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Chapter 1. Background and aim of the thesis

1.1 Clinical background
Kidney failure and hemodialysis
The kidneys are organs in the human body that contribute to the maintenance of homeostasis, by means of regulation of water and electrolyte balance, and the excretion of
metabolic waste products. The kidneys perform these functions by filtering the blood
plasma and removing substances from the blood at a variable rate, depending on the needs
of the body [1].
Patients suffering from end-stage renal disease (ESRD) have an irreversible decrease in
kidney function to a level below 20% of normal kidney function [1]. Therefore, ESRDpatients need a renal replacement therapy. Due to a shortage of renal transplants, on
January 1st 2010, 35% of all 14690 ESRD-patients in the Netherlands were treated by
hemodialysis [2]. In Europe, more than half-a-million ESRD-patients are dependent on
hemodialysis therapy [3]; a number that is expected to increase annually by approximately
8% [4, 5]. During hemodialysis, the blood of the patient is withdrawn from the body using
a pump with a flow rate of at least 300 ml/min and directed through an artificial kidney
(dialyzer) where excess fluid, minerals and metabolic waste products are removed from
the blood. A few centimeters upstream of the outlet, the cleaned blood is pumped back
from the dialyzer into the body with the same flow rate (Figure 1.1). To enable hemodialysis a functioning vascular access is needed. The vascular access should deliver the high
blood flow needed for the extracorporeal circulation and should have a caliber that enables
repetitive cannulation over time to connect the patient with the dialyzer [6, 7].

Vascular access
Several types of vascular access are possible (Figure 1.2). A catheter inserted in one of
the central veins (central venous catheter, CVC) is the most simple option and enables
immediate hemodialysis [7, 8, 9]. However, a CVC limits a patient in daily activities and
is prone to thrombosis, infections, and to the development of central venous stenosis and
obstructions [7, 8, 9]. Therefore, this type of vascular access is only used when acute
hemodialysis is needed or when other types of vascular access are impossible [7, 8, 9].
Preferably, a vascular access is surgically created by permanently connecting an artery and
a vein, either by using a graft (arteriovenous graft, AVG) or by directly connecting native
vessels (arteriovenous fistula, AVF). In this way the peripheral resistance is bypassed,
which results in a significant blood flow increase (five- to thirty fold), vessel dilatation
and vessel wall remodeling. An arteriovenous fistula (AVF) is the primary choice because
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Figure 1.1: A schematic diagram of the hemodialyzer. The flow directions of the blood and
dialysate fluid are indicated by arrows.

Figure 1.2: A schematic picture of the different access types.
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generally less interventions are required to preserve vascular access functioning [8, 9, 10].
An AVF is usually created in the arm. The exact site is a compromise between initial and
long-term patency, complication rates and saving potential vascular access sites for future
procedures [11, 12, 13, 14]. For the former reasons, the radiocephalic AVF (RCAVF) that
is created at wrist level by connecting the radial artery and the cephalic vein, is preferred
over more proximal AVFs at elbow level, i.e. the brachiocephalic AVF (BCAVF) between
the brachial artery and cephalic vein and the brachiobasilic AVF (BBAVF) between the
brachial artery and the basilic vein (see Figure 1.3 for anatomical details).

AVF complications
In general, the upper arm AVFs lead to a larger postoperative flow than the lower arm
AVFs. As a result, complications such as hand ischemia and cardiac failure occur more
frequently in upper arm AVFs compared to lower arm AVFs. Of all upper arm AVFs 20%
is hampered by these complications [7, 8, 12, 13, 14]. Besides, in creation of a lower
arm AVF the upper arm vessels are preserved in the event that a new vascular accesses
is needed. On the other hand, especially RCAVFs are hampered by early failure due to
thrombosis and non-maturation, which occurs in up to 50% of all cases [6, 7, 10, 12]. In
the case of non-maturation, the blood flow in the brachial artery (inflow) six weeks after
surgery is smaller than 600 ml/min, and/or the outflow vein is not dilated sufficiently (< 6
mm), and/or the vascular access is not located superficial enough (depth > 6 mm), which
all impede hemodialysis treatment [6, 7, 8, 9, 10]. Additionally to the aforementioned
complications, AVF function is also interfered by long-term complications, like stenose
development (60-100% of all failed AVFs [15, 16, 17]) and thrombotic occlusions (20%
of all failed AVFs [17]), which are all likely to result from the dramatic change in hemodynamics after AVF creation [6, 7, 8, 9, 10]. All these complications result in additional
interventions needed to maintain a vascular access suitable for hemodialysis [18]. It has
been estimated that vascular access dysfunction is responsible for about 20% of all hospitalizations in the population of patients treated by hemodialysis [19].

Chapter 1. Background and aim of the thesis

Figure 1.3: A schematic picture of the torso and arm vasculature including the major arteries and the superficial veins (left). The procedure of
creation of an arteriovenous fistula (permanent connection between the artery and the vein) in the upper (middle, top) and lower (middle, bottom)
arm and the connection of the VA to the dialyzer are depicted. At the right the anastomosis is shown in more detail.
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Selecting the optimal AVF configuration
The vascular surgeon tries to minimize the AVF associated complications by choosing the
optimal AVF configuration for a specific patient. However, unless an extensive preoperative work-up, complications remain predominant and optimizing the AVF configuration
is a difficult task. Postoperative flow enhancement differs between patients, because it is
affected by multiple factors. Geometrical factors like vessel diameters and the location
and the number of venous side-branches are patient-specific and play a role in postoperative hemodynamics [15, 20, 21]. In addition, the ability of the veins to adjust to increased
pressure [16, 22] and the hyperaemic response of the peripheral bed in the hand resulting
from fist clenching [20] are associated with AVF failure. Furthermore, a large intimamedia thickness of the radial artery is associated with early failure and too low vascular
access flows [23, 24]. Moreover, the presence or occurrence of kinks, vessel twists and
stenoses will impede blood flow since these geometries will induce additional resistance
against flow [25, 26, 27, 28, 29]. An extra difficulty is formed by the anastomosis; the
surgeon can control the size of the arteriotomy (longitudinal incision in the artery) only to
some extend, because the surgical procedure is restricted by the anatomical location and
size of the vessels involved and their surrounding tissues [30].
In clinical practice, the surgeon aims to collect as much information as possible regarding
these influential factors before he selects the optimal site for AVF creation. An extensive
preoperative vessel assessment is used in clinical practice to determine the continuity and
caliber of the vessels. Arterial pulsatility and the continuity of both arteries and veins are
assessed by palpation. Additionally, arterial and venous diameters, the brachial inflow, the
caliber of venous side-branches and the occurrence of possible stenosis are determined by
duplex ultrasound measurements [7, 8, 31]. Despite this approach, complications as nonmaturation, cardiac failure and hand ischemia still occur.
From literature, it is known that a too low brachial artery flow measured directly after surgery is indicative for non-maturation [10, 32], while a high postoperative brachial
artery flow (> 30% of the cardiac output) increases the risk on cardiac failure and hand
ischemia [12, 13, 14]. In addition, the systolic finger pressure distal to the anastomosis
is a clinical indicator for hand ischemia [7, 8, 9]. Hence, a tool that preoperatively predicts
postoperative hemodynamics and more specifically immediate postoperative brachial artery flow and systolic finger pressure, can support the selection of the AVF configuration.
A computational model fed by patient-specific data that simulates hemodynamics in a
vascular network could serve as such a tool. An advantage of a computational model
is that the different factors that influence the success of AVF creation can easily be va-
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ried and examined, because it relates these factors by means of physical laws. Moreover,
the computational model can be used to examine the effect of different AVF configurations before surgery. As a result, the surgeon obtains extra information that can help in
decision-making of AVF surgery.

