truncated at a polynomial degree three can capture most relevant physical
phenomena [19, 21]. Moreover, this approach allows us to compare the performance
of performing UQ and SA with a practically applicable gPCE and a practically
applicable agPCE. Note however that the agPCE algorithm can include polynomials
of a higher degree than three (up to six), when the maximum number of model
evaluations is not yet reached and it is detected that higher degree polynomials
are needed to increase the meta-model’s quality.
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4.3 Results

In this section, the UQ and SA results using the agPCE algorithm are presented
for both demonstrations. Furthermore, the performance of the agPCE method is
compared to that of the full gPCE of polynomial degree three and the influence of
the agPCE settings on the UQ and SA results is assessed.

4.3.1 Solid mechanics: AAA

Of all 2640 possible agPCE settings combinations, 2453 combinations (92.9%)
resulted in successful meta-models that satisfied Q2 ≥ Q2

trgt. Between 12 and 70
model evaluations were needed to successfully obtain the 2453 meta-models. The
lowest number of model evaluations required to reach each targetQ2

trgt are n = 12

(Q2
trgt = 0.95), n = 14 (Q2

trgt = 0.98), n = 14 (Q2
trgt = 0.95) and n = 22 (Q2

trgt =

0.999). The best meta-model (highestQ2; i.e., Q2
best = 0.9995) was obtained using

26 model evaluations. For comparison, a meta-model with maximal polynomial
degree dmax = 3 that can be obtained without the adaptive algorithm only reaches
Q2 = 0.9984 after using the maximum of 70 model evaluations. Figure 4.5 shows
the Q2 values for the 2453 meta-models as a function of the number of required
model evaluations and categorised by the targetQ2 value. Note that some overlap
of Q2 exists.

The expected value (i.e. the term calpha0
of the meta-model) of the 99th per-

centile wall stress of the meta-model with the highest Q2 is 245.7 kPa, which is
similar to peakwall stresses computed by others [8, 12, 13, 41, 42]. When considering
all 2453 successfully created meta-models, the 95% percentile confidence interval
(PCI: 2.5th to 97.5th percentile of the data) limits of the expected value of these
meta-models deviate less than 0.5% from the expected value of the meta-model
with the highest quality. For the meta-model with the highest Q2, the variance
in the 99th percentile wall stress is 2188 kPa2, resulting in a standard deviation
(
√
V(Y )) of 47 kPa: about 20% of the expected value. The PCI limits of the es-

timation of the variance of all successfully created meta-models deviate less than
4% from the this value. The sensitivity indices are reported in Table 4.3 and show
that the wall thickness h is the most important parameter. No other parameters
significantly influence the outcome within their uncertainty. This result is similar
for all successful meta-models. Depending on the used targetQ2

trgt, the proposed
algorithm is able to reduce the required computational time by 82.9%, 80%, 80%
and 68.6% (forQ2

trgt = 0.95, 0.98 0.99 and 0.999, respectively).
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Figure 4.5: The obtained Q2 values for the 2453 meta-models that were successfully obtained for the
AAA problem, grouped by each targetQ2

trgt (also indicated by the grey horizontal lines). The highest

obtained Q2 per group is indicated in black. The reference value is the value of Q2 of the full gPCE of
polynomial degree three (Q2 = 0.9984).

4.3.2 Fluid Mechanics: AVF

Of all 2640 possible agPCE settings combinations, 757 combinations (28.7%)
resulted in successful meta-models that satisfied Q2 ≥ Q2

trgt. Between 14 and
166 model evaluations were needed to successfully obtain the 757 meta-models.
The lowest number of model evaluations required to reach each target Q2

trgt are

n = 14 (Q2
trgt = 0.95), n = 40 (Q2

trgt = 0.98) and n = 80 (Q2
trgt = 0.95). The

targetQ2
trgt = 0.999 could not be attained. The best meta-model (highestQ2; i.e.,

Q2
best = 0.9913) was obtained using 114 model evaluations. For comparison, a meta-

model with maximal polynomial degree dmax = 3 that can be obtained without

Table 4.3: Sensitivity indices and their percentile ranges for the demonstration using the AAA model.
Sensitivity indices that are larger than 0.025 are indicated in bold. The reported reference values (Ref.)
are based on the values obtained from the meta-model with the highestQ2.

Input description Symbol Main sensitivity index Total sensitivity index

Ref. PCI Ref. PCI

Material parameter α 0.001 [0–0.003] 0.002 [0–0.003]

Material parameter β 0.005 [0.004–0.007] 0.006 [0.004–0.008]

Mean arterial pressure pa 0 [0–0.002] 0.001 [0–0.003]

Wall thickness h 0.991 [0.989–0.994] 0.993 [0.990–0.994]
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Figure 4.6: The obtained Q2 values for the 757 meta-models that were successfully obtained for the
AVF problem, grouped by each targetQ2

trgt (also indicated by the grey horizontal lines). The highest

obtained Q2 per group is indicated in black. The reference value is the value of Q2 of the full gPCE of
polynomial degree three (Q2 = 0.9101).

the adaptive algorithm only reachesQ2 = 0.9003 after using the maximum of 168
model evaluations. Note that thisQ2 value is lower than the lowest targetQ2

trgt that

was used in the adaptive algorithm (Q2
trgt = 0.99). Figure 4.6 shows theQ2 values

for the 757 meta-models as a function of the number of required model evaluations
and categorised by the targetQ2 value. Note that some overlap of Q2 exists.

For the meta-model with the highest quality, the expected value of the pressure
drop over the AVF is 18.7mmHg. The PCI limits of the expected value of all 757
successfully created meta-models differ less than 0.5% from this value. The variance
in the pressure drop is 11.5mmHg2, resulting in a standard deviation of 3.4mmHg:
about 20% of the expected value of the pressure drop. The limits of the PCI of the
variance of all successfully created meta-models differ less than 16% from this value.
The sensitivity indices are reported in Table 4.4 and show that the anastomosis
diameter d3 is the most important parameter, followed by the inflow qin. This result
is obtained for all successful meta-models. Depending on the used target Q2

trgt,
the proposed algorithm is able to reduce the required computational time by 91.7%,
76.2% and 52.4% (forQ2

trgt = 0.95, 0.98 and 0.99, respectively).

4.3.3 Algorithm settings

The adaptive algorithm was able to successfully generate meta-models above each
user-defined quality based on Q2

trgt, except for Q2
trgt = 0.999 for the AVF model.

The maximally obtainable quality of the meta-model (Q2) could be increased when
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Table 4.4: Sensitivity indices and their percentile ranges for the demonstration using the AVF model.
Sensitivity indices that are larger than 0.025 are indicated in bold. The reported reference values (Ref.)
are based on the values obtained from the meta-model with the highestQ2.

Input description Symbol Main sensitivity index Total sensitivity index

Ref. PCI Ref. PCI

Inflow qin 0.326 [0.3312–0.377] 0.375 [0.295–0.412]
Outflow distribution γ 0.003 [0–0.007] 0.042 [0–0.075]

Arterial inlet diameter d1 0.023 [0–0.026] 0.052 [0–0.074]

Venous outlet diameter d2 0 [0–0.000] 0.035 [0–0.059]

Anastomosis diameter d3 0.530 [0.523–0.636] 0.567 [0.513–0.650]
Anastomosis angle Θ 0.021 [0.016–0.030] 0.063 [0.017–0.078]

more model evaluations were used in both demonstration cases. However, after
a certain number of model evaluations a plateau was reached, indicating that
the meta-models were not improved by using more output realisations. Some
combinations of agPCE settings simply required more output realisations before
completing successfully. In addition, agPCE settings yielding a meta-model after
using an equal number of model evaluations can result in significantly different
qualities of the meta-model (Figs. 4.5 and 4.6). Both these results indicate that
using the correct settings can greatly reduce the required number of (expensive)
model evaluations and result in a high meta-model quality.

Not all combinations of agPCE settings resulted in successful meta-models.
Figure 4.7 shows the percentage of agPCE settings yielding a successful meta-model
for both demonstrations. TheQ2

trgt parameter appears to have the largest influence
on whether a meta-model can be successfully obtained. The setting for the order
of interaction, omax did not have much effect, indicating that there are little to no
interactions present in both demonstrations. This is also reflected by the sensitivity
indices in Tables 4.3 and 4.4, as only small differences are observed between the
main and total sensitivity indices.

4.4 Discussion

The aim of this paper was to demonstrate an efficient framework for uncertainty
quantification and sensitivity analysis for computationally expensive 3-D cardiovas-
cular models. The implemented framework is based on an adaptive polynomial
chaos expansion algorithm developed by Blatman et al. [31] and published for usage
in stochastic structural engineering problems [29, 31]. Its potential for 3-D cardi-
ovascular models was demonstrated in this work using two relevant examples from
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Figure 4.7: The percentage of meta-models that were successfully obtained with the algorithm with
respect to all possible combinations for both the AAA model (top row) and the AVF model (bottom
row).

the field of cardiovascular biomechanics, and was illustrated by the fact that for
both demonstrations, meta-models could be createdwith a higherquality (Q2) than
that of a full gPCE meta-model of polynomial degree three. Moreover, the agPCE
method required significantly fewer model evaluations to construct high quality
meta-models, than the gPCE needed to construct full, third degree meta-models.

For the AAA demonstration, the 99th percentile wall stresses that were observed,
were of similar orders of magnitude as reported in literature [8, 12, 13, 41, 42]. The
standard deviation of the model output was about 20% of the expected value, and
couldmainlybeattributed to theuncertainty in theAAAwall thickness, h (Table 4.3).
Because AAAwall thickness cannot be accurately assessed with imaging modalities,
patient-generic values are used in many of these studies [8, 12, 41, 42]. Even though
parametrised geometries were used in this study, the presented results indicate that
it might be necessary to use patient-specific estimates or measurements of the AAA
wall thickness for patient-specific modelling.

For the AVF demonstration, the observed Euler numbers, a dimensionless
measure for the pressure drop, were comparable to the ones found in another study
[49]. The observed standard deviation of the pressure drop was about 20% of the
expected value, and could mainly be contributed to uncertainty in the anastomosis
diameter and the magnitude of the inflow. Even though the uncertainty ranges
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used in this manuscript are hypothetical, it might be advantageous to assess how
uncertainties in these parameters play a role in patient-specific AVF modelling.

In this study the uncertainty of the input parameters of both models used were
either assumed or estimated based on literature values (Table 4.1 and 4.2). For
obtaining representative estimates of the model output variance and the sensitivity
indices for patient-specific models, it is of key importance to make a thorough
estimation of the uncertainty of all input parameters when applying the agPCE
method. For many patient-specific applications it is possible that not all model
input parameters can be directly measured. An interesting method to obtain uncer-
tainty ranges for non-measurable model inputs is presented in Schiavazzi et al. [57],
where an inverse modelling approach is used to obtain estimates of themodel input
by comparing model output with measurements.

The agPCE framework needs some user input that requires some comments.
First, a truncation scheme of the infinite polynomial basis must be chosen. In this
study, truncation was performed by only allowing terms of a maximal interaction
order omax. However, other truncation schemes have been proposed in literature
that might be advantageous to use in combination with the algorithm for some
cases[29]. Second, the framework requires threshold values that are used to de-
termine whether a term has a significant influence on the meta-model quality. In
Blatman et al. [1] it was suggested that these threshold values, ε1 and ε2, could be
chosen equal and in the range (1 · 10−3–1 · 10−2)·(1−Q2

trgt). However, the results of
both our demonstrations showed that good (and even better) results were obtained
when both threshold values were chosen significantly higher, i.e. ε1 in the range
(1 · 10−3–5 · 10−2)·(1−Q2

trgt) and ε2 in the range (2 · 10−3–1 · 10−1)·(1−Q2
trgt).

The optimal agPCE settings, with respect to meta-model quality and required
number of model evaluations were significantly different for both demonstrations.
It is thusof major importance tochoose theoptimal agPCE settings foreachproblem.
Because construction of a meta-model with the agPCE method will be computa-
tionally cheap in most cases with respect to running the actual model, it might be
beneficial to always perform an optimisation of the agPCE settings, such as was
performed in this study by varying the agPCE settings. In this study all possible
meta-models were created that needed fewer or same number of model evaluations
than a non-adaptively obtained meta-model with a maximal polynomial degree
dmax = 3. In practice however, evaluation of the model would have stopped as soon
as one meta-model that reached the target valueQ2

trgt had been found. Therefore,
the computational cost of performing UQ and SA could have been significantly
reduced using the agPCE algorithm with respect to the full gPCE of polynomial
degree three.

Even though the settings of the agPCE settings had a large influence on the
final meta-model, the algorithm showed to be robust in determining the order of
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importance of the highest main sensitivity indices, and the total model variance
for both demonstrations: the properties one would be most interested in, in the
context of patient-specific modelling.

In the algorithm, the experimental design (the collection of model inputs)
must be extended when the risk of overfitting exists. The experimental design is
extended with new samples for which the (computationally expensive) model is
evaluated. These output samples are then added to the collection of existing output
samples. Enrichment of the experimental design deserves some comments. It
must be realised that the additional samples should conform to the initial sampling
scheme. In non-trivial sampling strategies the sampling size must be determined a
priori. If the experimental design must be enriched, the new input samples should
‘fill in the gaps‘ to prevent clustering of samples. In Latin Hypercube sampling
designs it is therefore recommended to use nested Latin Hyper Cubes [31]. Another
option is to use the deterministic quasi-random Monte Carlo (low discrepancy)
sequences such as the Sobol, Faure and Halton sequences, as was done in this study
[58].