1.2 Computational modeling
In cardiovascular research, computational modeling has extensively been used for different purposes. Models have been used to get insight into physiological [33, 34, 35, 36] and
pathophysiological phenomena [25, 37, 38, 39], for the design and evaluation of medical
devices [40, 41, 42] and to develop training simulators for medical interventions [43, 44].
In addition, computational models have been used to determine parameters that are not
directly accessible by measurements [45, 46, 47] or to assist physicians by making a
diagnosis [48, 49]. Finally, some previous studies have described the use of computational
models to predict hemodynamic changes after creation of femoro-popliteal [50], thoracothoraco aortic [51, 52] and aorto-femoral bypassess [52]. However, the use of predictive
models is not common in clinical practice yet.

Mathematical models
The type and complexity of the applied models depend on the objective of the study.
Three-dimensional models (3D) [38, 53, 54] are used to study local hemodynamics (e.g.
velocity fields, wall shear stresses, local pressures and flows). Disadvantages of 3D models are the difficulties in defining proper patient-specific boundary conditions and, moreover, the long CPU times for 3D model calculations. For these reasons, 3D models are
less suitable to calculate pressure, flow and wall shear stress distributions over the complete vascular system [51, 55].
The most simple models that are used to investigate the whole cardiovascular system are
two-, three- or four-element windkessel models in which arterial wall and blood properties are represented by electrical elements, e.g. the aortic compliance with a capacitor,
blood inertia with an inductor and peripheral resistance with a resistor [47, 56, 57]. More
detailed lumped parameters models, consisting of more electrical elements, have also
been used [34, 35, 58]. However, lumped parameter models fail to explain phenomena of
pulse wave propagation through the arterial tree because the spatial information of the distributed arterial properties is lost. For an analysis of pressure and flow wave propagation,
a model is required which includes the multi-branched configuration of the arterial system
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and a description of the distributed nature of arterial properties. For this purpose, pulse
wave propagation models (cited below and for a detailed review we refer to [55]) are used
in which the vascular system is divided into segments that represent local blood and vessel
wall properties. All segments are serially connected based on the anatomical configuration. For each segment, the relation between blood pressure and flow is described by the
one-dimensional momentum and continuity equations derived by Hughes and Lubliner
[59] and presented in the appendix of Chapter 3. In the momentum equation, approximations for the wall shear stress and the convective acceleration term are needed. These
can be estimated from a large variety of velocity profiles based on Poiseuille [51, 52],
Witzig-Womersley theory for pulsatile flow [60], the Young and Tsai formulation [25],
and approximate velocity profiles [61, 62]. In addition, a constitutive law is used to describe vessel wall behavior. The resulting equations can be solved for pressure and flow
by several numerical techniques like the method of characteristics [33, 60], the spectral
element method [61, 63] and the finite element method [51, 52]. These types of models
is here referred to as one-dimensional (1D) pulse wave propagation models. Pulse wave
propagation models in which segments are lumped (spatial information within each segment is lost) into an electrical analog are also used [36, 40, 64] and here referred to as
distributed lumped parameter pulse wave propagation models.

Predictive modeling
For predictive vascular surgery pulse wave propagation models are most appropriate because they have lower computational costs than 3D models and because they contain more
spatial information than lumped parameter models. The spatial information is essential in
planning vascular surgery. In pulse wave propagation models nonlinear equations can be
easily incorporated, either to describe the nonlinear relationship between cross-sectional
area and pressure [61, 65], or to capture additional pressure drops resulting from stenoses,
kinks or anastomoses [50, 51]. For vascular access surgery correct modeling of the anastomosis is crucial.
Up till now, pulse wave propagation models have mostly been used to describe the hemodynamics. When using these models for predictive simulations, they should be fed by
patient-specific data. Hence, based on patient-specific measurements or estimations from
literature, numerical values, which are hampered by uncertainty, are assigned to the model
input parameters. In this thesis, model input parameters are defined as given in Figure 1.4.
The need for patient-specific model input parameters implies that a balance needs to be
found for the complexity of the model. The complexity of the model should be sufficient
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Figure 1.4: The definition of input and output parameters that is used in this thesis. The lower case
xi indicates that a numerical value is assigned to the model input parameter Xi .
to describe the hemodynamics and physiology of interest. However, increasing model
complexity will, in general, also increase the number of model input parameters. In practice, measuring all input parameters is impossible, and, in addition, measurements are
hampered by inaccuracies. Model input uncertainty will result in uncertainties in model
output (Figure 1.5). Thus, to obtain a prediction with minimal uncertainty in the output
an optimum needs to be found between model complexity and the number of model input
parameters (Figure 1.5)[66, 67].

Figure 1.5: The contents of the uncertainty of predictions with personalized models is shown as
function of model complexity. Based on [66, 67].

Nevertheless, in personalization of the model, not all model parameters are as influential
on the output. The influence of a parameter on the output of the model can be derived

10
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from a sensitivity analysis [68, 69]. A sensitivity analysis is applied to investigate how
the uncertainty in the output from a computational model can be apportioned, qualitatively or quantitatively, to the different uncertainties in the input parameters, whereas an
uncertainty analysis determines the output uncertainty [68, 69]. A sensitivity analysis
can either be local or global. In a local sensitivity analysis the change in output Y is
determined after a change in input Xi around its reference value Xi,0 , while all other
input parameters are fixed (the one-factor-at-a-time approach). As a result, the complete
input parameter space is only locally explored. This approach fails when interactions
between input parameters are present. In that case, a global sensitivity analysis should
be used in which the complete input parameter space is explored [68, 69]. In the field
of cardiovascular research, sensitivity analyses on computational models have previously
been performed [39, 70, 71, 72, 73]. However, the number of studies including a sensitivity analysis is relatively small compared to the number of models used in cardiovascular
research. This is remarkable, especially in patient-specific modeling, since a proper sensitivity analysis is generally considered to be essential before inferences with the model
can be made [68, 69]. In the field of econometrics and environmental sciences, where predictive models are used to make inferences, variance-based global sensitivity analyses are
extensively used and considered to be the current best available practice [68, 69, 74, 75].
With this method, model parameters can be identified that result in the largest reduction
in output variance when measured accurately (parameter prioritization). Moreover, the
method can be used to determine model parameters that can be fixed and made into a
constant (parameter fixing) because they do not significantly influence the output. For our
application in AVF surgery such an approach can be very useful to obtain insight in how
to optimize model personalization.

1.3 Aim and thesis outline
In this study, we aim to develop a pulse wave propagation model that is able to predict hemodynamics after AVF creation. In addition, its applicability to support clinicaldecision making in vascular access surgery is examined. For this, we propose a multi-step
approach (Figure 1.6) in which the model will be derived, personalized and corroborated.
Model corroboration is here defined as quantitative and qualitative validation.
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Figure 1.6: The steps that we propose to do towards clinical application of the model are shown
schematically.

First, a pulse wave propagation model (simulator) will be developed (Chapter 2 and 3)
that is able to predict pressure and flow waveforms in the arm vessels after the creation
of different AVF configurations (i.e. RC-, BC- and BBAVF). The pulse wave propagation
model should include the major arteries (inflow) and veins (outflow) of the AVF tract and
the anastomosis region. The model’s implementation should be robust with regard to the
model input parameters to deal with a large variety in inputs and imperfect datasets common in clinical practice.
As second step, a global variance-based sensitivity analysis will be performed to determine which parameters are most important to measure accurately since they result in the
largest reduction in output uncertainty (Chapter 4). Furthermore, model parameters will
be indicated that can be set to a generic population value and for which no measurements
are required (Chapter 5). The insight obtained in this second step will be used to personalize the computational model in the third step. Moreover, an uncertainty analysis will
be performed to determine the propagation of model input uncertainties to the output uncertainty (precision of the predictions).
In the third step, the pulse wave propagation model will firstly be corroborated with a oneto-one silicone network model of the arm vasculature built in a mock loop in Chapter 6
[76, 77]. The advantage of an experimental corroboration is that model parameters can be
determined more easily and with higher precision than in patients. In addition, it is easier
to accurately measure pressure and waveforms on several locations. Comparison of this
experimental data to model simulations can give more insight into the correct description
of pressure and flow wave propagation. Thereafter, personalized model predictions with
their precision will be used to clinically corroborate the pulse wave propagation model
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(Chapter 7). For this, the flow predictions are used to select the best AVF configuration.
The suggestion of the model will be compared to the choice of an experienced surgeon.
Furthermore, the predicted postoperative flow will be compared to the actual flow one
week after surgery to determine the accuracy of the model.
In Chapter 8 the major findings will be discussed and the results will be put into a broader
perspective.