The algorithm presented in this work was based on the work of Blatman et al. [1,
31]. In particular, they first published the forward-backward algorithm for polyno-
mial chaos expansion[1] and then applied it to obtain the sensitivity indices at low
computational cost [31]. A variation on the algorithm was introduced by Blatman
et al. [29], where the forward-backward step was replaced by a hybrid Least Angle
Regression (LAR) and Ordinary Least Squares (OLS) algorithm (LAR/OLS). In
LAR/OLS, candidate terms are added in order of most correlating with the output.
After all candidate terms have been added, the best basis is selected based on a
cross-validation criterion. The coefficients of the polynomial chaos are then de-
termined for the optimal basis using ordinary least squares. This novel approach
was shown to achieve faster convergence than the forward-backward scheme in
multiple analytic and structural engineering problems [29]. A disadvantage of this
approach is that because of LAR, all candidates are added to the basis (without
replacement), which may require a high number of model evaluations for large
number of candidate terms. Because the number of candidates increases exponen-
tially with increasing polynomial order, this algorithm can become less efficient
than the forward-backward algorithm which adds candidate terms step by step.
The LAR/OLS algorithm was not implemented by us, but may be investigated in
the future.

A more recent publication by Mai et al. [59] provides another algorithm for
obtaining a sparse polynomial chaos expansion [59]. Based on the concept of
hierarchy, an interaction term (e.g. Φ[1,1,0]) is only considered as a candidate if one
(weak hereditary, e.g. Φ[0,1,0]) or all (strong heredity, e.g. Φ[1,0,0] and Φ[0,1,0]) of
its parent terms are already included in the sparse basis. Using these hierarchical
criteria it is implicitly assumed that an interaction term is only likely to be present if
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one (or all) of the interacting inputs already has a main effect on the output. The
concept of hierarchy and heredity may be an interesting avenue for improving the
algorithm in the future.

4.5 Conclusion

The agPCE algorithm could be successfully applied on two computationally expens-
ive 3-D cardiovascular models. It significantly outperformed the standard gPCE
in both the required number of model evaluations as well as the quality of the
final meta-model. As such, the total computational cost of UQ and SA could be
significantly reduced: 70%–80% for the AAA demonstration and 50%–90% for
the AVF demonstration, depending on which value was chosen forQ2

trgt. Moreover,
the agPCE method proved to be robust in estimating the total model variance as
well as the highest main and total Sobol sensitivity indices, which are the most
important for patient-specific modelling.
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Abstract

Compliance mismatch between an arteriovenous dialysis graft (AVG) and the con-
nected vein is believed to result in disturbed haemodynamics around the graft-vein
anastomosis and increased mechanical loading of the vein. Both phenomena are
associated with neointimal hyperplasia (NIH) development, which is the main
reason for AVG patency loss. In this study we use a patient-specific fluid structure
interaction AVG model to assess whether AVG haemodynamics and mechanical
loading can be optimised by using novel electrospun polyurethane (ePU) grafts,
since their compliance can be better tuned to match that of the native veins, com-
pared to gold standard, expanded polytetrafluoroethylene (ePTFE) grafts. It was
observed that the magnitude of flow disturbances in the vein and the size of ana-
stomotic areas exposed to highly oscillatory shear (OSI >0.25) and very high wall
shear stress (>40Pa) were largest for the ePTFE graft. Median strain and von Mises
stress in the vein were similar for both graft types, whereas highest stress and strain
were observed in the anastomosis of the ePU graft. Since haemodynamics were
most favourable for the ePU graft simulation, AVG longevity might be improved
by the use of ePU grafts.
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5.1 Introduction

H
AEMODIALYSIS (HD) is the main mode of renal replacement therapy for
most patients with end-stage renal disease. During HD, a haemodialyser
removesmetabolicwaste products and excess fluids from thepatient’s blood

stream. A functional vascular access (VA) is of vital importance for these patients,
since this is the only locationwhere the haemodialyser can be connected to the body
during HD. VAs need to be created surgically, as no autologous vessel allows for easy
and repeated cannulation, whilst also providing the high blood flow (>500ml/min)
required for efficient haemodialysis. Autologous arteriovenous fistulas (AVF) are
the preferred type of VA as they show the lowest complication rates and superior
long-term patencies with respect to available alternatives [1]. However, as a result
of insufficient vessel quality, not all patients are suitable for an autologous access.
Consequently, a significant number of patients, amounting to 18% and 7% of the
total haemodialysis population in the USA [2] and Europe [3], respectively, rely on a
synthetic arteriovenous graft (AVG) for receiving HD treatment. This percentage
might increase in the future, as recent research suggests that, for patients with
limited life expectancy, AVGs show fewer complications compared to AVFs [4, 5].

The majority of currently used AVGs are made from expanded polytetrafluoro-
ethylene (ePTFE). Despite multiple interventions to maintain patency, these grafts
have a typical life-span of only 2 years. This short life-time of grafts can mainly be
attributed to venous neointimal hyperplasia (NIH) near the graft-vein anastom-
osis, resulting in stenosis, low flow and ultimately thrombosis and graft patency
loss. Disturbed flow and resulting non-physiological ormulti-directional wall shear
stress (WSS) after AVG creation, as well as limited biocompatibility are believed
to be the main triggers of NIH development [6]. Furthermore, it has been hy-
pothesised that mismatch in mechanical properties between the vein and graft
(i.e. compliance mismatch) plays an important role in graft dysfunction by further
promoting disturbed flow and causing excessive pulsatile loading of the veins [7, 8].

Most research on optimising AVGs has focussed on the development of novel,
haemodynamically optimised, graft designs [9]. Strikingly, even though ePTFE
grafts are up to 400–500 times stiffer than native veins [10, 11], the effect of minim-
ising graft-vein compliance mismatch on anastomotic haemodynamics and mech-
anical loading of the vein is relatively unexplored in the pursuit of longer lasting
grafts. Because both large inter-patient variation [12] and the effect of vascular
remodelling hamper the prediction of vessels’ mechanical properties after AVG
creation, development of a graft that completely eliminates compliancemismatch is
difficult and not very likely in the near future. However, the use of more compliant
graft materials can considerably reduce compliance mismatch.
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Electrospun polyurethane (ePU) has emerged as a possible substitute to ePTFE
for vascular grafts [13]. Since ePU can bemanufactured over a large range of mechan-
ical properties [14], resulting grafts can be tuned to better match the mechanical
properties of native veins, thereby minimising graft-vein compliance mismatch.
Furthermore, since the grafts are spun, they exhibit a fibrous structure that closely
resembles native extracellular matrix [13]. This structure allows for better graft
endothelialisation compared to ePTFE grafts, which enhances the graft’s biocom-
patibility [13]. Early small cohort trials have furthermore demonstrated the efficacy
of ePU grafts for dialysis access [15–18].

The aim of this study was to assess whether reducing graft-vein compliance mis-
match, by using ePU grafts instead of ePTFE grafts, could help improve anastomotic
AVG haemodynamics and mechanical behaviour. Patient-specific fluid-structure
interaction (FSI) models of the venous anastomosis of an ePTFE and an ePU graft
were developed, that allowed for studying the impact of different graft materials
on blood flow. In this respect the modelling approach differs from more commonly
applied computational fluid dynamics models that assume rigid vessels. Further-
more, haemodynamic and mechanical properties that would be hard to measure in
experimental set-ups, could be straightforwardly computed from the FSI model.

5.2 Materials and Methods

The patient data used in this study was obtained from clinical follow-up data for
monitoring graft function and was measured at the Maastricht University Medical
Centre (Maastricht, the Netherlands). A waiver for ethical approval for this study
was obtained from the local medical ethical committee.

5.2.1 FSI model

Anastomotic model

A patient-specific axillary-artery to axillary-vein loop AVG geometry was reconstruc-
ted from 15 months-postoperative diagnostic computed tomography angiography
(CTA) data and two weeks-preoperative ultrasound diameter measurements of
a single patient (Fig. 5.1A). It was assumed that, though vessel diameter could
have changed between AVG surgery and CTA imaging, vessel path would have
remained relatively unchanged. The 15-month postoperative AVG geometry was
obtained by segmentation of the CTA images using the software package VMTK
[19]. Centrelines of the geometry were extracted to define vessel shape and graft
configuration. After importing the centrelines into SolidWorks (2018, Dassault
Systèmes, Vélizy-Villacoublay, France), vessels with a circular cross-section were
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Figure 5.1: A: Overview of the AVG geometry and regions of interest, imposed on the CTA data and
the extracted vessel centrelines. Blood flow orientation is indicated by the arrows. Note that blood
flow velocity at the venous inlet was set to zero. B: Prescribed flow (Q) at the graft inlet.

imposed onto the centrelines, representing the inner lumen of graft and the vein
at zero transmural pressure. Zero-pressure graft diameter was set to 6 mm, whereas
zero-pressure vein diameter was reconstructed from pre-operative ultrasound data
and was set to 7.14mm (Appendix 5.A). Wall thickness of the vein was assumed to
be 10% of its pre-operative radius and graft wall thickness was set to 0.63mm. To
reduce the computational cost of the simulations, the graft and venous segments
were trimmed to 3 cm and 7.5 cm, respectively. The anastomosis was located at
approximately 1/3th of the venous segment.

Geometries were meshed in ICEM CFD (17.2, Ansys, Canonsburg, PA, USA). A
mesh independent solution was obtained for 2.5 · 106 and 0.6 · 106 elements in the
fluid and the solid domain, respectively.

Boundary conditions

Graft flow was assessed approximately seven weeks after AVG surgery and was im-
posed at the graft inlet by prescribing a pulsatile parabolic velocity profile (Fig. 5.1A
& B). Flow from the peripheral veins was assumed to be negligible compared to
the graft flow and, hence, blood flow velocity was set to zero on the venous inlet
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boundary. A resistive boundary condition was prescribed at the model’s venous
outlet to ensure an average proximal venous pressure of approximately 50mmHg
[20]. A no-slip condition was enforced on the blood-vessel interface. Finally, the
in- and outlets of the model were fixed in space to prevent migration of the model,
whereas extravascular pressure was set to 0mmHg.

Computational model and material properties

Simulations were performed using the unified-continuum, arbitrary Lagrange-
Eulerian (ALE) FSI solver Unicorn [21], implemented in the finite element package
FEniCS [22]. Blood and vessel walls were considered as a single continuum, sub-
jected to the same governing equations for mass and momentum balance, albeit
with different constitutive laws dictating material behaviour. Spatial discretisation
was achieved using piecewise linear tetrahedral elements for both pressure and
velocity. An implicit Crank-Nicolson scheme was used to progress the simulations
in time [21]. Stepping size was set to 1 · 10−4 s, which was reduced to 7 · 10−5 s over a
quarter-second interval during peak systole to be able to better resolve the higher
flow velocities.

Blood flow was modelled as an incompressible Newtonian fluid with a dynamic
viscosity of 4.5 · 10−3 Pa s [23] and density of 1000 kgm−3. Flow was numerically
stabilised using a streamline diffusion method [21]. Flow was considered laminar
because the effect of adding a turbulence model had a negligible effect on the
computed output metrics (non-published results).

Since data on themechanical behaviour of veins and grafts is scarce, mechanical
behaviourof thevesselwallswascharacterisedwithan incompressible neo-Hookean
material law. The axillary vein was assumed to have similar properties as the
cephalic vein and its Young’s modulus was set to 0.445MPa, which was obtained
by linearising the cephalic vein stress-strain behaviour (unpublished data) in the
post-operative working range 30mmHg–60mmHg [20]. The Young’s modulus of
the ePTFE and ePU grafts were set to 55MPa [10], and 1.5MPa [14], respectively.

Simulations, performed on a single node of the Cartesius supercomputing
cluster (SURFsara, the Netherlands) consisting of 24 CPU cores took approximately
15 days to complete.

5.2.2 Haemodynamic and mechanical metrics

All mechanical and haemodynamic metrics of interest were computed over the
second simulated cardiac cycle. Mechanical and haemodynamic outputs of in-
terest were computed both over the total simulated venous segment and, more
locally, in the venous anastomotic region, which was defined as the venous region
encapsulated in a spherical domain around the anastomosis, with a radius of 1.2 cm
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(Fig. 5.1A). Furthermore, mechanical metrics were also computed for the graft
segment (Fig. 5.1A).

Though WSS is considered to play an important role in AVG dysfunction, the
exact WSS metric that triggers NIH development is unknown [24]. In this study it
was assumed that WSS outside the physiological range of 0.1 Pa–7.0Pa [25] would
be detrimental to AVG function. Furthermore, since WSS in excess of 40 Pa can
cause irreversible endothelial damage within one hour of exposure [26], any region
where this threshold was exceeded was also identified. Finally, regions exposed to
highly oscillatory WSS were assessed.

The region size exposed to non-physiologically low WSS (<0.1 Pa) was determ-
ined using the time averaged wall shear stress magnitude (TAWSS):

TAWSS =
1

T

∫ T

0

‖~τ(t, ~x)‖ dt, (5.1)

where ~τ(t, ~x) represents the WSS vector and T the duration of the cardiac cycle.
Exposure to non-physiologically high WSS (>7 Pa) and very high WSS (>40Pa)
was assessed by computing the time maximum WSS (WSSmax):

WSSmax = max {‖~τ(t, ~x)‖ : t = 0..T} . (5.2)

Oscillatory behaviour of the wall shear stress was quantified by the oscillatory
shear index (OSI) [27]:

OSI =
1

2

1−

∥∥∥∫ T

0
~τ(t, ~x)dt

∥∥∥∫ T

0
‖~τ(t, ~x)dt‖

 , (5.3)

which ranges between 0.0 and 0.5. An OSI >0.25 was used as a threshold for highly
oscillating WSS.

The magnitude of (turbulent) velocity perturbations in the vein was quantified
using Reynolds decomposition. Here, flow velocity magnitude u(t, ~x) was decom-
posed into the sum of the average velocity trend ū(t, ~x) and high frequency velocity
perturbations ũ(t, ~x). Finally, ũRMS(~x)was computed as the root mean square value
of ũ(t, ~x) over the cardiac cycle, whichwas used to quantify the amount of disturbed
flow at any point in the vein.