Chapter 2

Lumped parameter segment

This Chapter is based on:
W. Huberts, E.M.H. Bosboom and F.N. van de Vosse, A lumped model for blood flow and
pressure in the systemic arteries based on an approximate velocity profile function, Math.
Biosc. Eng., 6(1), 27-40, (2009)
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Abstract
Previously, by assuming a viscous dominated flow in the boundary layer and an inertia dominated
flow in the vessel core, a velocity profile function for a 1D-wave propagation model was derived.
Because the time dependent shape of the velocity profile in this boundary layer model depends on
the size of the inviscid core and the boundary layer, and thus on the Womersley number, it differs
along the arterial tree. In this study we evaluated a lumped model for a vessel segment in which the
element configuration is based on physical phenomena described by the boundary layer model and
for which all parameters have a physically based quantitative value dependent on the Womersley
number. The proposed electrical analog consists of a Womersley number dependent resistor and an
inductor arranged in parallel, representing the flow impedance in respectively the vessel core and
the boundary layer, in series with a second resistor. After incorporating a capacitor representing the
vessel compliance in this rigid tube model, the element configuration resembles the configuration
of the four-element windkessel model. For arbitrary Womersley numbers the relative impedance of
Womersley theory is approximated with high accuracy. In the limits for small and large Womersley
numbers the relative impedances of the proposed lumped model correspond exactly to Womersley
theory.
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2.1 Introduction
Windkessel [47, 56, 57, 78] as well as lumped parameter models [34, 35, 36, 58, 64, 79,
80, 81] are used to simulate pressure and blood flow in the arterial system. The first
windkessel model was introduced by Frank et al. [56]. This model consists of a capacitor representing the aortic compliance and a constant resistor representing the peripheral
resistance. Westerhof et al. [57] extended this model with an extra resistor, which is
thought to be the aortic characteristic impedance. As a result, a better representation
of the medium- to high-frequency behavior of the systemic input impedance is obtained.
Stergiopulos et al. [47] concluded that the four-element Windkessel model with an inertial
term in parallel with the characteristic impedance, is even superior to the three-element
Windkessel model in describing the behavior of the entire systemic tree or as a model for
parameter estimation of vascular properties. Stergiopulos et al. concluded that the inertial
term represents the total inertia of the blood. In addition, they stated that for the aorta the
configuration of an inertial term in parallel with a characteristic impedance seems correct because for high frequencies the aorta behaves like a reflectionless tube and for low
frequencies the local properties of the aorta (i.e., the characteristic impedance) are negligible. However, a quantitative physical origin for a parallel configuration was not given.
Windkessel models fail to explain the phenomena of pulse wave propagation throughout the arterial tree, as the inherent property of the windkessel model assumes an infinite
wave velocity. To study the wave phenomenon, therefore, arterial tree models based on
transmission line theory have been developed [36, 82]. For these models the vascular
system is divided (lumped) into segments that represent the local blood (density ρ, kinematic viscosity ν) and vessel wall (radius a, compliance Cv ) properties. All segments
are connected based on the anatomical configuration to obtain a transmission line. These
lumped parameter pulse wave propagation models include the multi-branched configuration of the arterial system and a description of the distributed nature of arterial properties.
In Noordergraaf’s model [82] a passive electrical analog was chosen, which was based
on a comparison between equations describing propagation along a transmission line (the
two telegraph equations) on the one hand and a simplified equation of motion of the blood
and the equation of continuity for fluid flow in a short arterial segment on the other hand.
The lumped segments consisted of an inductor L in series with a resistor R that represent
respectively the blood inertia and the viscous blood flow resistance (Figure 2.1). In addition, the compliance C of the vessel wall was modeled with a capacitor.
In large arteries, like the aorta, the wave phenomena are inertia dominated implying that
the non-stationary acceleration term in the 1D momentum equation is dominant over the

16

Chapter 2. Lumped parameter segment

p
viscous term, i.e. the Womersley number α = a ων ≫ 1 with angular frequency ω. A
good approximation of the parameters of the lumped model (values for R and L) can be
derived from the vessel geometry and mechanical properties using a flat velocity profile.
In small vessels (α ≪ 1), i.e. arteries with a diameter smaller than 2 mm, viscous forces
are dominant and approximate values for R and L can be derived using a quasi-static
Poiseuille profile. In Noordergraaf’s model a flat velocity profile is assumed in the calculation for the inertial term whereas a parabolic velocity profile is assumed for the viscous
term, so the two limiting cases were combined in each of the single vessels independent of
the vessel size and frequency of the pressure and flow pulsations. Because of the pulsatile
nature of the blood flow a phase difference will be present between the velocity in the
core of the vessel and the velocity in the boundary layer close to the vessel wall. However, this will lead to frequency dependent values for the inductor L and resistor R. To
take the balance between viscous and inertial forces into account, Jager et al. derived an
extended electrical network [64], that consisted of several frequency independent inductors and resistors for every segment (Figure 2.1). At higher Womersley numbers, a higher
number of extra resistors and inductors were needed to accurately describe the longitudinal impedance [64]. Given the radii of the arteries and the harmonic that contains most
wave energy, it is possible to derive an electrical transmission line of the total arterial tree
that incorporates the balance between inertia and viscous forces. Such a model was made
by Westerhof et al. [36], however, the network configuration is complex and totally based
on a mathematical derivation in which the physical origin of the pressure and flow waves
is not apparent.
Olufsen et al. [83] derived lumped models starting with the one-dimensional axisymmetric Navier-Stokes equation for time-dependent blood flow in rigid tubes and by applying
Laplace transformation and inversion via residue theory. For tubes with a radius between
5 and 15 mm (i.e. Womersley numbers between approximately 5 and 15) Olufsen et al.
found a lumped model which has the same configuration as the four-element windkessel
model. This model configuration is less complex than Jager’s network. However, the
values of the resistor and inductor did not depend on the Womersley number, but were
assumed to be constant for a range of radii.
In this study, we aim to derive a lumped model for a vessel in which the element configuration is based on physical phenomena and for which all parameters have a physically
based quantitative value dependent on the Womersley number. In the limiting cases for
small and large Womersley numbers, the impedance of the derived lumped model should
correspond to Womersley theory.
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(a)

(b)

(c)

Figure 2.1: The electrical analog of the longitudinal impedance of (a) the proposed electrical
analog based on the boundary layer model, (b) Noordergraaf’s model and (c) Jager’s model. The
capacitor C can be added to obtain a compliant tube model.

We based this study on a wave propagation model with a time and frequency dependent
approximate velocity profile function derived by Bessems et al. [61]. They developed
a one-dimensional model of blood flow in arteries without a priori assuming a shape
for the velocity profile. The resulting approximate velocity profile consists of an inertia
dominated flow in the core of the vessel and a viscous dominated flow near the vessel wall.
The size of the inviscid core and the boundary layer depend on the Womersley number.
Therefore in this model the various velocity profile shapes along the arterial tree differ
and form a good approximation of the velocity profiles obtained from Womersley theory
R
R z
∂
[84] with respect to the nonlinear term ∂z
( vz2 dΩ) and the friction term τw = η ∂v
∂r dΓ
[61] in the 1D momentum equation derived by Hughes and Lubliner [59] and presented
in Chapter 3.
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To capture this in an electrical analog, intuitively, an inductor in parallel with a resistor
is expected, representing the flow impedance in respectively the core of the vessel and
near the vessel wall. Because for steady flow the total vessel impedance in the electrical
analog should converge to a Poiseuille resistance, a Poiseuille resistor is added in series
with the parallel arrangement of the inductor and resistor. In this paper, in Section 2, the
approximate velocity profile function given by Bessems et al. is briefly described. In
addition, mathematical expressions for the parameters in the proposed lumped model are
derived. Thereafter, in Section 3, the relative impedance of the proposed lumped model
normalized to the Poiseuille resistance is compared with the relative impedance derived
from the approximate velocity profile function to motivate our choices. Next, the relative
impedance is compared with Womersley theory to show the difference between Womersley theory and our model. In addition, the limiting cases for the relative impedances of
the proposed lumped model and Womersley theory are compared. This is done for large
(α ≫ 1) and small (α ≪ 1) Womersley numbers, representing respectively a flat and
a parabolic velocity profile. Furthermore, simplified models are derived in case of Wo√
√
√
mersley numbers α ≤ 2 and α > 2. These 2-limits stem from the derivation of the
approximate velocity profile. Finally, the proposed lumped model is discussed in Section
4 and our findings are compared with literature.

2.2 Methods: Derivation of the lumped model
The lumped model proposed in this article is based on the wave propagation model with
an approximate velocity profile function that was derived by Bessems et al. [61] and
is further referred to as boundary layer model. In the first subsection the approximate
velocity profile function will be described shortly. For a detailed derivation we refer to
Bessems et al. [61]. An experimental validation of the model can be found in Bessems et
al. [63]. The derivation of our electrical analog is described in the second subsection.

2.2.1 The approximate velocity profile function
To derive the approximate velocity profile function, Bessems et al. [61] considered the
Navier-Stokes equation for fully developed flow in straight tubes driven by a given pressure gradient:
ρ

∂vz
∂p
1 ∂ ∂vz
=−
+η
(r
)
∂t
∂z
r ∂r ∂r

(2.1)
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∂p
the pressure gradient, ρ the blood density, η the
in which vz is the axial velocity, ∂z
dynamic viscosity and r the radial coordinate.
In the boundary layer close to the vessel wall the viscous forces are dominant whereas in
the center of the vessel the inertial forces are dominant. Between the viscous boundary
layer and the vessel core there is then a transition layer in which a balance between viscous
and inertial forces exists, as described by (2.1). Bessems et al. [61] assume the transition
layer to become infinitely small. In addition, it is assumed that there is a balance between
the inertial forces and the viscous forces at the transition from the boundary layer to the
central core and that at the transition in the axial direction the velocity in the boundary
layer equals the velocity in the central core. Under these assumptions it can be derived
that the relation between the size of the central core and the Womersley number α can be
given by:

√
ac
2
= max[0, 1 −
]
a
α

(2.2)

in which ac (α) is the Womersley number dependent radius of the central core and a is
the vessel radius. The velocity profile function given by Bessems et al. is related to
ζc = ( aac )2 according to the following equation:
vz = −

ln ζ̂ q
a2
1
∂p
− [1 − ζ̂ + (ζc + 1) ln ζ̂]
1 − ζc A 4η
2
∂z

(2.3)

in which q is the flow, A the cross-sectional area, and ζ̂ = max[( ar )2 , ζc ]. The shapes of
the velocity profiles along the arterial tree computed with this boundary layer model are a
good approximation of the velocity profiles obtained from Womersley theory with respect
R
R z
to the nonlinear term vz2 dΩ and the friction term η ∂v
∂r dΓ [61]. The advantage of the
boundary layer model is that it can be applied in the time domain.

2.2.2 Derivation of the lumped model
To derive a lumped model we use the same assumptions as Bessems et al. in the derivation
of its approximate velocity profile function. Intuitively, the lumped model consists then of
a parallel arrangement of a resistor per segment length R1 and an inertance per segment
length L1 that represent respectively the viscous resistance in the boundary layer and the
inertia dominated impedance in the central core. To let the electrical model converge to
a Poiseuille resistance for steady flow a second resistor R2 is introduced in series with
the parallelly arranged R1 and L1 (Figure 2.1). The derivation is restricted to rigid tubes,
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but can easily be extended with a capacitor to model the storage capacity of the vessel
without changing the derived model parameters.
In this subsection the derivation of mathematical expressions for the resistors R1 and for
the inertance L1 from the boundary layer model proposed by Bessems et al. [61] is described. A mathematical expression for the resistor R2 follows directly from the definition
of a Poiseuille resistance. The other two parameters are derived by comparing the longitudinal impedance of the proposed electrical analog with the longitudinal impedance in the
boundary layer model. The longitudinal impedances are complex numbers and because
the longitudinal impedances of both models should be the same, the real and imaginary
parts are compared separately. In this way two equations with two unknowns (R1 and L1 )
are obtained. From those two equations, the mathematical expressions for R1 and L1 are
derived.
In Bessems’ boundary layer model, by neglecting the external forces —the nonlinear term
and the diffusion term, the 1D-momentum equation for flow through a rigid vessel is given
by [61]:
−

1
∂q
cq
∂p
]Rv q + [
]L
=[
∂z
2 − cp
2 − cp ∂t

(2.4)

in which p is the pressure, z is the longitudinal direction, Rv is the Poiseuille resistance
ρ
8η
per segment length ( πa
4 ), and L is the inertia per segment length ( πa2 ). The functions cp
and cq are dependent on the squared radius of the vessel core ζc and thus on the Womersley
number α according to [61]:
1
cp = 1 + (1 − ζc )
2

1
(1 − ζc )−1 .
(2.5)
2
√
For Womersley numbers smaller than α ≤ 2 the central core disappears, see (2.2),
√
resulting in Poiseuille flow. By using (2.5), cp and cq for α ≤ 2 are given by:
cp = 3/2,

and

cq =

cq = 1/2.

(2.6)

√
For large Womersley numbers (α > 2) cp and cq depend on the core radius. After
substitution of (2.2) in (2.5) cp and cq are given by [61]:
√
√
2
2
cp = 1 +
(1 −
),
α
2α

√
2 −1
α
cq = √ (1 −
) .
2α
4 2

(2.7)
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By introducing the harmonics
∂ p̂ jωt
∂p
=
e
∂z
∂z

(2.8)

q = q̂ejωt

(2.9)

and

the longitudinal impedance of the rigid vessel, Zlb , can be derived to be:
ˆ

Zlb =

− ∂p
1
cq − (2 − cp )
∂z
]Rv + jωL[
] + Rv .
=[
q̂
2 − cp
2 − cp

(2.10)

The longitudinal impedance for the electrical analog Zle in Figure 2.1 is given by:
Zle = j

ωR12 L1
ω 2 L2 R1
+ 2 1 2 2 + R2 .
2
2
+ ω L1
R1 + ω L1

R12

(2.11)

Because the total vessel impedance should converge to a Poiseuille resistance for steady
flow in the electrical analog, R2 equals a Poiseuille resistance. By comparing the real and
imaginary parts of (2.10) and (2.11) the mathematical expressions derived for the model
parameters per segment length are derived:
R1 = f (α)Rv

(2.12)

L1 = g(α)L

(2.13)

R2 = Rv

(2.14)

with
f (α) = [

α4
cq − (2 − cp )
+
],
2 − cp
64(cq − (2 − cp ))(2 − cp )

(2.15)

and
g(α) = [64

1
(cq − (2 − cp ))2
+
].
(2 − cp )α4
2 − cp

(2.16)

As can be seen in Figure 2.2, the function f (α) is a smooth curve that goes to infinity
for both large and small Womersley numbers. Function g(α) monotonically decreases to
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√
√
1 for α > 2 and has a constant value 2 for α ≤ 2. The limiting cases are discussed
in the next section where the derived lumped model is compared with Womersley theory
and the boundary layer model described by Bessems [61].