Mechanical stress in venous and graft walls was characterised by the von Mises
stress:

σM =

√
3

2
tr(σd · σd), (5.4)

a scalar stress measure, based on the deviatoric stress tensor σd, representing
the equivalent stress if strictly one-dimensional loading would be applied to the
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material. Wall strain was computed over the inner and outer surface of the graft
wall according to:

ε =

√
An −A0

A0
. (5.5)

Here, A0 and An represent the initial area and the area during simulation of a
surface element. The metric ε is equivalent to the definition of engineering strain
and lumps circumferential and longitudinal strain in one metric. Pulsatility in σM
and ε was computed for each mesh element by computing the difference between
the minimum and the maximum value observed during the analysed cardiac cycle.

Reported maxima for all wall shear stress, von Mises stress and strain measures,
were computed after omitting the 1% region with the highest values to exclude any
simulation artefacts.

5.3 Results

5.3.1 Haemodynamic AVG behaviour

Flow in the graft was laminar during the complete cardiac cycle for both the ePTFE
and the ePU graft simulations. After leaving the graft, flow impinged on the venous
wall, giving rise to secondary flowand a jet along thevenous floor (Fig. 5.2A). In both
simulations higher flow velocities were observed in the graft segment compared to
the vein. Maximum flow velocity in the graft was slightly higher for the ePTFE graft
simulation (1.44m s−1) compared to the ePU graft (1.41m s−1). The time-average
pressure drop from theAVGmodel’s arterial inlet to the venous outletwas similar for
both the ePU and ePTFE graft and ranged between 1.7mmHg–1.8mmHg (Fig. 5.3).
At the venous anastomosis (Fig. 5.3, between point 3 and 4), the pressure of the ePU
graft experienced a large drop, followed by a partial pressure recovery. Though the
immediate pressure drop at the venous anastomosis of the ePTFE graft was smaller,
no similar pressure recovery was observed.

The magnitude of velocity perturbations in the venous segment was generally
higher in the ePTFE graft compared to that of the ePU graft (Fig. 5.2B). In both
simulations, the median value of the velocity perturbation magnitude was less than
1 cm s−1 at the anastomotic site and increased to its maximum value at the curved
segment of the vein (cross-sectional median velocity perturbations of 4.9 cm s−1

and 5.5 cm s−1 for the PU and the ePTFE model, respectively). As a result from
pressurising the vessel, the curve in the venous segment moved outward by maxim-
ally 2.5mm (Fig. 5.2). During the cardiac cycle, outward movement of the curved
segment was within 0.7mm.

Both the anastomotic and the total venous area that were exposed to highly
oscillatory shear (OSI >0.25) were approximately twice as large in the ePTFE graft
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Figure 5.2: Blood flow velocities at peak systole (A), magnitude of (turbulent) velocity perturbations
(B), location and size of WSS regions of interest (C), time average von Mises stress σM (D) and the time
average strain ε (E) in the ePTFE (left) and ePU (right) graft simulations. All variables are plotted onto
the reference geometry, except the blood flow velocity, which is plotted onto the geometry at peak systole.
For both volume renders presented in A and B, opacity is scaled by the local magnitude of the plotted
variable. Note that since the magnitude of velocity perturbations are projected onto the zero-stress
reference geometry, outward movement of the curved segment of the geometries can be observed by
comparison of the geometries presented in pane A (peak systole), with those presented in pane B-E.
The colourmaps in A-B and D-E, were chosen differently to optimise visibility for volume or surface
rendering, respectively.
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Figure 5.3: The time-averaged pressure drop over the centreline from the graft’s inlet to the venous
outlet for both the ePU and the ePTFE AVG geometry. Note that the points on the plot’s horizontal
axis of coincide with the points indicated in the AVG geometry on the right.

simulation compared to the ePU graft simulation (Table 5.1). Large regions of
high OSI were observed at the distal venous boundary and in the distal part of the
anastomosis of both simulations. Smaller regions with high oscillatory shear were
observed near the anastomotic toe and in the curved segment of the vein (Fig. 5.2C).
Peak OSI in the anastomosis was higher for the ePTFE graft (0.44) compared to
the ePU graft (0.38).

Non-physiologically low TAWSS (< 0.1) was almost absent in the anastomotic
region of either graft (Table 5.1). The total venous area subjected to low TAWSS was
19% and 16% for the ePTFE and the ePU graft, respectively (Table 5.1). The area
with low TAWSS was mainly located distal to the venous anastomosis (Fig. 5.2C).
Median TAWSS in the vein differed slightly for the ePTFE (3.5 Pa) and ePU (3.1 Pa)
graft.

Time-maximum WSS was substantially higher in the region with graft flow im-
pingement on the venous floor, compared to the rest of the vein. The area exposed to
non-physiologically high WSS (>7 Pa) was approximately 60% of the anastomotic
region for both graft types (Table 5.1 and Fig. 5.2C). Though anastomotic area sub-
jected to very high WSS (>40Pa) was small for both graft types, it was roughly 2.5
times larger for ePTFE graft compared to the ePU graft (Table 5.1 and Fig. 5.2C).
Finally, maximum WSS in the anastomosis of the ePTFE graft was approximately
10% higher (46.5 Pa) compared to maximum WSS in the anastomosis of the ePU
graft (41.8Pa).
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Table 5.1: Overview of exposure to WSS metrics in the regions of interest of both graft types.

Vein Anastomosis

ePTFE ePU ePTFE ePU

OSI >0.25 [%] 13.5 7.6 11.9 5.4

TAWSS <0.1 Pa [%] 18.6 16.1 0.2 0.0

WSSmax >7 Pa [%] 47.9 48.2 61.4 58.6

WSSmax >40Pa [%] 1.2 0.5 4.2 1.7

Table 5.2: Overview of von Mises stress metrics in the regions of interest of both graft materials.

Graft Vein Anastomosis

ePTFE ePU ePTFE ePU ePTFE ePU

Median σM [kPa] 75 40 71 72 72 75

Median pulsatility σM [kPa] 25 12 24 24 24 25

Maximum σM [kPa] 477 146 82 96 84 120

Maximum pulsatility σM [kPa] 151 40 28 30 28 35

5.3.2 Mechanical AVG behaviour

For both simulations, highest von Mises stress (σM ) was observed in the graft near
the anastomosis (Fig. 5.2D). Median andmaximumstress, aswell as stress pulsatility
were considerably higher in the ePTFE graft, compared to the ePU graft (Table 5.2).
Median stress and stress pulsatility in the vein were similar for both graft types.
Maximum stress in the anastomotic region of the ePU graft simulation was almost
1.5 times higher than that of the ePTFE graft (Table 5.2). Furthermore, higher peak
pulsatility was observed in the anastomotic region of the ePU graft compared to
that of the ePTFE graft (Table 5.2).

The ePTFE graft showed negligible strain during the cardiac cycle (Table 5.3).
Median strain in the ePU graft was under 1%, but small regions exposed to more
than 3%were observed close to the venous anastomosis (Fig. 5.2E). Median strain in
the veins of both simulations were similar, but maximum strain was approximately
30% higher around the venous anastomosis of the ePU graft compared to the
anastomotic region of the ePTFE graft. Median venous and anastomotic strain
pulsatility were similar for both graft types (Table 5.3).
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Table 5.3: Overview of strain metrics in the regions of interest of both graft materials.

Graft Vein Anastomosis

ePTFE ePU ePTFE ePU ePTFE ePU

Median ε [%] 0.0 0.8 4.7 4.9 4.9 5.2

Median pulsatility ε [%] 0.0 0.3 1.5 1.6 1.6 1.7

Maximum ε [%] 0.3 3.6 6.3 6.5 5.9 7.8

Maximum pulsatility ε [%] 0.1 0.9 2.0 2.1 1.9 2.1

5.4 Discussion

Disturbed haemodynamics are believed to be the main trigger in the development
of venous NIH and consequent AVG dysfunction. The aim of this study was to
elucidate whether AVG haemodynamics can be improved by material selection.
More specifically, we compared haemodynamic and mechanical performance of
a gold standard ePTFE graft with a novel ePU graft. The latter graft material has
emerged as a possible alternative to ePTFE; it can be tuned to better match the
mechanical properties of veins and shows excellent biocompatibility [13]. This
is the first in silico study to compare the impact of different AVG materials on
haemodynamic and mechanical graft performance.

It was demonstrated that graft material selection has a considerable impact
on the amount of disturbed flow as well as the amount of non-physiological and
oscillatory wall shear stress in the direct vicinity of the venous anastomosis of
AVGs. Velocity disturbances in the vicinity of the anastomosis of the ePU AVG
geometry were substantially lower in magnitude as those observed around the
anastomosis of the ePTFE AVG geometry. Furthermore, the total anastomotic area
exposed to highly oscillatory wall shear stress or to wall shear stress in excess of
40 Pa was considerably smaller in the anastomosis of the ePU graft. Besides an
overall reduction of the OSI and an increase in maximum von Mises stress over
the total venous region of the ePU AVG, the impact of graft material on venous
haemodynamics and mechanical loading diminished at larger distances from the
anastomosis.

The observation that graft mechanical behaviour has a large impact on venous
anastomotic haemodynamics is in line with the hypothesis that a considerable
graft-vein compliance mismatch induces disturbed flow [7, 8]. Alternatively, the
differences in haemodynamic properties might be explained by the increased com-
pliance of the ePU graft with respect to the ePTFE graft alone, regardless of its
reduced compliance mismatch with the veins. It was expected (and observed) that
ePTFE showed less distension compared to the ePU graft, given a similar load, due
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to its higher Young’s modulus. Consequently, for a similar load, cross-sectional
graft area is larger for an ePU graft than for an ePTFE graft, allowing for lower blood
flow velocities given the same flow rate. Indeed, maximum flow velocities were
lower in the ePU graft, compared to those observed in the ePTFE graft. Since both
the presence of turbulent velocity perturbations and the magnitude of observed
wall shear stresses are directly dependent on blood flow velocity, the difference in
observed haemodynamics might be solely attributed to the increased compliance of
ePU grafts rather than to the decreased graft-vein compliance mismatch. Similarly,
for arteriovenous fistulas it has been observed that anastomotic blood flow velo-
cities [28] and WSS [28, 29] were significantly higher in simulations that assumed
completely non-compliant (rigid) arteriovenous fistulas, compared to simulations
that included fistula compliance. Developing a graft that minimises graft-vein
compliance mismatch is challenging because of the large inter-patient variability
in venous mechanical properties [12]. If graft compliance, rather than graft-vein
compliance mismatch is indeed a more important parameter for obtaining favour-
able haemodynamics, it might not be necessary to pursue a graft with mechanical
properties that exactly match those of the autologous veins. Instead, the use of
a more compliant graft material, such as ePU, could already have an important
contribution to increasing graft longevity. Nevertheless, future studies should be
performed to verify this hypothesis and establish whether graft performance can be
improved by further increasing graft compliance.

AVG function is for a large part dependent on the amount of blood flow through
thegraft. Consequently, flowresistanceof theePUgraft is ideally similar to thatof an
ePTFE graft to prevent a too high or too low blood flow that can, for instance, cause
steal syndrome and insufficient dialysis flow, respectively. Since blood flow for both
AVG models was equal, similar pressure drops over the simulated domains of both
graft types indicate that graft impedance at the venous anastomosis is minimally
affected by the choice of graft material. However, since the largest pressure drop
occurs at the graft’s arterial anastomosis [20], future studies should evaluate how
graft material impacts the blood flow resistance of the total AVG geometry.

Median mechanical loading of the veins was similar for both graft types. Max-
imum stresses and strains, as well as stress and strain pulsatility, were however
higher around the anastomosis of the ePU graft. A possible explanation for the ob-
served behaviour is that the veins connected to the ePTFE graft are more constraint
in space, as ePTFE does not distend itself. As such, it protects the vein to extensive
straining. On the other hand, the ePU graft does show some distension during the
cardiac cycle and thus does not limit the movement of the venous wall as much.
Since stress and strain are dependent, the increased stress around the anastomosis
of the ePU graft is a direct consequence of the increased venous strain. A similar ob-
servation was made by Hofer et al.[30], who found increased displacement around
the anastomosis of end-to-side anastomosis models with more compliant grafts.
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Although the exact biological response is not completely understood, both
disturbed flow and non-physiological wall shear stress are believed to play an
important role in neointimal hyperplasiadevelopmentand subsequentAVGpatency
loss [6]. Furthermore, pulsatile stretch has been shown to result in proliferation
of venous smooth muscle cells [31], an important factor in the development of NIH.
In a recent in vitro study, however, the effect of pulsatile stretch on the proliferation
of human venous cells has been reported to be overruled in the presence of WSS
[32]. Consequently, we believe that, in comparison to the observed haemodynamic
effects, the higher vonMises stresses and strains observed in the anastomotic region
of the ePU graft compared to the ePTFE graft have limited impact on the longevity
of ePU grafts.

Since the area exposed to non-physiological WSS and the amount of disturbed
flow in the vicinity of the venous anastomosis could be reduced with the use of
an ePU graft, the results of this study suggest that ePU grafts might show better
long-term patency compared to ePTFE grafts. Though currently no large trials
have been performed to support this statement, several small-cohort clinical trials
evaluating a multi-layer ePU haemodialysis graft reported slightly better [16] or
comparable [15, 17, 18] patencies to ePTFE grafts. Since the ePU grafts used in the
latter studies are of the same multi-layer graft design, of which only one layer was
specified to mimic the elastic properties of native blood vessels [15, 17], it is unclear
to what extent the complete graft matches the biomechanical properties of native
vessels, and thus, to what extent the results can be attributed to increased graft
compliance.