Figure 2.2: The functions f (α) (top) and g(α) (bottom) as a function of the Womersley number.
The function f (α) converges to infinity for both α → ∞ and α → 0.

2.3 Results: Comparison between the lumped model, boundary layer model and Womersley theory
2.3.1 Relative impedance
In this section, the relative impedance of the proposed electrical analog, the Womersley
theory and Bessems’ boundary layer model are compared. The relative impedance I is
defined as the longitudinal impedance (Zl ) normalized with the Poiseuille resistance Rv .
From the definition of the Womersley number it can be derived that:
α2
ωL
=
.
Rv
8

(2.17)
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After substitution of (2.12), (2.13), (2.14) and (2.17) in (2.11) the relative impedance for
the electrical analog is given by:
2

j α8 g(α)
Ze
+ 1.
I = l =
2
Rv
1 + j α8 fg(α)
(α)
e

(2.18)

The relative impedance for the boundary layer model is:
Ib =

cq
α2 1
Zlb
=
+j
,
Rv
2 − cp
8 2 − cp

(2.19)

while the relative impedance for Womersley reads [84]:
Iw =

1
α2
Zlw
=j
Rv
8 1 − F10 (α)

(2.20)

in which F10 is the Womersley function.
As a reference, the relative impedance is also given for an electrical analog consisting of
an inductor and resistor in series (Figure 2.1) as introduced by Noordergraaf [82]:
In =

α2
Zln
=j
+ 1.
Rv
8

(2.21)

In Figure 2.3 the relative impedance of the lumped model is compared with both boundary layer model and Womersley theory. As expected, a perfect match is found for the
impedances for the lumped model and the boundary layer model. For both models differences with Womersley theory are very small, i.e., much smaller than for Noordergraaf’s
model, and only visible in the phase angle for Womersley numbers between 1 and 6.

2.3.2 Limiting cases
To investigate if the limiting behavior of the relative impedances of the proposed electrical
analog and Womersley theory are consistent, the limiting cases for a parabolic (α ≪ 1)
and a flat (α ≫ 1) velocity profile are examined.
The relative impedance for large Womersley numbers (α ≫ 1)
√
For α > 2 in the boundary layer model cq and cp are defined by (2.7). The relative
impedance of our proposed electrical analog yields after substitution of (2.7), (2.15) and
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Figure 2.3: The modulus (left) and phase angle (right) of the relative impedance from the lumped
model (circles), the boundary layer model (points), Noordergraaf’s model (dotted line), and Womersley theory (solid line) as a function of the Womersley number.

(2.16) in (2.18):
α4
α5
√
√
Ie = √
+j
3
2
3
4 2α − 12α + 8 2α − 4
8α − 8 2α2 + 8α

(2.22)

which can be approximated by
α
α2
Ie ≈ √ + j
8
4 2

for α ≫ 1.

(2.23)

The relative impedance based on Womersley theory is given by (see appendix)
α
α2
Iw ≈ √ + j ,
8
4 2

for α ≫ 1.

(2.24)

The approximate longitudinal impedances for the electrical analog and for Womersley
theory can per definition be obtained by multiplying respectively (2.23) and (2.24) with
the Poiseuille resistance Rv . By substituting (2.17) in (2.23) and (2.24), the longitudinal
impedances for α ≫ 1 for both the electrical analog and Womersley theory are after neglecting the real part represented by the longitudinal impedance of an inertance, i.e., a flat
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velocity profile results.
The relative impedance for small Womersley numbers (α ≪ 1)
√
For α ≤ 2 in the boundary layer model cq and cp are defined as constants and respectively 21 and 32 . For g(α) this gives:
g(α ≤

√
2) = 2.

As the denominator of f (α) is 0 for all Womersley numbers smaller than
√
procal of f (α) for α ≤ 2 is determined by

(2.25)
√
2, the reci-

1
0
(cq (α) − (2 − cp (α)))(2 − cp (α))64
= 4.
=
f (α)
64(cq (α) − (2 − cp (α)))2 + α4
α

(2.26)

After substitution of the equations (2.25) and (2.26) in (2.18), the relative impedance on
√
the domain α ∈ (0, 2] is given by
Ie = 1 + j

α2
.
4

(2.27)

For α ≪ 3 the relative impedance based on Womersley theory is (see appendix)
Iw ≈ 1 + j

α2
.
4

(2.28)

The approximate longitudinal impedances for both the electrical analog and Womersley
theory can per definition be obtained by multiplying respectively (2.27) and (2.28) with
the Poiseuille resistance Rv . By using (2.27) and (2.28), the longitudinal impedances
for α ≪ 1 for both the electrical analog and Womersley theory are after neglecting the
imaginary part represented by the longitudinal impedance of a Poiseuille resistor, i.e. a
parabolic velocity profile results.

2.3.3 Simplified models
The resistor R1 and the inertia L1 in Figure 2.1 are only dependent on the Womersley
number as is derived in equation (2.12) and (2.13). It is thus possible to derive simplified lumped models that can be solved in the time-domain by assuming a characteristic
Womersley number. In this section we derive simplified lumped models for Womersley
√
numbers smaller than 2, as in this case only Poiseuille flow remains in the boundary
√
layer model, and for Womersley numbers larger than 2).
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√
Womersley number α ≤ 2
√
As was shown previously the function f (α) for Womersley numbers smaller than 2 is
infinitely large and thus flow through resistor R1 is blocked. A simplified model then
consists of an inertance of 2L in series with a Poiseuille resistance. If the Womersley
√
number decreases to zero, the relative impedance in (2.27) decreases to 1. α ≤ 2 the
modulus of the relative impedance in (2.27) differs less than 12% from 1 and because we
consider this as not significant, the longitudinal impedance Zle can be approximated by
Rv . The simplified electrical analog then consists of only a resistor Rv .
√
Womersley number α > 2
Functions f (α) and g(α) are plotted in Figure 2.2 for Womersley numbers between
0 < α ≤ 15. It can be seen from this figure and equation (2.12) that the resistance R1 of
the boundary layer increases with increasing Womersley number. This can be explained
from the fact that the boundary layer becomes thinner with increasing Womersley number,
whereas the central core thickens. The latter can be seen in Figure 2.2 from a decreasing
√
g(α). To come to simplified models for α > 2 the ratio between the impedances of R1
and L1 needs to be studied more thoroughly. By using (2.17) this ratio is given by:
Z R1
Rv f (α)
8f (α)
=
=
.
ZL1
jωLg(α))
jα2 g(α)

(2.29)

The modulus and argument of equation (2.29) are given in Figure 2.4. The phase difference is π2 radians which is expected as the impedance ZL1 is purely imaginary while
the impedance of the resistor ZR1 is real. The modulus remains larger than one for all
Womersley numbers and ZR1 is at least eleven times higher than ZL1 . Based on this observation the resistor R1 can be omitted from the proposed electrical analog because the
vast majority of the flow will go through the inertance. A simplified electrical analog with
an inertance in series with a Poiseuille resistance is then obtained.

2.4 Discussion
In this study we aimed to derive a simple lumped model for a vessel segment in which
the element configuration is based on physical phenomena described by a boundary layer
model and for which all parameters have a physically based quantitative value dependent
on the Womersley number.
An electrical analog was derived based on the boundary layer model that was derived by

Chapter 2. Lumped parameter segment

Figure 2.4: The modulus (left) and phase angle (right) of the impedance ratio
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ZR1
ZL1

as a function

of the Womersley number.

Bessems et al. [61]. They assumed viscous dominated flow in the boundary layer and
inertia dominated flow in the vessel core. Therefore, after neglecting the external forces,
the nonlinear term and the diffusion term in the 1D-momentum equation, mathematical
expressions were derived for an electrical analog that consists of a parallel arrangement
of a resistor and an inertance per segment length that represent respectively the viscous
resistance in the boundary layer and the inertia dominated impedance in the central core.
In series with those parallelly arranged elements a Poiseuille resistance was introduced
so that for steady (α = 0) viscous flow a Poiseuille resistance is obtained in the electrical
analog. The inertia of the core and the resistance of the boundary layer are fully described
by fluid density, fluid viscosity, vessel diameter, and Womersley number. The difference
between the relative impedances of the proposed lumped model and Womersley theory
was very small, i.e. much smaller than for Noordergraaf’s model, and only visible in the
phase angle for Womersley numbers between 1 and 6. For both large (α ≫ 1) and small
(α ≪ 1) Womersley numbers, the relative impedance of the proposed model was consistent with Womersley theory.
The model configuration proposed in this study was also found by Olufsen et al. [83] for
vessels with a radius between 5 and 15 mm (α between approximately 5 and 15). The
parameters for their model were L1 ≈ 34 L, R1 ≈ 4 41 Rv and R2 = Rv . In our analysis we
find a L1 that varies between L and 2L depending on the Womersley number; for α = 5
holds L1 = 34 L. The resistor R1 in our analysis is significantly higher (at least a factor
8 for α = 3) than in the lumped model proposed by Olufsen et al. for all Womersley
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numbers. A high R1 is in accordance with the findings of Westerhof et al. as a network
of segments consisting of a resistor and inductor in series suffices to model the whole
vascular bed [36].
If a capacitor is added to our proposed electrical analog (Figure 2.1), the model consists
of the same elements as the four-element windkessel model proposed by Stergiopulos et
al. [47]. It thus provides some justification for positioning the additional inertial term
in the four-element windkessel model in parallel to the first resistor. Our lumped model
suggests that the inertial term represents the inertia-dominated flow in the central core
of the vessels, which is supported by Stergiopulos’ conclusion that the inductor in the
windkessel model represents the total blood inertance of the system. However, the fourelement windkessel model is used to represent the cardiovascular system as a whole,
whereas the lumped model in this study is derived by considering flow in a single segment.
By assuming the characteristic frequency (i.e., the harmonic that contains most of the
wave energy) and using the mathematical expressions derived in this study, it is possible
to derive expressions for segments that can be used to model a rigid tube model in the
time-domain. A compliant tube model can be obtained after introducing a capacitor to
each of the vessel segments (Figure 2.1). By adding the compliant tube models together
in series, it would also be possible to develop a transmission line model of the total arterial tree. However, only a slight improvement of the total vascular impedance is expected
compared to a network built from segments only containing a resistor and inductor in series and a capacitor. This because a comparison of the impedance moduli ZL1 and ZR1
showed that ZR1 is at least one order higher and thus can be omitted from the lumped
model. This is supported by the findings of Westerhof et al. [36], who incorporated the
extra network introduced by Jager [64] in his transmission line model [36], and found
that the extra network only slightly improved the input impedance of the systemic arterial
tree compared to a network built from segments only containing a resistor and inductor in series and a capacitor. Although the improvements of the input impedance of the
transmission line that consists of tube segments proposed in this article are expected to be
small, all the electrical elements in such a line will be related to physical phenomena.

2.5 Conclusion
We were able to derive a simple lumped model for which all parameters have a physically
based quantitative value dependent on the Womersley number and in which the element
configuration is based on physical phenomena described by a wave propagation model
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with an approximate velocity profile function. After incorporating a capacitor representing the vessel compliance in this rigid tube model, the element configuration resembles
the configuration of the four-element windkessel model. For arbitrary Womersley numbers the relative impedance of Womersley theory is approximated with high accuracy. In
the limits for small and large Womersley numbers the relative impedances of the proposed
lumped model correspond exactly to Womersley theory.

Appendix: The relative impedance for Womersley theory
for small and large Womersley parameters
The relative impedance I is defined as the longitudinal impedance (Zl ) normalized with
the Poiseuille resistance Rv . From the definition of the Womersley number it can be
derived that:
α2
ωL
=
.
Rv
8

(2.30)

After substitution of (2.30) the relative impedance for Womersley reads [84]:
Iw =

1
α2
Zlw
=j
Rv
8 1 − F10 (α)

(2.31)

in which F10 is the Womersley function.
The Womersley function F10 is defined as [84]:
F10 =

2J1 (j 3/2 α)
3/2
j αJ0 (j 3/2 α)

(2.32)

in which J0 and J1 are respectively the zero and first-order Bessel functions of the first
kind with a complex argument. In the following we will consider the limiting cases of
equation (2.31) for small and large values of the Womersley number.
Small Womersley numbers
To derive the relative impedance I w for small Womersley numbers, the Bessel functions
in equation (2.32) are approximated by their power series. Following the power series
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defined in McLachlan [85] the Womersley function can be approximated by
F10 ≃

3/2

α
α4
α2
α6
8
2 [(1 − 192 ) + j( 8 − 9216 ) + O(α )]
.
4
2
6
α
α
α
j 3/2 α[(1 − 64 ) + j( 4 − 2304 ) + O(α8 )]

2j

(2.33)

From equation (2.33) it can be derived that
4

2

6

α
(1 − α64 ) + j( α4 − 2304
) + O(α8 )
1
.
≃
2
6
4
α
α
α
1 − F10
(− 91 ) + j( 8 − 3072 ) + O(α8 )

(2.34)

Next, for α4 ≪ 64 and thus α ≪ 3, equation (2.34) can be written approximately as
2

1 + j α4
1
.
≃
2
1 − F10
j α8

(2.35)

Substitution of (2.35) in (2.32) then gives the relative impedance I w ,(2.31), for α ≪ 3:
Iw = 1 + j

α2
.
4

(2.36)

Large Womersley numbers
For large Womersley numbers the asymptotic expansions for the expressions J1 (j 3/2 α)
and J0 (j 3/2 α) are used [85]. The Womersley function then reads for α ≫ 1 [85]:
F10 ≃

2
j 3/2 α

Because j 3/2 = ej
fied to
F10

e
√

3π
4

α
√
2

2πα

[cos ( √α2 −

e
√

α
√
2

π
8

+ π2 ) + j sin ( √α2 −

π
8

+ π2 )]

.

π

and j −1/2 = e−j 4 =

(1−j)
√
2

the expression in (2.37) can be simpli-

√
2 −j π
(1 − j) 2
≃ e 4 =
.
α
α

Substituting (2.38) in (2.32) gives the relative impedance I w , (2.31), for α ≫ 1:
Iw = j

(2.37)

[cos ( √α2 − π8 ) + j sin ( √α2 − π8 )]
2πα

(2.38)