5.4.1 Limitations

In this study all vessels were modelled using a neo-Hookean material model that
requires the estimation of only one mechanical parameter per material. Although,
opposed to the neo-Hookean model, more elaborate models [33, 34] allow for mod-
elling the anisotropic and viscoelastic material behaviour observed in blood vessels
and grafts [14, 34], these models also require the estimation of more constitutive
model parameters. Since data on the mechanical behaviour of veins (especially at
high pressures) and grafts is scarce, estimation of these constitutive parameters
is hard and is hampered by a large uncertainty. However, because mechanical
properties of ePTFE and ePU are vastly different, we believe that, despite the use of
a neo-Hookean model, the results obtained in this study do give a good insight into
the different haemodynamic and mechanical behaviour of ePTFE and ePU grafts.
Nevertheless, future work should investigate to what extent results are influenced
by the material model choice.

Furthermore, in this studywemodelled ageometrywith relatively shortgraft and
vein segments to reduce computational cost. Consequently, volume storing capacity,
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and therefore compliance of the grafts was relatively low, possibly impacting flow in
the venous anastomosis. However, because compliance difference between ePTFE
and ePU grafts will only become larger with longer vessel segments, we believe that
the differences in haemodynamic performance of both graft types will become even
more pronounced with longer vessel segments.

In this study the blood-vessel path was patient-specifically reconstructed. How-
ever, because AVGs are typically only considered in patients whose vessel quality
is insufficient for the creation of an autologous arteriovenous fistula, the assump-
tion of circular cross-section blood vessels could be too idealized for this patient-
population. Future research should assess how the assumption of circular cross-
sectional vessels impact haemodynamics.

5.5 Conclusion

In this study we demonstrated that, compared to gold standard expanded poly-
tetrafluoroethylene (ePTFE), the magnitude of flow disturbances and the size of
the anastomotic area exposed to very high or oscillatory wall shear stress can be
considerably reduced by using more compliant electrospun polyurethane (ePU)
grafts. Since AVG failure induced by neointimal hyperplasia is triggered by dis-
turbed blood flow and non-physiological wall shear stress, the results from this
study suggest that AVG longevity will be improved by the use of ePU grafts. The
improved in vivo performance of novel, compliant ePU grafts should be evaluated
in future studies.
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Appendix

5.A Zero-pressure vein diameter

Axillary vein diameterunderphysiological venous pressure (≈10mmHg [12, 35]) was
preoperatively measured as 7.7mm using ultrasound. Zero-pressure vein diameter
was estimated using Laplace’s law, which assumes a linear stress-strain relation and
a wall thickness that is much smaller than the vessel’s inner radius.

Laplace’s law is given by:

∂xr =
pa20
hE

(1− ν2), (5.6)

and relates radial displacement ∂xr to the internal pressure p, the zero-pressure
inner radius a0, the wall thickness h and the material’s Young’s modulus E and
Poisson’s ratio ν. Radial displacement can be rewritten as:

∂xr = a10 − a0, (5.7)

where a10 represents the measured radius at 10mmHg. Combining Eq. (5.6) and
Eq. (5.7) results in:

p(1− ν2)

hE
a20 + a0 − a10 = 0 (5.8)

Underphysiological pressures, theYoung’smodulusof theaxillaryveinwas assumed
to be similar to that of the cephalic vein: 0.12MPa [11]. The vein was assumed to
be incompressible, resulting in a Poisson’s ratio of 0.5. Wall thickness was assumed
as 10% of the radius under physiological pressure (0.385mm). Solving Eq. (5.8)
for a0 results in an internal diameter of 7.14mm.
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Abstract

Background: Disturbed flow at the graft-vein anastomosis plays an important
role in arteriovenous graft (AVG) patency loss. Computational fluid dynamics
(CFD) studies have demonstrated that graft designs with a helical centreline or
an internal helical ridge can reduce anastomotic flow disturbances, potentially
increasing graft longevity. Finding an optimal graft design is however hampered
by the high computational cost of CFD simulations. In this study graft design was
optimised using an efficient, global, meta-modelling approach.
Methods: A training dataset containing CFD evaluations of various graft designs
with a possible helical centreline and/or helical ridge was used to develop meta-
models for haemodynamic metrics related to graft dysfunction. Relevant design
features for graft optimisation were first identified from the meta-models. Next,
graft design was optimised by using the meta-models to predict graft performance.
During optimisation inclusion of a helical graft centreline or a helical ridge in the
graft design was not enforced. Hence, the helical centreline and/or helical ridge
were only added to the design when their inclusion would benefit haemodynamics.
Haemodynamic performance of the optimised graft designwas finally verified using
CFD simulation.
Results: An optimised graft design was identified that contained both a helical
graft centreline and a helical ridge in the graft’s lumen. Using this design, the
magnitude of flow disturbances as well as the size of the anastomotic areas exposed
to highly oscillatory WSS, non-physiological WSS magnitudes and extremely high
WSS were successfully reduced compared to a regular straight graft.
Conclusion: The meta-modelling approach used in this study was successful in
identifying a haemodynamically optimal graft design. The optimised graft design
contained both a helical centreline and helical ridge, which confirms the haemody-
namic benefit of helical graft features. The use of this haemodynamically optimised
graft could potentially increase AVG longevity.
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6.1 Introduction

T
HE MAIN cause for dysfunction of arteriovenous grafts (AVG) for haemodia-
lysis is neointimal hyperplasia (NIH) at the graft-vein anastomosis, causing
stenosis and low flow, ultimately resulting in thrombosis and graft patency

loss. NIH development is believed to be triggered by disturbed blood flow and
non-physiological wall shear stresses (WSS) around the venous anastomosis [1,
2]. Although the exact haemodynamic trigger for NIH development is unknown
[3], various novel graft designs have been proposed to reduce disturbed flow an
non-physiological WSS at the graft-vein anastomosis [4].

One promising approach to optimise haemodynamics aims at inducing helical
blood flow patterns near the venous anastomosis. Helical flow is a physiologically
occurring phenomenon [5] and is hypothesised to stabilise flow and to result in
favourable WSS conditions [6, 7]. Graft designs that induce helical flow either
exhibit a helical graft centreline [8], or a helical ridge that extrudes into the graft’s
lumen [9]. Early clinical studies indeed suggest that both helical graft designs
improve in vivo graft performance [9, 10].

Previous computational fluid dynamics (CFD) simulation studies also demon-
strated that helical graft designs can improve haemodynamic conditions near the
graft-vein anastomosis [11–13]. However, finding the optimal helical graft design
is complicated because anastomotic haemodynamics not only directly depend on
the design parameters (e.g. helical pitch, ridge height, graft diameter), but also on
interactions between design parameters [11–13]. Hence, graft design parameters can-
not be optimised one factor at a time, as the haemodynamic effect of one parameter
could be highly dependent on the specific value of any of the other parameters. A
global optimisation approach is therefore required, in which all parameters are
optimised simultaneously. However, such a global optimisation requires evaluation
of the haemodynamic performance of a large range of different graft designs, which
is hampered by the high computational costs of individual CFD simulations.

A meta-modelling technique could be useful to allow for efficient, global graft
optimisation [14]. A meta-model (i.e. a model of a model) is typically constructed
from a limited training dataset containing computationally expensive CFD simula-
tions and should subsequently be able to predict haemodynamic graft performance
for design parameter combinations that are not included in the training dataset.
Because a meta-model can be evaluated at a low computational cost, it can serve
as an efficient substitute for the CFD model during global optimisation.

In the field of engineering, several types of meta-modelling techniques are
available, such as polynomial models or Gaussian Kriging models [14]. In this
study, we propose a meta-modelling approach based on the adaptive generalised
polynomial chaos expansion (agPCE) [15], recently developed for the purpose of
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efficient uncertainty quantification and sensitivity analysis for computationally
expensive biomedical models [16]. Though agPCE meta-models are typically used
to assess how model input uncertainty translates to a stochastic model output,
we hypothesise it can also be used to predict how different helical graft design
parameter settings translate to haemodynamic graft performance. In addition, the
use of agPCE meta-models allows for the analytical assessment of the magnitude of
design parameter interactions and the relative importance of each parameter with
respect to the model output [17]. Such an analysis is useful for design optimisation,
because it can be used to assess which parameters are most rewarding to optimise.

The aim of this studywas to develop a haemodynamically optimised AVG design
using the efficient agPCE meta-modelling approach. During optimisation, a helical
graft centreline and/or helical ridge could be added to the graft design when its
inclusion would benefit haemodynamic graft performance. The haemodynamic
performance of the optimised graft design was finally verified by a CFD simulation.

6.2 Materials and Methods

6.2.1 Brief summary of graft design optimisation strategy

A realistic reference AVG geometry was created from 15 months post-operative com-
puted tomography angiography (CTA) imaging. These scans were obtained for
diagnostic purposes during graft follow-up. Clinical evaluation of the CTA revealed
a non-significant stenosis in the venous anastomotic region. It was assumed that
this stenosis did not impact vessel path or anastomotic configuration. All meas-
urements were performed at the Maastricht University Medical Centre (Maastricht,
the Netherlands). A waiver for ethical approval of this study was obtained from
the local medical ethical committee.

Apart from vessel path (i.e. vessel path and anastomotic configuration), the
reference geometry was fully parametrised, which facilitated implementation of
grafts with a possible helical centreline and/or a helical ridge. Several design
parameters were established to define graft design.

Next, a dataset was created that contained CFD evaluations of various uniquely
sampled 3D graft designs. Using the information from this dataset, meta-models
were created to relate graft design parameters to anastomotic haemodynamics.
These meta-models were first used to identify those design parameters that where
relevant for graft performance and that thus should be considered during optimisa-
tion. Next, using the meta-models to predict venous anastomotic haemodynamics,
an optimal graft design was proposed. The optimised graft design’s haemodynamic
performance was finally verified using a full-scale CFD simulation.



HAEMODYNAMIC OPTIMISATION OF AVG DESIGN | 111

6

6.2.2 A realistic parametrised AVG geometry

Reference AVG geometry

The graft and adjacent artery and vein were segmented from the CTA dataset using
the software package VMTK [18]. Subsequently, the vessels’ centrelines were extrac-
ted to define global vessel path and were exported to SolidWorks 2018 (Dassault
Systèmes, Vélizy-Villacoublay, France). Here, vessels with constant diameter were
imposedon thecentrelines. Toapproximate thegraftgeometryprior tovessel remod-
elling, venous and arterial diameter were estimated from two weeks-preoperative
ultrasound examination and set to 7.7mm and 6.6mm, respectively. Proximal to
the anastomosis, the arterial and venous segments were cut to 7.5 times the respect-
ive diameter, whereas vessel segments distal to the anastomosis were cut to 1.0 times
the respective diameter. Straight flow extensions were subsequently added to all
arterial and venous vessel segments, to reduce the influence of boundary condi-
tion assumptions on the simulation output [19]. Using these flow extensions, the
vessel segments proximal to the anastomosis had a length of 15 times the respective
diameter, whereas distal to the anastomosis vessel segments had a length of 6.5
times the respective diameter.

Creation of a helical graft design

The baseline AVG geometry was extended to incorporate a helical graft centreline
and/ora helical ridge in thegraft’s lumen. The helical graft centrelinewasdefined by
specification of a helical pitch (p) and amplitude (A) (Fig. 6.1A and B, respectively).
The helical ridge shared the same pitch as that of the helical graft centreline andwas
implemented as two opposing elliptical cuts in the graft’s cross-section (Fig. 6.1B).
The depth and width of the helical ridge were defined by the ellipse’s major (h)
and minor axis, respectively. Since the ellipse’s major axis was hypothesised to be
of more importance to anastomotic haemodynamics than its minor axis [12], the
ratio between the major and minor axis of the elliptical cut was set as 3:2. Note that
when A and h were zero, a straight graft was created.

To compensate for possibly increased flow resistance due to the helical features
[11, 20], graft diameter (D) could be increased with respect to the standard diameter
used for dialysis grafts (i.e. 6.0mm). Finally, the helical graft could be rotated along
its axial axis with angle α, which changed the location of the trailing edges of the
helical ridge at both the arterial and venous anastomosis and the exact anastomotic
angle (Fig. 6.1A). At an angle α equal to 0° or 180°, the trailing edges of the helical
ridge were perpendicular to the venous centreline (i.e. on the side of the vein),
whereas at an angle of 90° or 270° they were parallel to the venous centreline (i.e.
on the distal and proximal side of the anastomosis).
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Figure 6.1: Overview of the helical graft and model parameters (A & B), the arterial inflow boundary
condition (C) and the peripheral vasculature boundary condition model (D). In Figure D, Za and Zv

represent the arterial and venous characteristic impedances to couple the boundary condition model to
the 3D domain. The peripheral resistance is indicated byRp, whereasCa andCv indicate the compliance
of the arterial and venous systems, respectively. The flow over the collateral veins is regulated by the
adjustable resistorRp

6.2.3 Meta-model development

Design of experiments

Relevant ranges were defined for all graft design parameters based on available
literature [11, 12]. Graft diameterD was varied between 6.0mm–6.5mm, whereas
helical pitch p was within 4.0 cm–10.0 cm. Helical amplitude A and ridge height h
were a function from graft diameter and could be varied in the range (0–0.75)·D
and (0–0.3)·D, respectively. Finally, graft orientation α could be varied from 0°
to 360°. Subsequently, a meta-model training dataset was created by generating
unique, uniformly distributed input samples within the graft design input domain
using Sobol’s low discrepancy series [21]. For each input sample, the corresponding
graft geometry was generated automatically. Note that due to Sobol sampling,
the training dataset also contained a sample at the lower limit of all parameters.
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Hence, a sample was generated with a diameter of 6mm and a helical amplitude
and ridge height which were both equal to zero. This sample corresponded to a
standard, 6mm, non-helical graft design. The haemodynamic performance of this
graft design was used as a reference for graft performance throughout this study.

The helical ridge height was set to zero in any geometry in the training dataset
where h was smaller than 3.75% of the graft’s diameter. In these cases, the ridge
was removed because it was hypothesised that its inclusion would insignificantly
contribute to overall haemodynamics, whereas it would significantly increase the
number of mesh elements that were required to accurately track the graft’s surface.

CFD simulations

Blood flow simulations were performed for all AVG geometries in the training
dataset using the open source Navier-Stokes solver OASIS [22], implemented in the
finite element package FEniCS [23]. Blood was regarded as a Newtonian fluid with
a dynamic viscosity of 3.5 · 10−3 Pa s and a density of 1050 kgm−3. Computational
meshes of the AVG geometries were created using Fluent 19.1 (Ansys, Canonsburg,
PA,USA).Meshdensitywas increased near theanastomoses to locally increase solver
accuracy. Global meshing settings were obtained from a mesh convergence study
on the reference AVG geometry and resulted in meshes containing 2.7 · 106–4.7 · 106

second order tetrahedral Taylor-Hood elements. Simulations were progressed in
time using step sizes of 1 · 10−4 s. The time step was reduced to 2/3 · 10−4 s whenever
the simulation failed to converge.

Boundary conditions Flow at the arterial inlet was prescribed using a time-
dependent blunt velocity profile, as described in Smith et al. [24]. An arteriovenous
couplingmodelwas prescribed at thedistal arterial and venous boundaries tomimic
the peripheral vasculature (Fig. 6.1D). This coupling model contained a variable
resistor (Rc) that bypassed the venous segment of the CFD model, to represent any
collateral vein that might be present in the patient. It was assumed that flowwas
divided equally between the 3D modelled vein and the collaterals. Venous outlet
pressure was assumed constant and was set to 0mmHg.

It was assumed that, in order to maintain sufficient tissue perfusion, time
averaged flow towards the peripheral vasculature distal to the anastomosis would
not be influenced byAVG creation. Hence, flowmagnitude prescribed at the arterial
inlet was computed as the sum of the 7 week-postoperative (pulsatile) graft flow
and the 2 week-preoperative (average) brachial artery flow, as measured by duplex
ultrasound, resulting in an average flow of 1.06 · 103 ml/min (Fig. 6.1C). The sum of
all resistive elements of the arteriovenous coupling model (Rtot) was fitted to ensure
that time averaged flow through the arteriovenous coupling model equalled the
preoperative brachial artery flow (73ml/min).
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Graft haemodynamic performance metrics

Haemodynamic metrics were defined to quantify disturbed flow and non-physio-
logical WSS in the anastomotic region. Although multiple hypotheses regarding
the definition of disturbed WSS exist [3], here it was assumed that WSS outside
the physiological range (<0.1 Pa or >7 Pa [25]), WSS sufficiently high to cause
irreversible endothelial damage (>40Pa [26]) and highly oscillatory WSS were
detrimental to graft longevity. All WSS metrics were computed only in the venous
anastomosis, which was defined as the region ranging from 2.5 cm distal to the
anastomosis to 3.0 cm proximal of the anastomosis (Fig. 6.1A). Furthermore, since
arterial inflow was equal for all simulations, the average pressure drop from the
model’s arterial inlet to the venous outlet (∆p) was computed as a measure of the
graft’s flow resistance. All metrics were computed over the third simulated cardiac
cycle.

Exposure to non-physiologically low WSS (<0.1 Pa) was assessed by computing
the time averaged WSS (TAWSS):

TAWSS =
1

T

∫ T

0

‖~τ(t, ~x)‖ dt, (6.1)

where ~τ(t, ~x) represents the local WSS vector and T is the duration of the cardiac
cycle. Exposure to non-physiologically low WSS was quantified by computing the
percentage of the anastomotic area where TAWSS <0.1 Pa (%WSS<0.1 Pa).

Exposure to non-physiologically highWSS (>7 Pa–≤40Pa) andWSS sufficiently
high to cause irreversible endothelial damage (>40Pa) were assessed by computing
WSSmax:

WSSmax = max {‖~τ(t, ~x)‖ : t = 0 . . . T} . (6.2)

Exposure to high and very high WSS were quantified by computing %WSS>7 Pa

and %WSS>40 Pa: i.e. the percentages of the anastomotic areas where the WSSmax

exceeded 7 Pa and 40Pa, respectively.
Oscillatory WSS was evaluated by computing the oscillatory shear index [27]

(OSI):

OSI =
1

2

1−

∥∥∥∫ T

0
~τ(t, ~x)dt

∥∥∥∫ T

0
‖~τ(t, ~x)‖ dt

 . (6.3)

that ranges between 0 and 0.5. Exposure to highly oscillatoryWSSwas quantified by
computing the percentage of the anastomotic region where OSI >0.25 (%OSI>0.25).

Disturbed flow in the venous segment was evaluated by computing the root-
mean-squaremagnitudeof high frequencyvelocityperturbations. Hereto, Reynolds
decomposition was applied to decompose the local flow velocity magnitude u(t, ~x)
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into an average trend and into high frequency velocity perturbations (ũ(t, ~x)). Sub-
sequently, ũRMS(~x) was computed as the root-mean-square value of ũ(t, ~x) over
the cardiac cycle. The changes in ũRMS(~x) along the venous segment was assessed
by computing its cross-sectional median value perpendicular to the centreline:
ũRMS,50(~x). Finally, the maximum value of ũRMS,50(~x) along the venous segment
(ũmax) was used as a proxy for the amount of disturbed flow in each simulation.

Meta-model creation

For each of the graft geometries in the training dataset, haemodynamics were
evaluated using the six metrics defined in Section 6.2.3. Subsequently, based on the
evaluations of all simulations in the training dataset, individual meta-models were
created for the total output domain Yi of each of the six haemodynamic metrics,
by means of a generalised polynomial chaos expansion (gPCE) method [28]. This
method expanded the output domain of each haemodynamic metric (Yi) into a
set of multivariate orthogonal polynomials that were a function of the graft design
parameters:

Yi = fi(X) ≈ fi,PCE(X) =

Np∑
j=1

cjψj(X). (6.4)

Here, ψj(X) and cj represent the polynomials and their expansion coefficients,
respectively. Furthermore, X represents the set of CFD model input parameters (D,
A, p, h and α) that were defined on the model input domain.

Legendre polynomials were chosen as the basis polynomials of the meta-model,
since they are best suited for models with uniformly sampled input [29]. The meta-
model’s expansion coefficients were estimated using least-square-regression. To
prevent possible overfitting of thedata by themeta-model, themaximumnumberof
meta-model polynomials was limited to half the number of CFD model evaluations
in the training dataset [16].

An adaptive algorithm [15, 16] was used to only include those polynomials
into the meta-model that significantly increased its quality. As such, this method
allowed for creation of high-quality meta-models, whilst keeping the required
training dataset as small as possible. An extensive overview of this algorithm is
presented inQuicken et al. [16]. Thequality of the final meta-model was assessed by
computing the leave-one-out cross validation coefficientQ2, that ranges between 0
and 1, for low and high-quality meta-models, respectively.
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6.2.4 Geometry optimisation

Identification of important design parameters

Design parameters relevant for graft optimisation were first identified using sens-
itivity analysis. For this purpose, the main and total Sobol sensitivity indices (S
and ST , respectively) of each design parameter were computed for all of the six
haemodynamic metrics for graft performance. Both sensitivity indices could be
derived analytically from the agPCE meta-models [17]. The main Sobol sensitivity
index is a measure for the amount of variance in a haemodynamic output that can
be attributed directly to a single design parameter, whereas the total sensitivity
index also includes the contributions of interactions between parameters. As such,
for each design parameter, the difference ST − S is a measure for the amount of
interactions this parameter has with other design parameters. Both S and ST range
between 0 and 1.

Whenever the total sensitivity index of a design parameter was below 0.05 for
all haemodynamic metrics, the parameter was deemed insignificant to the graft’s
haemodynamic performance and subsequently omitted during graft optimisation.

Objective function

Objective functionswere defined for each of the six haemodynamicmetrics for graft
performance. These objective functions were defined such that they reduced to
zero when optimum value had been reached. Furthermore, the objective function
of the pressure drop exceeded one when pressure drop deviated more than 1mmHg
from the optimal value. For all other parameters, the objective function exceeded
one when graft performance was worse than the reference graft design (i.e. a 6mm
straight graft).

It was assumed that the flow resistance of the optimised graft should be equal
to that of the reference graft, since this would minimise the chance for a too high or
too low blood flow through the graft. Therefore, the optimumvalue for the pressure
drop was set to equal to the pressure drop over the reference straight dialysis graft
design. Because the meta-models’ predictive power outside the training dataset’s
output domains were unknown, the optimum value for all other parameters was
chosen as the minimum observed value in any of the training CFD simulations.
Consequently, the objective function for∆p was defined as:

O∆p =

(
∆p−∆popt

∆pref

)2

, (6.5)
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whereas for all other parameters the objective function assumed the form:

OYi =

(
Yi − Yi,opt
Yi,ref − Yi,opt

)2

. (6.6)

Finally, a joined objective function was defined to evaluate the grafts overall
haemodynamic performance:

Otot =

6∑
i=1

OYi , (6.7)

which equated to 5 for the reference graft design. Hence, any value larger than
5 indicated an overall deterioration of haemodynamic graft performance with
respect to the reference graft, whereas a value lower than 5 indicated improved
haemodynamic performance.

Optimisation algorithm

Graft optimisation was performed by applying the sequential quadratic program-
ming method, as implemented in the optimisation toolbox of Matlab 2018a (the
Mathworks, Natick, MA, USA), to minimise Eq. (6.7). During optimisation, the
objective function was evaluated using meta-model predictions for each of the
six haemodynamic metrics for graft performance. To prevent that local minima
were found for Eq. (6.7), the optimisation was initiated from 1000 randomly chosen
starting points. Note that the optimisation algorithm could still exclude the helical
ridge or helical centreline when its inclusion would not benefit haemodynamic
graft performance, by setting either h orD to zero.

After optimisation, the haemodynamic performance of the optimised graft
design was verified by performing a full-scale CFD simulation as described in
Section 6.2.3.

6.3 Results

6.3.1 CFD simulations

A total of 112 AVG geometries were generated using the experimental design from
Section 6.2.3. Twoof thesegeometrieswere rejecteddue tooverlapof thearterial and
venous graft segments. Of the remaining 110 geometries, 92 simulations were run
using time-stepping size of 1 · 10−4 s, 11 simulations were run using a time-stepping
size of 2/3 · 10−4 s (Fig. 6.2). For one simulation, the Navier-Stokes solver failed to
converge after simulating 2.4 s. The remaining 6 simulations crashed alreadywithin
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a simulation time of 1 · 10−2 s, probably related to problems with the mesh. The
samples of the failed simulations were scattered over the total input domains of
D, A, p, h and α, but it was observed that the pitch p of these simulation tended
towards its lower limit (Fig. 6.2). Consequently, the complete input domain of all
parameters was covered.

Figure 6.2: Overview of the generated samples for all model input parameters and the simulation result
per sample.

6.3.2 Haemodynamic metrics

In the reference simulation, the pressure drop over the geometry, ∆p, was equal
to 1.96 · 103 Pa (14.7mmHg). The values of %WSS<0.1 Pa, %WSS>7 Pa, %WSS>40 Pa

and %OSI>0.25 were 30.2%, 55.0%, 1.2% and 4.0%, respectively. The maximum
velocity perturbation metric ũmax of the reference simulation equalled 6.0 cm s−1

(Fig. 6.3).
In the simulations in the training dataset, the pressure drop over the geometry

ranged from 1.6 · 103 Pa to 3.4 · 103 Pa (12mmHg–26mmHg). The value of ũmax was
between 4.1 cm s−1–8.7 cm s−1 The percentage of the anastomotic area exposed to
lowWSS (<0.1 Pa) ranged between 4.1%–33.4%, whereas the percentage of the ana-
stomotic areas exposed to high WSS (>7 Pa–≤40Pa) and very high WSS (>40Pa)
ranged between 49.9%–61.6% and 0.0%–3.8%, respectively. Furthermore, the
area exposed to highly oscillating WSS (OSI >0.25) in the helical AVG simulations
was between 1.1%–8.7%.

Haemodynamic performance of the graft designs in the training dataset, as
expressed by the objective function in Eq. (6.7), ranged between 2.4 –130.8

6.3.3 Meta-modelling

Meta-models of the six haemodynamic metrics for graft performance were success-
fully created. The meta-model of ∆p was obtained with aQ2 larger than 0.99. The
final meta-models of ũmax, %WSS<0.1Pa and %WSS>40Pa had values of Q2 between
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estimate), versus the CFD output for the training dataset (including the reference simulation) and the
final optimised AVG geometry. The solid diagonal lines indicate the 95% confidence interval of the data,
whereas the diagonal striped lines indicate the line of identity.

0.9 and 0.95. The meta-models for %OSI>0.25 and %WSS>7Pa had values of Q2

between 0.87 and 0.90 (Fig. 6.3).
All of the input parameters showed total sensitivity indices that were above 0.05

for at least five of the haemodynamic output metrics (Table 6.1). Consequently,
all input parameters were deemed relevant for graft performance and taken into
account during global graft design optimisation. Furthermore, large interactions
((ST − S)>0.05) between design parameters were observed for all output metrics
except ∆p (Table 6.1), which emphasises the need for our global optimisation
strategy.