√
α5 − 2α4
α4
α2
1
√ = √
√ +j
√
. (2.39)
8 1 − (1−j) 2
4 2α3 − 16α2 + 16 2α
8α3 − 16 2α2 + 32α
α
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Abstract
The preferred vascular access for hemodialysis is an autologous arteriovenous fistula (AVF) in the
arm: a surgically created connection between an artery and vein. The surgeon selects the AVF
location based on experience and preoperative diagnostics. However, 20-50% of all lower arm
AVFs are hampered by a too low access flow, whereas complications associated with too high
flows are observed in 20% of all upper arm AVFs. We hypothesize that a pulse wave propagation
model fed by patient-specific data has the ability to assist the surgeon in selecting the optimal AVF
configuration by predicting direct postoperative flow.
Previously, a 1D wave propagation model (spectral elements) was developed in which an approximated velocity profile was assumed based on boundary layer theory. In this study, we derived a
distributed lumped parameter implementation of the pulse wave propagation model. The elements
of the electrical analog for a segment are based on the approximated velocity profiles and dependent
on the Womersley number. We present the application of the lumped parameter pulse wave propagation model to vascular access surgery and show how a patient-specific model is able to predict
the hemodynamical impact of AVF creation and might assist in vascular access planning.
The lumped parameter pulse wave propagation model was able to select the same AVF configuration
as an experienced surgeon in nine out of ten patients. In addition, in six out of ten patients predicted
postoperative flows were in the same order of magnitude as measured postoperative flows. Future
research should quantify uncertainty in model predictions and measurements.
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3.1 Introduction
In Europe, more than 500.000 end-stage renal disease (ESRD) patients are dependent on
hemodialysis treatment [3]; a number that is expected to increase annually by approximately 8% [4, 5]. During hemodialysis, the blood of the patient is withdrawn from the
body using a pump with a flow rate of at least 300 ml/min and directed through an artificial
kidney (dialyzer) where excess fluid, minerals and metabolic waste products are removed
from the blood. A few centimeters proximal to the outlet, the blood is pumped from the
dialyzer back into the body with the same flow rate (Figure 3.1). To enable hemodialysis a functioning vascular access (VA) is needed. The VA should deliver the high flow
needed for extracorporeal circulation and should have a caliber that enables, over time,
repetitive cannulation to connect the patient with the dialyzer [6, 7]. The human body
has no blood vessel that meets all these requirements without interventions. Therefore
a VA is surgically created. Usually, a VA is created in the arm by permanently connecting an artery and a vein, i.e an arteriovenous fistula (AVF, see Figure 3.1). In this way
the peripheral resistance is bypassed, which results in a significant blood flow increase
(five- to thirtyfold) and vessel remodeling.The AVF is considered properly matured if at
six weeks the access flow is sufficiently high (> 600 ml/min), the proximal vein is sufficiently dilated (diameter > 6 mm) and the VA is located superficial enough (depth < 6
mm) [6, 7, 8, 9, 10]. A matured AVF is able to facilitate adequate hemodialysis treatment
and repetitive cannulation. An AVF can be created at several locations in the arm. The
chosen site is a compromise between initial and long-term access patency, complication
rates and saving potential access sites for future procedures [11, 12, 13, 14]. For the former reasons, the AVF at wrist level is preferred over more proximal AVFs which involve
an anastomosis at the elbow level. In clinical practice, the surgeon selects the AVF configuration based on experience. A preoperative vessel assessment is used to determine the
continuity and caliber of the vessels. Arterial pulsatility and the continuity of both arteries and veins are assessed by palpation. Additionally, more vessel details are obtained by
duplex ultrasound measurements [7, 8, 31]. Despite the expertise of the surgeon and the
extensive preoperative work-up, non-maturation occurs in up to 50% of all newly created
lower arm AVFs [6, 7, 10, 12]. On the other hand, complications associated with too high
flows are observed in 20% of all upper arm AVFs [6, 7, 8, 12]. A too low flow measured
directly after surgery is indicative for non-maturation [10, 32], while a high postoperative flow (> 30% of the cardiac output) increases the risk on cardiac failure and hand
ischemia [11, 12, 13, 14]. A tool that can preoperatively predict direct postoperative flow
is potentially clinically important to enable better selection of the AVF configuration.
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Figure 3.1: A schematic picture of the torso and arm vasculature including the major arteries and the superficial veins (left). The procedure of
creation of an arteriovenous fistula (permanent connection between the artery and the vein) in the upper (middle, top) and lower (middle, bottom)
arm and the connection of the VA to the dialyzer are depicted. At the right the anastomosis is shown in more detail.
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We hypothesize that a computational model fed by patient-specific data is able to predict
direct postoperative flow and has the ability to assist the surgeon in selecting the optimal
AVF configuration. The advantage of a computer model is that different factors that influence VA flow (e.g. diameter, accessory veins and vessel distensibility) and their mutual
dependency can be taken into account.
Computer models with various degrees of complexity ranging from 3D models [38, 53,
54], pulse wave propagation models (cited below), to lumped parameter models [34, 46,
47, 56, 57] are used to study the (patho-)physiology of the cardiovascular system, depending on the application of interest. Although 3D models enable for studying local
flow phenomena, they are less suitable for predictive surgery because of their high computational cost. Pulse wave propagation models are appropriate for predictive vascular surgery, because they can be used to calculate the distribution of pressure and flow
throughout the vascular system within minutes. And besides, pulse wave propagation
models are easier to adapt to patient-specific conditions than 3D methods. Lumped parameter models might also be applied in predictive surgery, however, in contrary to pulse
wave propagation models, geometric information is lost, while the latter can be essential
when planning surgical interventions. Moreover, in pulse wave propagation models nonlinear equations can be incorporated describing the relation between cross-sectional area
and pressure [50, 51, 52, 61, 62], or describing additional pressures drops resulting from
stenoses, curvature and anastomoses [50, 51, 52, 62]. In our application, i.e. on vascular
access surgery, a nonlinear flow waveform dependent relation is needed to incorporate the
pressure drop over the anastomosis. For these reasons, a pulse wave propagation model is
chosen in this study. Although some previous studies have described the use of pulse wave
propagation models to predict hemodynamic changes after creation of femoro-popliteal
[50], thoraco-thoraco aortic [51, 52] and aorto-femoral bypassess [52], the use of predictive models is not common in clinical practice yet.
Pulse wave propagation models include the multi-branched configuration of the arterial
system and a description of the distributed nature of arterial properties. The vascular system is divided into segments that represent local blood and vessel wall properties. All
segments are serially connected based on the anatomical configuration. For each segment
the relation between pressure and flow is described by the one-dimensional momentum
and continuity equations derived by Hughes and Lubliner [59]. In addition, a constitutive
law is used to describe wall behavior. The resulting equations can be solved for pressure and flow by several numerical techniques like the method of characteristics [33, 60],
the spectral element method [61, 63] and the finite element method [51, 52] resulting in
one-dimensional (1D) pulse wave propagation models. Pulse wave propagation models
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in which segments are lumped (spatial information within each segment is lost) into an
electrical analog are also used [36, 40, 64] and here referred to as distributed lumped parameter pulse wave propagation models.
In the momentum equation, approximations for wall shear stress and the convective acceleration term are needed. These terms can be estimated from a large variety of velocity
profiles based on Poiseuille [51, 52], Witzig-Womersley theory for pulsatile flow [60], the
Young and Tsai formulation [25], and approximated velocity profiles [61, 62]. Bessems
et al. [61, 63] used an approximated velocity profile based on boundary layer theory and
solved the resulting set of equations in time domain by using spectral elements.
Previously, we showed that after neglecting the nonlinear convection term, it is possible
to derive a lumped parameter segment [86] to describe the pressure-flow relation in each
vascular segment based on the set of equations used by Bessems [61] without loosing
accuracy. Neglecting the convection term is reasonable, as in the application in this study
this term is expected to be relatively small [65, 87] compared to the inaccuracy of the flow
predictions resulting from inaccuracies in input parameters. Numerical implementation
of a wave propagation model consisting of lumped parameter segments is straightforward.
This method defines flow positive when directed into the segment and therefore no coupling equations are needed. Furthermore, the lumped parameter wave propagation model
simplifies coupling of other lumped segments (e.g. for windkessels or for nonlinear elements like the anastomosis) to wave propagation segments because they have the same
format and can be assembled together. In addition, the lumped parameter wave propagation implementation is, in our experience, robust. A lumped parameter description is
intuitive and comprehensible, as the lumped parameter segment is build of three types
of elements; resistors representing resistance to blood flow, inductors related to the force
that is needed to accelerate blood and capacitors representing the storage capacity of the
blood vessel. We thus expect that a lumped parameter pulse wave propagation model will
be more readily implemented and used in clinical practice. In this study we derive and
present a lumped parameter pulse wave propagation model and, in addition, we show how
the model can be made patient-specific and might be used for VA surgery planning. The
difference between the lumped model approach in this study and the one in for example
Westerhof et al. [36] is that our electrical elements are based on an approximated velocity
profile, which result in Womersley number dependent resistors and inductors. We do not
need to include extra electrical elements to describe Womersley profiles as in Westerhof
et al. [36]. Another main difference is that we allow for vessel diameter tapering within
one segment.
We will first describe the mathematical approach of the pulse wave propagation model
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and the modeling of the feeding artery, the anastomosis and the outflow veins of the AVF
complex. Next to the mathematical description, the interpretation of the different elements is given to improve the understanding of the model’s background. Subsequently,
the model is applied to VA surgery and we examine whether the model is able to delineate
flow increases in upper arm and lower arm AVFs. Finally, we will compare simulations
results of flow after VA creation with flows observed in a clinical setting.