6.3.4 Optimisation

An optimised graft geometry design was identified using the methods described
in Section 6.2.4. This design had a graft diameterD of 6.4mm, a helical pitch p of
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Table 6.1: Overview of the total sensitivity indices and the contribution of parameter interactions
(ST − S) for each haemodynamic metric for graft performance. For each haemodynamic output metric,
the parameter with the highest total sensitivity index is indicated in boldface.

Parameter ST ST − S

D α p h A D α p h A

∆p 0.10 0.02 0.06 0.85 0.05 0.02 0.02 0.04 0.03 0.03

ũmax 0.32 0.43 0.29 0.37 0.42 0.22 0.27 0.26 0.30 0.39

%WSS<0.1 Pa 0.20 0.43 0.38 0.36 0.42 0.18 0.21 0.37 0.32 0.35

%WSS>7 Pa 0.35 0.63 0.33 0.42 0.43 0.32 0.56 0.26 0.38 0.42

%WSS>40 Pa 0.37 0.39 0.30 0.39 0.24 0.25 0.20 0.27 0.26 0.24

%OSI>0.25 0.20 0.30 0.45 0.61 0.54 0.17 0.27 0.39 0.60 0.54

4.7 cm and a ridge height h of 2.4 · 10−1 mm (i.e. 3.75% of D). Furthermore, helical
amplitudeAwas equal to 0.36 cm and graft rotation angle αwas set to 93° (Fig. 6.4).

In the CFD simulation of the optimised graft, all haemodynamicmetrics showed
improvements compared to the reference AVG design (Fig. 6.4 and Table 6.2). More
specifically, the maximum observed value for ũmax was reduced by approximately
25% with respect to the reference graft, whereas the area exposed to low WSS was
reduced by a factor 3. Furthermore, the area exposed to highly oscillating WSS
was reduced by 25%, whereas WSS in excess of 40 Pa was completely absent. Only
a slight reduction (0.5%) in the anastomotic area exposed to WSS above 7 Pa with
respect to the reference graft was observed (Table 6.2).

The values of ∆p, ũmax, %WSS<0.1 Pa and %WSS>40 Pa of the CFD model evalu-
ation of the optimised graft were within the 95% confidence interval of the meta-
model error (Fig. 6.3). Larger discrepancies between the CFD model and the
meta-model prediction were observed for %WSS>7 Pa and %OSI>0.25. The object-
ive function of the optimised graft’s was higher when evaluated by CFD than what
was predicted by themeta-model (Table 6.2). However, the objective function value
was still lower than that of the best performing AVG geometry in the meta-model
training set.

6.4 Discussion

The aim of this study was to develop a haemodynamically optimised graft design
using an efficient gPCE meta-modelling method. This approach allowed to ana-
lytically perform global parameter sensitivity analysis, which was used to identify
which graft design parameters could be omitted from the graft optimisation pro-
cedure. Furthermore, the use of meta-models allowed to predict haemodynamic
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Figure 6.4: Comparison between the reference and the optimised graft design (A and B), Comparison
between the WSS metrics (C) and the flow perturbations (D) in the two graft designs.

graft performance analytically during optimisation as a function of the graft’s design
parameters, thereby removing the need for performing many computationally ex-
pensive CFD simulations. Using this approach, a haemodynamically optimised
graft design was developed that contained helical features. Since these features
were not enforced during optimisation, the fact that the optimisation algorithm did
include them in the final design confirms the haemodynamic benefit of helical graft
features.

Global sensitivity analysis revealed that all graft design parameters had a sig-
nificant effect on at least five of the metrics for haemodynamic graft performance.
Furthermore, large interactions between design parameters were observed for all
haemodynamic output metrics except∆p. Because of the observed interactions,
the effect of each parameter on the haemodynamic performance of a graft is highly
dependent on the settings of the other design parameters. This could be a possible
explanation for the fact that earlier studies in helical graft designs concluded that no
clear relations between design parameters and the observed haemodynamic effect
could be identified [11]. Furthermore, the presence of large parameter interactions
demonstrates that it is impossible to optimise graft design one parameter at a time.
Instead, all graft design parameters need to be optimised simultaneously, which
advocates for an approach as presented in this study.
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Table 6.2: Meta-model predicted graft performance versus graft performance in CFD and the reference
graft design.

Parameter Meta-model CFD Reference

Otot 0.084 1.41 5

∆p 1.96 · 103 Pa 1.96 · 103 Pa 1.96 · 103 Pa

ũmax 4.3 cm s−1 4.6 cm s−1 6.0 cm s−1

%WSS<0.1 Pa 10.6% 12.0% 30.2%

%WSS>7 Pa 49.5% 54.5% 55.0%

%WSS>40 Pa 0.1% 0% 1.2%

%OSI>0.25 1.2% 3.0% 4.0%

In this study it was found that the haemodynamic metrics for graft performance
were most impacted by the choice for the grafts rotation α and/or the helical ridge
heighth. The relative importanceof graft rotationangleα is in agreementwithother
CFD studies on helical grafts [12, 30]. However, the choice for the graft’s rotation
angle is arguably the hardest to implement in the design of the graft and, without
any precautions to ensure its value, is probably dictated by the surgical procedure
and the anatomical patient characteristics. Consequently, future research should
focus on either devising a method to fix α into the graft design, or to minimise its
impact on graft performance. Furthermore, the importance of h suggests that the
helical ridge is more important in graft performance than a helical graft centreline.
This is in contrast to findings of earlier studies [13, 30], that concluded that the
haemodynamic effect of a helical graft centreline is much larger than that of the
helical ridge. A possible explanation for this discrepancy could be that only local
sensitivity analysis was performed in the aforementioned studies [13, 30] (i.e. all
design parameters were modified one by one). This underlines the importance of
applying global sensitivity analysis techniques when a model potentially contains
many parameter interactions.

Opposed to most studies on the effect of graft design on anastomotic haemo-
dynamics in idealised geometries [11, 12, 31, 32], a patient-specific AVG geometrywas
used in this study. Since haemodynamics are highly dependent on local geometrical
variations [33, 34], we believe this patient-specific approach is more representative
of the in vivo situation. However, as graft performance might also be dependent
on patient-specific vessel characteristics, future studies should evaluate whether
the haemodynamic performance benefit of the proposed graft design is maintained
in other patient-specific vessel geometries, or whether a more generally applicable
graft design should be developed.
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6.4.1 Limitations

In this study it was hypothesised that haemodynamic graft performance could be
quantified by the amount of disturbed flow in the venous segment (ũmax), the area
exposed to non-physiological WSS metrics and by the pressure drop over the graft.
While haemodynamics are believed to play an important role in graft performance,
the exact haemodynamic trigger for NIH development is unknown [3]. However,
because the proposed graft design optimises multiple haemodynamic metrics, it
is likely that the graft’s haemodynamic benefit is maintained, even when future
insights in the development of NIH would invalidate one of the hypotheses used in
this study.

Using the meta-modelling approach, haemodynamic metrics for graft perform-
ance were generally well predicted. However, it was observed that the discrepancy
between the CFD simulation and the meta-model-based predictions of %WSS>7 Pa

and %OSI>0.25 were outside the estimated meta-model uncertainty domains. A
possible explanation for this discrepancy could be that the leave-one-out cross
validation coefficients of both meta-models were relatively low (i.e. <0.9). This
coefficient could potentially be increased by increasing the size of the meta-model
training set, whichwould, in result, reduce thediscrepancybetween themeta-model
prediction and the CFD simulation. However, even though a large discrepancy
was found between the meta-model prediction and the CFD simulation result,
haemodynamic performance of the optimised graft was better than that of the
best performing graft in the meta-model training dataset, thereby demonstrating
the general applicability of our optimisation approach.

6.5 Conclusion

In this study an efficient meta-modelling technique was used to propose an optim-
ised AVG design. It was demonstrated that the meta-modelling approach used in
this study could be successfully applied to efficiently identify an optimised AVG.
Using CFD simulations, it was subsequently confirmed that the identified optimal
graft design indeed showed a haemodynamic benefit over a standard straight graft.
Since haemodynamics are closely related to graft dysfunction, the graft design
proposed in this study could potentially increase graft longevity. Future studies
should evaluate the haemodynamic performance of the proposed graft design in a
larger set of patient-specific CFD simulations.
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7.1 Introductory remarks

A
RTERIOVENOUS fistulas (AVF) are the preferred type of vascular access
(VA) for haemodialysis because of their superior long-term patencies and
favourable complication rates compared to alternatives [1, 2]. However,

AVF creation requires the availability of blood vessels of sufficient quality. Hence,
approximately 7% [3] and 18% [4] of the dialysis population of Europe and the
United States, respectively, rely on an AVG to receive haemodialysis treatment. This
percentage could further increase in the future, since recent studies suggest that in
elderly patients or in patientswith limited life-expectancy AVGs show better clinical
outcomes compared to AVFs [5–8]. Consequently, it is of utmost importance to
increase graft performance.

Neointimal hyperplasia (NIH) at the graft-vein anastomosis is themost common
cause of graft dysfunction and is believed to develop due to disturbed haemodynam-
ics and resulting non-physiological wall shear stresses (WSS) after graft placement
[9–12]. Therefore, optimising anastomotic haemodynamics (i.e. reducing the
amount of disturbed flow and normalising WSS to physiological conditions) is an
attractive approach to increase graft longevity.

The aimof this thesiswas to develop a haemodynamically optimised graft design
by means of computational fluid dynamics (CFD) simulations. Haemodynamic
graft performance was optimised on the basis of haemodynamic metrics that are
associated with graft dysfunction. These metrics were the size of the anastomotic
region exposed toWSS outside the physiological range (<0.1 Pa or>7 Pa [13]), WSS
sufficiently high to cause irreversible endothelial damage (>40Pa [14]), highly
oscillatory WSS and disturbed flow. Disturbed flow was quantified using the root-
mean-square value of high frequency velocity perturbations.

To achieve the aims of this thesis, a structured approach was followed in which
we firstly assessed how model assumptions could impact anastomotic haemody-
namics. Secondly, an efficient methodology was developed that allowed for global
optimisation of graft design, hereby considering possible interactions between
design parameters. Finally, it was examined how haemodynamic graft performance
could be enhanced by graft material selection and geometric design.

7.2 The impact of model assumptions

7.2.1 Dialysis needle flow

In Chapter 2 we examined how the haemodynamic metrics related to graft dysfunc-
tion were affected by needle flow during a dialysis session. It was observed that
the size of the anastomotic region exposed to unfavourable WSS could increase
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significantly as a result of dialysis needle flow. Furthermore, we observed that the
magnitude of velocity perturbations in both the anastomosis and the proximal vein
could also increase significantly as a result of dialysis flow.

Anastomotic haemodynamics in the absence of dialysis needle flow are already
believed to be sufficiently disturbed to cause AVG dysfunction. The results from this
study demonstrate that during a dialysis session haemodynamics are even further
disturbed as a result from the flow from the venous needle. Taking into account
that typical in-hospital and nocturnal dialysis routines account for 10%–30% of a
dialysis patient’s weekly routine [15, 16], the disturbed haemodynamic conditions
caused by dialysis needle flow could play an important role in AVG dysfunction.
These findings might be a possible explanation for the fact that Patard et al. [17]
observed better than expected patency durations for VAs that were not used for
haemodialysis. However, the increased long-term patencies of non-cannulated
grafts might also be attributed to the lack of cannulation damage.

To date, the effect of dialysis needle flow is not considered in haemodynam-
ically optimised AVGs. It is however possible that the haemodynamic benefits
of optimised graft designs disappear during dialysis sessions, or worse, that their
design features interact with the needle flow and may even increase the amount
of disturbed flow compared to that observed in a standard graft during dialysis.
Consequently, needle flow should ideally also be considered in the evaluation and
optimisation of haemodynamically optimised graft designs.

7.2.2 The impact of AVG geometry and boundary conditions

In Chapter 3 it was demonstrated that the severity of haemodynamic phenomena
related to graft dysfunction were highly dependent on the choice of AVG geometry.
Specifically, we compared haemodynamics in a realistic AVG geometry to those
in an idealised AVG geometry. It was observed that simulations performed with
a realistic AVG geometry show considerably more non-physiologically high WSS,
WSS in excess of 40 Pa and highly oscillatory WSS in the venous anastomosis
than simulations performed with an idealised AVG geometry. Furthermore, the
magnitude of high frequency velocity perturbations was generally higher in the
realistic AVG geometries. In addition, we demonstrated that setting flow to and
from the peripheral vasculature to zero resulted in simulation artefacts that caused
regions of highly oscillatory WSS in the distal venous segment.

Our observations that blood flow characteristics are highly susceptible to the
simulated vasculature’s geometric features and boundary conditions are in linewith
findings from CFD studies that have been performed for other clinical applications
such as AVF haemodynamics [18, 19], coronary blood vessel flow [20, 21] or aorta
flow [22, 23]. Consequently, it is striking that haemodynamic efficacy of new graft
designs has often been demonstrated in CFD studies that use highly idealised AVG
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geometries [24–28] and/or by neglecting the flow to and from the distal vasculature
(i.e. the hand) [24, 25, 27, 28]. Conceivably, the haemodynamic performance
benefit of graft designs that have been demonstrated in those studies could be
significantly misrepresented. This could be an important factor in explaining
why the anticipated performance of haemodynamically optimised grafts does not
straightforwardly result in significantly increased in vivo AVG longevity [29].

A possible explanation why graft optimisation studies still use idealised geomet-
ries is the fact that these graft optimisation studies require highly modifiable graft
geometries to allow for implementing and evaluating new graft designs. Though
this prerequisite is easily met by using idealised geometries that can be straightfor-
wardly parametrised, these geometries generally do not accurately represent the in
vivo situation. On the other hand, patient-specific geometries are often segmented
from clinical imaging data. These geometries often contain characteristics, such
as small irregularities in the vessel wall that are much harder to parametrise. Con-
sequently, it is much harder to use fully patient-specific geometries for evaluating
the haemodynamic performance of a new graft design. The approach used by us
aimed to combine the advantages of both idealised and patient-specific geometries,
whilst avoiding their disadvantages. Consequently, our realistic AVG geometries
could be straightforwardly modified, as was demonstrated in Chapters 5 and 6,
whilst maintaining patient-specific characteristics such as anastomotic configur-
ation and vessel shape. Although in our realistic approach we still need to make
assumptions regarding vessel shape (i.e. neglecting irregularities in the vessel dia-
meter), we believe that the haemodynamic impactof theseassumptions is negligible
compared to those made in highly idealised geometries. Moreover, it is debatable
whether fully patient-specific geometries necessarily result in more realistic haemo-
dynamics, since geometric uncertainties (e.g. irregularities on the vessel wall) can
result from the applied imaging protocol or the exact segmentation algorithm and
post-processing steps used [30]. These segmentation uncertainties play a much
smaller role in our approach since vessel shape and anastomotic configuration were
defined by means of the vessels’ centrelines, which are, by definition, insensitive
to irregularities on the vessel wall [31].

7.2.3 Development of a global optimisation technique

In Chapter 4 we developed an adaptive meta-modelling approach based on the
generalised polynomial chaos expansion (gPCE). We demonstrated that the im-
plemented adaptive gPCE (agPCE) algorithm was able to construct higher quality
meta-models than traditional, non-adaptive gPCE methods, given the same input
sample size. Consequently, thismethod allowed to considerably reduce the required
number of model evaluations to build a meta-model. This is of major importance
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for applying meta-modelling algorithms on computational models for which the
computational cost of a single model evaluation is high.

Because our approach required user-specified algorithm-settings that could
greatly affect the algorithm’s output, we performed a Monte-Carlo exploration of
all algorithm settings, in order to obtain the best possible meta-model. Since the
computational cost of building individual meta-models is negligible (seconds) with
respect to a full-scale singlemodel evaluation (days), we proposed to always perform
such Monte-Carlo explorations when applying the agPCE method to computation-
ally expensive models.

Meta-modelling techniques based on the gPCE are typically used to expand a
stochastic model response into a set of orthogonal polynomials that are a function
of the uncertain model input parameters. As such, these methods are typically used
in the context of model uncertainty quantification (UQ) and sensitivity analysis
(SA) [32], because they allow for analytic computation of important UQ and SA
metrics (i.e. model variance and Sobol sensitivity indices). However, in Chapter 6
we demonstrate that the meta-models created by the agPCE algorithm can also be
used to predict haemodynamic performance as a function of a graft’s geometric
characteristics at a low computational cost. More specifically, the meta-model can
be evaluated in much less than one second, whereas a full scale CFD simulation
takes more than a day to complete.

Because the agPCE-based meta-models can be used for both SA and to predict
CFDmodel outcome, thismeta-modelling technique seems ideally suited fordesign
optimisation studies. Prior tooptimisation, the SAcapabilities of theagPCEmethod
can be used to identify which parameters are involved in interactions with other
parameters, which parameters have the largest impact on product performance
and which design parameters are irrelevant and can be omitted from the design.
A design approach in which important design parameters are first identified could
result in simpler designs, which could benefit manufacturability or robustness.
Subsequently, the meta-model can be used to replace the computationally expens-
ive CFD model during global design optimisation (i.e. all design parameters are
optimised simultaneously).

To date, design optimisations studies on grafts often use a one-parameter-at-a-
time approach, where the haemodynamic effect of design parameters is assessed
one factor at a time [25, 26, 33, 34]. Because large interactions can exist between
multiple design parameters [33], such an approach is dangerous: the perceived
effect of a design parameter can change considerably based on the settings of all
other design parameters. Furthermore, such an approach does not allow to perform
adequate SA [35], which could result in including irrelevant design features.
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7.3 Graft design optimisation

7.3.1 Graft material

In Chapter 5 we evaluated the haemodynamic benefit of electrospun polyurethane
(ePU) over expanded polytetrafluoroethylene (ePTFE) grafts. We demonstrated
that ePU grafts show improved haemodynamic performance with respect to that
of ePTFE grafts. More specifically, using an ePU graft reduced the magnitude of
velocity perturbations in the vein as well as the size of the anastomotic area exposed
to highly oscillatoryWSS and WSS in excess of 40 Pa. However, it was also observed
that using an ePU graft resulted in increased pulsatile stress and strain in the venous
segment compared to an ePTFE graft. Pulsatile stretch has been associated with
proliferation of venous smooth muscle cells [36], which is an important factor in
NIH development. However, recent studies suggest that the effect of WSS metrics
overrules that of pulsatile stretch on venous cell proliferation [37]. Consequently,
because of the haemodynamic performance benefit of using an ePU graft, the
increased mechanical loading of the vein might have limited negative effect on graft
longevity. Hence, we believe graft patency could be increased by using ePU grafts.

Though currently no large clinical trials have been performed using ePU grafts,
small-cohort studies that have evaluated a multi-layered ePU graft design suggest
that graft patency is indeed slightly better than or comparable to that of ePTFE
grafts [38–42]. However, because this multi-layered graft design only includes one
ePU layer with increased compliance, it is unknown how overall compliance of this
graft compares to that of an ePTFE graft. Consequently, it cannot be determined
whether the possibly improved longevity of this multi-layered ePU graft can be
attributed to increased graft compliance.

A possible explanation for the improved haemodynamic performance of the
ePU graft could be the reduced graft-vein compliance mismatch, that is hypothes-
ised to promote disturbed flow, compared to ePTFE graft [43, 44]. However, in
Chapter 5 we suggest that the increased performance of the ePU graft could also
be attributed to the fact that its cross-sectional area would increase more than
that of an ePTFE graft, given a similar pressure load. Consequently, flow velocities
in the ePU graft can be lower than that in the ePTFE graft, whilst maintaining
an equal flow rate. Because WSS magnitude and the magnitude of velocity per-
turbations are expected to increase with increasing velocity, this mechanism could
explain the increased performance of an ePU graft compared to that of an ePTFE
one. This proposed framework fits in with FSI studies on AVFs, that also observed
that flow velocities and WSS magnitude decrease with increasing overall vessel
compliance [45, 46]. Furthermore, a recent FSI study on AVGs found that increasing
vein compliance (and thus increasing graft-vein compliance mismatch) reduced
venous WSS magnitude and velocity perturbations in graft-vein anastomosis [47].
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This supports our hypothesis that increasing overall vessel compliance rather than
decreasing graft-vein compliance mismatch helps in optimising haemodynamics at
the graft-vein anastomosis of AVGs.

Apart from haemodynamic improvements as demonstrated in this thesis, the
use of ePU grafts might also be beneficial in other aspects. A major problem with
dialysis grafts is their inability to regenerate. Hence, when the graft is cannulated
for a dialysis session, a hole will be punctured in the graft’s wall. Consequently,
after a few years of dialysis, ePTFE graft integrity can be at risk [48]. It has been
demonstrated that electrospun grafts with increased compliance compared to
ePTFE show less leakage after cannula removal [49]. This implies that electrospun
grafts are less damaged during cannulation, which could potentially enhance their
in vivo performance. Moreover, the fact that leakage after cannulation is reduced
could allow such grafts to be used for early haemodialysis, i.e. cannulationwithin 72
hours after graft surgery without the need to wait for healing or graft incorporation
in the tissue. Indeed, it has been demonstrated that multi-layered ePU grafts can
be used for early cannulation [50].

A possible downside of the use of ePU is their tendency to kink [39–41, 51],
which hampers their use as a vascular graft. Graft kinking might be prevented by
the use of a coil wrapped around the graft [38], modifying the macroscopic graft
structure [51] or adding anti-kinking layers to the graft design [42]. However, such
modifications most likely reduce graft compliance, thereby possibly eliminating
the haemodynamic benefit of an ePU graft.

7.3.2 Graft geometry

An optimal geometric graft design was developed in Chapter 6. Hereto, the real-
istic geometry and distal boundary conditions developed in Chapter 3, and the
optimisation algorithm of Chapter 4 were applied. The optimisation algorithm
could optimise graft haemodynamics not only by varying graft diameter but also by
including a helical graft centreline and/or a helical ridge in the graft’s lumen. It has
been demonstrated in earlier computational studies that such helical features can
help improve haemodynamics [26, 27, 33]. Furthermore, it has been suggested that
the use of grafts with helical features improves in vivo graft performance [52, 53].
Prior to optimisation, an initial sensitivity analysis was performed from which it
was concluded that all possible graft design parameters had a significant impact
on graft haemodynamic performance and, hence, they where all considered dur-
ing graft optimisation. Furthermore, large interactions between parameters were
observed, which advocates for our global design optimisation approach. It should
however be stressed that during optimisation, the optimisation algorithm could
still decide to omit either the helical ridge or the helical centreline. However, the
final optimised graft design contained both a helical graft centreline and a helical
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ridge, which confirms the haemodynamic benefit of helical graft features. Using
this design, we were able to reduce the size of anastomotic area exposed to highly
oscillatory WSS by approximately 25%, the area exposed to non-physiologically
low WSS (<0.1 Pa) by a factor 3 and completely remove WSS in excess of 40 Pa in
the venous anastomosis. Furthermore, the magnitude of high frequency velocity
perturbations was reduced by 25%. However, only a slight reduction of the area
exposed to WSS between 7 Pa and 40Pa (0.5%) could be observed.

7.4 Clinical considerations

7.4.1 Recommendations on dialysis needle positioning and dialysis

needle flow

Wedemonstrated that the negative effects of dialysis needle flow could bemitigated
by more upstream cannulation, ensuring the needle-tip to be placed in the graft’s
centre and by reducing dialysis flow.

Since graft materials do not regenerate, it is however necessary to cannulate the
graft over its complete length to prevent excessive wall damage at a single location
[54]. Therefore, in order to increase AVG longevity, it might be necessary to find an
optimal trade-off between minimising graft wall damage and minimising disturbed
anastomotic haemodynamics by upstream cannulation.

Our haemodynamics-based recommendation to ensure a central needle-tip
depth corresponds to existing clinical recommendations that aim at minimising
needle infiltration of the graft’s wall. However, in current clinical practice a central
needle tip depth is only achieved in 10% of successful VA cannulations [55]. Given
the evident importance of a central needle-tip depth, methods should be devised
to ensure correct needle-tip positioning during a haemodialysis session. In this
context, ultrasound guided cannulation might be a promising technique.

Dialysis flow rates vary significantly between countries and dialysis-regimes.
Low dialysis flows are used in Japan (200ml/min), whereas significantly higher
flows are used in Europe (300ml/min) and North America (400ml/min) [56]. Our
results demonstrate that decreasing dialysis flow would minimise the negative
effects of dialysis needle flow at the graft-vein anastomosis. However, lowering
dialysis needle flow would also increase the duration of a dialysis session.

From thediscussion above it is evident that implementing the recommendations
from this study in clinical practice is not trivial. However, from a haemodynamic
perspective, wedo believe these results can informnew recommendations regarding
optimal dialysis needle positioning and dialysis flow.
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7.5 Limitations and future perspectives

In the graft optimisation studies of this thesis (Chapters 5 and 6) we chose to
ignore the haemodynamic impact of needle flow. The main reason for omitting
dialysis needle flow at this time was to first explore which modifications were
most worthwhile to optimise graft haemodynamic performance. Nevertheless,
the global optimisation tools developed in this thesis (Chapter 4) would allow to
straightforwardly include the haemodynamic impact of dialysis needle flow in the
graft optimisation procedure. If necessary, graft design could subsequently be
optimised to account for dialysis flow.

In both haemodynamic optimisation studies in this thesis (Chapters 5 and 6),
realistic AVG geometries were used. Nevertheless, due to the high computational
cost of the fluid structure interaction (FSI) model used to examine how graft per-
formance could be increased by material selection, only the venous anastomotic
region could be included in the model. Consequently, the haemodynamic effect
of upstream vessel characteristics on anastomotic haemodynamics is neglected,
which would mainly impact the velocity profile (e.g. parabolic or skewed) or the
presence of secondary flow phenomena. Furthermore, because no arterial outflow
segment was present in the FSI model, application of either of the arteriovenous
coupling models was impossible and a zero-flow distal boundary condition was
prescribed. Indeed, a region of highly oscillatoryWSSwas observed near the venous
distal boundary of the geometry. However, this region was largely excluded in a
haemodynamic sub-analysis that was performed in a spherical region around the
anastomosis. Consequently, the haemodynamic impact of the zero-flow boundary
condition on the conclusions of Chapter 5 are likely to be negligible. A possible
method to improve the modelling setup of Chapter 5 whilst still simulating flow
only in the venous anastomotic region is by using a multi-scale approach where a
full-scale 3D CFD simulation is used to provide boundary conditions for the FSI
simulation. Alternatively, the FSI solver efficiency might be improved to allow for
simulating haemodynamics and mechanical behaviour in a larger computational
domain.

In Chapter 6 we only allowed the optimisation algorithm to include a helical
graft centreline or a helical ridge protruding in the graft’s lumen. However, other
geometric features have also been demonstrated to improve anastomotic haemo-
dynamics, such as graft tapering [24, 28] or inclusion of a venous cuff [57]. Though
these features have not been evaluated in this study, the tools developed in this
thesis would allow to straightforwardly include also these features in the graft
optimisation, along with the helical features included here.

Although we demonstrated in Chapter 5 that the effect of vessel compliance can
also have an impact on haemodynamic graft performance, geometric graft optimisa-
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tion was performed by assuming rigid vessels. The main reason for assuming rigid
vessels was the increased computational cost of the FSI simulations 1. However, in
Section 7.3.1 we reason that the improved haemodynamic performance of the ePU
graft could result from the fact that, given an equal pressure load, its diameterwould
be larger than that of an ePTFE graft, resulting in lower blood flow velocities. The
final graft design proposed in Chapter 6 had a diameter that was larger than that
of a standard graft (6.4mm, instead of 6mm). Consequently, this finding endorses
our reasoning in Section 7.3.1 and suggests that the haemodynamic performance
of stiff ePTFE grafts can also be enhanced by using larger graft diameters.

Although it is known that haemodynamics play an important role in AVG dys-
function [9–12], arguably the largest limitation of the work performed in this thesis
is the fact that the exact haemodynamic trigger for NIH development and graft dys-
function is not known [58]. Therefore, in this thesis we hypothesised that not only
WSS magnitudes outside the physiological range (0.1 Pa–7 Pa [13] ) would be harm-
ful to graft longevity, but also highly oscillatory WSS. Furthermore, we specifically
identified regions exposed toWSS in excess of 40 Pa, since it has been demonstrated
that WSS of this magnitude results in irreversible endothelial damage [14]. Finally,
we also quantified the amount of disturbed flow by assessing the magnitude of high
frequency velocity perturbation. Though all these metrics are commonly used to
evaluate VA haemodynamics [58–61], studies should be performed to unravel the
intricate relation between NIH development and haemodynamics.

One approach to obtain insights in NIH development is by using in vitro setups,
such as those proposed by van Haaften et al. [37], or by using animal studies, such
as the ones proposed by Rajabi-Jagahrgh et al. [62, 63]. However, we believe that
ultimately, longitudinal studies inwhichVA geometry is captured atmultiple points
in time should be performed [58, 59, 64, 65]. Such studies allow to assess haemo-
dynamics conditions at each point in time and to correlate these haemodynamics
to NIH development at a later point in time. The main difficulty for such stud-
ies is obtaining accurate 3D representations of the vascular access in question.
Magnetic resonance imaging (MRI) and computed tomography (CT) techniques
would allow to obtain high quality 3D AVG representations [66]. However, both
CT and MRI techniques traditionally require contrast agents to be used in order
to obtain satisfactory results. Since the use of MRI contrast agents in dialysis pa-
tients is controversial [67] and the use of CT contrast agents can be harmful to
kidneys of patients with residual kidney function [68], using contrast enhanced
imaging protocols for repeated measurements in this patient population is not
ideal. Consequently, we believe thedevelopmentof non-contrast enhanced imaging
techniques is of crucial importance to advance the understanding of NIH develop-

1FSI: approximately 15 days for simulating two cardiac cycles in the venous anastomosis, CFD:
approximately 1–3days to simulate three cardiac cycles in the complete AVG geometry
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ment. Recently, studies have emerged that demonstrate the efficacy of non-contrast
MRI methods to image AVFs in single patients [64, 65, 69]. The usability of these
protocols in the general dialysis population, and specifically in patients with an
AVGs should be evaluated in future studies.

The design optimisation technique proposed in this thesis does not account
for variability outside the graft design, such as patient characteristics (e.g. vessel
diameter, calcifications or vessel path) or features that are dependent on the sur-
gical procedure (e.g. the anastomotic angle). Consequently, the haemodynamic
performance of the developed graft could be different in other patients. As a first
step, haemodynamic graft performance should be evaluated in more realistic AVG
models. However, to obtain these geometries it is also of crucial importance to
develop non-contrast enhanced MRI protocols. If graft efficacy is determined to
be heavily dependent on variability caused by patient characteristics or the surgical
procedure, the optimised graft design should be re-evaluated. The tools developed
in this thesis could then be used to perform sensitivity analysis to identify which
patient characteristics have the largest impact on graft performance. Subsequently,
for some parameters (e.g. anastomotic angle [70]) it might be possible to reduce the
inter-patient variability. Alternatively, robust optimisation techniques, that aim to
optimise a system whilst accounting for model variability could be applied in such
cases [71]. These techniques aim to find a design whose performance is (nearly)
invariant of variability or uncertainty in the system. As such, the aim of these
techniques is to not optimise design for a specific case, but to develop a generally
applicable optimisation. It has been demonstrated for arterial bypass grafts, that
a robust optimisation strategy could result in different recommendations regarding
anastomotic angle as compared to non-robust design strategies [72]. Though our
approach did not include robust design, it has been demonstrated that gPCE based
meta-models are ideally suited for such a design strategy [73–76]. Consequently,
the optimisation framework proposed in this thesis could be extended to allow for
robust graft optimisation.

7.6 Conclusion

Arteriovenous grafts show short longevity and increased complication rates com-
pared to autologous arteriovenous fistulas. Consequently, there is a large need to
increase graft performance. NIH development is the main reason for AVG dysfunc-
tion and is believed to develop due to disturbed flow after AVG creation.

In this thesis we aimed to develop a arteriovenous graft design that optim-
ises anastomotic haemodynamics. For this purpose we first assessed how model
assumptions could impact our conclusions. We demonstrated that AVG haemo-
dynamics were significantly deteriorated during haemodialysis, as a result from
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dialysis needle flow. Furthermore, we demonstrated that using simplified AVG
geometries and/or non-physiological boundary conditions significantly impacts
the anastomotic haemodynamics related to graft dysfunction. Consequently, the
haemodynamic efficacy of a graft can be misrepresented if it is not evaluated in
a realistic AVG model. Next, a meta-modelling tool was developed that could be
used to efficiently develop a haemodynamically optimised graft design. Finally,
we studied how haemodynamic graft performance could be enhanced by careful
selection of graft material and by geometric modifications to the graft. We demon-
strated that anastomotic haemodynamics can be improved by the useof electrospun
polyurethane grafts instead of ePTFE grafts, and/or by including helical features
in the graft design. These results suggests that such grafts could help increase AVG
long-term patency.
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A
functional vascular access (VA) is of vital importance for patients that receive
haemodialysis (HD) since it provides the only location where the dialysis
machine can be connected to the patient. Autologous arteriovenous fistulas

(AVF) are the preferred type of VA due to superior patency and lower complication
rates compared to alternatives. However, creation of an AVF is not always feasible
due to, for instance, insufficient blood vessel quality. In these cases VA is preferably
established byusing a syntheticarteriovenousgraft (AVG). Unfortunately, VA related
complications are the main cause for hospitalisation of patients with either an AVF
or an AVG [1]. Furthermore, typical VA life-span is limited to only a few years (2
years for AVGs), which necessitates regular creation of a new VA in many patients.
Consequently, it may not come as a surprise that VAs are not only considered the
“lifeline”, but also the “Achilles’ heel” of dialysis [2].

AVG dysfunction is mainly caused by neointimal hyperplasia (NIH) near the
venous anastomosis. Disturbed flow and non-physiological wall shear stresses
(WSS) after AVG creation are believed to be the main trigger for NIH development.
Consequently, it is believed that AVG performance and longevity may be increased
by ensuring that haemodynamic conditions after AVG surgery are similar to those
observed under physiological circumstances. The aim of this thesis was: 1) to
develop an in silico strategy that allowed for optimisation of AVG haemodynamics
and 2) to propose a haemodynamically optimised graft design.

In this chapter the valorisation opportunities of the work in this thesis will
be evaluated. First, it will be evaluated how society and the academic field may
benefit from the work in this thesis. Next, clinical relevance of the work will be
assessed. Finally, it will be evaluated how the research in this thesis may lead to the
development of new products or services.

Academic and Societal relevance

The knowledge and techniques developed in this thesis are, or will be, published
in academic journals related to the fields of biomedical engineering and vascular
surgery. As such, this knowledge and these techniques will become available to a
large audience of scientists and may be used in future studies.

The work in this thesis was performed using 3D computational fluid dynamics
(CFD) or fluid structure interaction (FSI) models of AVGs. Since haemodynamics
are heavily dependent on geometric characteristics of the AVG model, it is of
importance that the 3D models used are geometrically representative of the in
vivo situation. Hence, a (largely) patient-specific modelling approach is often
desired. The requirement for a realistic 3D geometry also applies for various other
(if not all) cardiovascular haemodynamics applications, such as AVF flow [3] or
coronary artery flow [4]. Unfortunately, imaging modalities that may be used
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for the reconstruction of patient-specific 3D models, such as magnetic resonance
imaging (MRI) or computed tomography angiography (CTA), often rely on the
admission of contrast agents. Since admission of high doses of contrast agents is
not desired (particularly in ESRD patients), many CFD studies use highly idealised
3D geometries that may not be able to accurately reproduce in vivo haemodynamics.
Development of techniques that allow to accurately reconstruct a realistic model
with no or minimal amounts of contrast agents would thus be a valuable asset to
the academic field. In Chapter 3 an algorithm is created to reconstruct a realistic
AVG geometry from (routinely obtained) clinical follow-up data for monitoring
AVG function, combined with CTA scans that are obtained using a protocol that
requires minimal amounts of contrast agents to be administered. Such an approach
may also be used for geometric reconstruction of other vascular geometries, thereby
facilitating the general use of more realistic geometries in CFD and FSI studies.

Vascular grafts (including AVGs) are generally made from expanded polytetra-
fluoroethylene (ePTFE), which is much stiffer than any autologous vessel. It has
been hypothesised that at least part of the relatively poor performance of ePTFE
grafts can be attributed to themismatch in mechanical properties between the graft
and native vessels, since this compliance-mismatch may induce non-physiological
flow. Consequently, more compliant vascular grafts are actively being developed.
Though these more compliant grafts show similar, if not better patency rates com-
pared to ePTFE grafts [5], it is unclear whether the benefit of these grafts can be
solely attributed to haemodynamic improvements. In Chapter 5 we have applied
an FSI model and demonstrated that the use of a more compliant graft indeed
improves overall haemodynamic conditions in the case of an AVG. Though our
research focussed specifically on the use of electrospun polyurethane (ePU) as an
AVG material, similar FSI models may be used to evaluate a large range of graft
materials. Moreover, the application of these FSI models is not limited to only the
field of dialysis grafts, but can also be applied to, for instance, arterial bypass grafts.
Finally, the models developed in Chapter 5 may also be used to inform material
scientist during optimisation of the mechanical properties of the graft material,
or when optimising graft wall thickness.

A popular approach for improving AVG performance is development of a graft
that, by its geometric design, improves haemodynamics. In the field of vascular
surgery this approach is not unique since, for instance, geometrically optimised
vascular stent designs have also been proposed [6]. Unfortunately, to obtain an
“optimal” device geometry, evaluation of numerous sub-optimal device geometries
with computationally expensive computer models (e.g. CFD models) is often a
requisite. In Chapter 4 an algorithm was developed that can be used to create a
meta-model of the original 3D model. Since such a meta-model is much more
light-weight than the 3D model, computational costs of graft optimisation studies
can significantly be reduced, as successfully demonstrated for the optimisation of
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a helical graft inChapter 6. Theusefulness of theoptimisation algorithmpresented
in Chapters 4 and 6 is not limited to the optimisation of helical graft designs. In
fact, it may be applied for a large range of optimisation problems and, as such, be
even of use for research outside the realm of (bio)medical engineering.

Finally, the methods developed in this thesis may be used to inform in vivo
or in vitro experiments for studying the physiological principles underlying graft
dysfunction. For instance, the model outcomes of Chapters 3 and 5 have been
used to define boundary conditions for in vitro studies conducted at the Eindhoven
University of Technology regarding the biological response to haemodynamic wall
shear stress and mechanical strain.

Clinical relevance

The computer models used in this study can be used to evaluate and inform clinical
procedures. More specifically, in Chapter 2, we demonstrated how the negative
effects of dialysis flow may be mitigated by optimal selection of the dialysis flow
rate and needle positioning. Ultimately, such insights may translate to clinical
guidelines, which, when in place, may result in better anastomotic haemodynamic
conditions during dialysis and, consequently, increased graft longevity.

Development of new products or services

VA related complications are not only a large burden on the patient, but also result
in high health insurance costs. For AVGs it has been estimated that VA related
costs are between $1025–$2250 per patient per dialysis month, which constitutes
around 15%–25% of all costs required for dialysis treatment [7]. These costs may
be reduced considerably by using haemodynamically optimised grafts. The work
presented in Chapters 5 and 6 can be used to develop a graft design with increased
haemodynamic performance compared to regular grafts. However, to facilitate
development of such a graft, haemodynamic modelling is only one of many steps.
Other important factors that need to be considered are, for instance, graft manu-
facturability, in vivo graft performance and biological response to the graft material.
Consequently, to develop a marketable graft, it is of utmost importance that a
smooth interaction is achieved between, amongst others, clinicians, engineers,
materials scientists, biologists and industry. For the project in which also the work
in this thesiswas performed, all these fields of expertisewereunited in theChemelot
InSciTe XS-GRAFT project, which aimed to, jointly, improve AVG performance by
development of a novel ePU graft. Such initiatives are an important step to increase
the economic and societal impact of academic research.
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En een dankwoord is zeker op zijn plaats, want, ook al doet de enkele naam

op de kaft anders vermoeden, ik zou dit boekje (en mijn PhD-traject) niet tot een
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te lezen was. Ook al benadrukte je dat het meeste commentaar slechts was bedoeld
als suggestie, je grondigheid met reviseren motiveerde mij ertoe de diepgang van
mijn manuscripten te verhogen. Ook bedankt voor de gezellige congressen!
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van mijn manuscripten vaak van de technische implementatie naar de klinische
implicaties van het werk, waardoor de manuscripten relevanter werden voor een
breder publiek. Ook zorgde je inbreng ervoor dat vanaf de opzet van mijn studies
goed werd nagedacht hoe beschikbare data en metingen gebruikt konden worden
om de modellen en methodes zo dicht als mogelijk te laten aansluiten bij de fysiolo-
gische werkelijkheid. Ik ben ervan overtuigd dat dit soort samenwerkingen tussen
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