3.2 Material and methods
3.2.1 The mathematical model
For the scope of modeling the effect of VA on blood pressure and flow distribution, segments are needed that represent arteries, veins and the anastomosis. By combining the
segments we are able to construct different vascular topologies with or without an AVF.
Before we describe the patient-specific topologies in detail, we will first present the physical and mathematical background of the different segments and how the segments can
be assembled to form the distributed lumped parameter wave propagation model.
Governing equations
The relation between pressure p and flow q for each vascular segment is derived from
conservation of mass and the momentum equation by assuming fully-developed incompressible Newtonian flow in a straight vessel. For more details we refer to [59, 61] and
the Appendix of this chapter. The mass equation is further simplified by assuming a
compliance C0 per unit length, resulting in
C0

∂p ∂q
+
+Ψ=0
∂t
∂z

(3.1)

with
C0 =

∂A
∂p

(3.2)
p=p0

in which p0 is the mean pressure, A is the cross-sectional area and Ψ the flow per unit
length distributed to small side-branches that are not separately modeled by vascular segments.
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The momentum equation is given by
Z
∂
A ∂p
2πa0
∂q
+
( vz 2 dA) +
− Afz −
τw = 0
∂t
∂z A
ρ ∂z
ρ

(3.3)

in which A is the cross-sectional area, vz the local axial velocity, a0 the vessel radius at
mean pressure, τw the wall shear stress and ρ the blood density. In momentum equation
R
∂
(3.3), the convection term ( ∂z
( A vz 2 dA)) and the effect of body forces (Afz ) are neglected because their contributions are expected to be small in the arm vasculature, which
are the most important vessels in the application for VA planning [65, 87]. Neglecting the
convection term is allowed as long as Vc ≪ 1 in which V is the blood velocity and c the
wave speed [55]. This holds in the arm vasculature and by approximation in the aorta.
An expression for wall shear stress as function of p and q is derived from a time and frequency dependent approximated velocity profile which is based on boundary layer theory
(see this chapter’s Appendix and [61, 86] for more details). The momentum equation then
becomes
−

∂q
1
cq
∂p
]R0 q + [
]L0
=[
∂z
2 − cp
2 − cp
∂t

(3.4)

8η
in which R0 is the Poiseuille resistance per unit length ( πa
4 ) and L0 is the inertia per
0
ρ
unit length ( πa2 ). Parameters cp and cq solely dependent on the Womersley number
0
q
(α = a0 ωρ
with
ω angular frequency) and are given by [61]
η

√
√
2
2
(1 −
),
cp = 1 +
α
2α

√
α
2 −1
cq = √ (1 −
)
2α
4 2

for α >

√
2

(3.5)

and
cp =

3
,
2

cq =

1
2

for α ≤

√
2.

(3.6)

A lumped parameter segment is derived that consists of a Womersley number dependent
resistor per unit length R and a Womersley number dependent inductor per unit length L
in series representing the momentum equation (Figure 3.2, left). The capacitor per unit
length C and the resistor RL of this lumped parameter segment represent the continuity
equation.
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Figure 3.2: Lumped parameter model of a vascular segment (left) and a three-element windkessel
model that is used to model branches that are truncated (right).

By evaluating cp and cq only for the characteristic frequency, this serial configuration
fits Womersley theory better than the parallel configuration proposed earlier by us [86],
whereas when all frequencies are considered they behave similar. For more details we
refer to the Appendix of this chapter. By evaluating cp and cq only for the characteristic
frequency, parameters L and R stem from momentum equation (3.4), which results in
−

∂q
∂p
= Rq + L
∂z
∂t

(3.7)

with
R=[

cq (α0 )
]R0
2 − cp (α0 )

and

L=[

1
]L0
2 − cp (α0 )

(3.8)

herein, α0 is the Womersley number corresponding to the characteristic frequency.
Vascular segment
For both arterial and venous segments (Figure 3.2), a lumped parameter segment with the
serial arrangement of the resistor and inductor is used. For each segment total resistance
and total inertance are obtained by integrating R and L over the segment length.
The superficial veins that are used for venous drainage in an AVF can have an elliptical
cross-sectional area and therefore different expressions for L0 and R0 in (3.8) are used
that apply to elliptical tubes. The Poiseuille resistance per segment length for an elliptical
tube R0,v is than given by [88]
R0,v =

8η(a20 + b20 )
2π(a30 b30 )

(3.9)
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with a0 and b0 the major and minor radii at the mean pressure p = p0 . Note that equation
8η
(3.9) reduces to R0 = πa
4 (Poiseuille resistor) in case a0 = b0 . The venous inertance per
0
unit length, L0,v , is
L0,v =

ρ
.
πa0 b0

(3.10)

To incorporate vessel compliance in the lumped parameter model, a capacitor is added
to each side of the vascular segment (Figure 3.2), representing half of the total vascular
compliance over that segment [36]. Furthermore, it is assumed that the artery is a thickwalled linear elastic tube. The compliance per segment length is then given by [64]

C0 =

2πa20 (

2a20 (1−µ2 )
h20

0
+ (1 + µ)( 2a
h0 + 1))

0
E0 ( 2a
h0 + 1)

(3.11)

with E0 the Young’s modulus, µ the Poisson ratio and h0 the wall thickness. Veins can
have an elliptical cross-sectional area, and therefore, instead of a0 a weighted average
√
radius (ā0 = a0 b0 ) is used in (3.11). Because veins are much thinner than arteries, the
limit of (3.11) for ā0 >> h0 is used for veins, resulting in
C0,v =

2πā30 (1 − µ2 )
E0,v h0

(3.12)

in which E0,v is the venous Young’s modulus. Total compliance for each segment is determined by integrating C0 or C0,v over the segment length.
The distributed flow Ψ in (3.1) is captured by adding linear resistances in parallel to the
capacitors (Figure 3.2).
Modeling the anastomosis
The anastomosis (Figure 3.1) cannot be modeled by linear segments because the radial
velocity component is no longer infinitesimally small compared to the axial velocity and
flow separation can occur in this region. The velocity profile can thus not be based on
fully developed flow in straight vessels. Consequently, a special segment is created to
model pressure losses over the anastomosis.
Due to complex flow patterns, resulting from the geometry at the anastomotic region
and possible turbulence, there is no analytical relation that describes the pressure losses.
Steele et al. [51] and Jones et al. [89] have applied pressure loss relations for a T-junction
to model the anastomosis of a thoraco-thoraco aortic bypass graft and a hemodialysis
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prosthetic graft, respectively. They both neglected the extra pressure drop due to unsteadiness of flow. This assumptions seems reasonable as pulsatility in an AVF decreases
with respect to the steady component and because the cross-sectional area of the vein is
larger than the area of the anastomosis which results in deceleration of flow and thus an
increase in pressure which might compensate for the extra pressure drop resulting from
the unsteady flow. However, future research should investigate this statement. In this
study, we therefore followed the same approach as Steele et al. [51] and Jones et al. [89]
to model the anastomosis of an AVF (Figure 3.3). Pressure in the proximal artery pp minus pressure in the vein pv and pressure in the proximal artery pp minus pressure in distal
artery pd can be written as [51, 90]
1
pp − pv = Kv ρvp2
2

(3.13)

1
pp − pd = Kd ρvp2
2

(3.14)

and

respectively. Herein vp is the cross-sectional averaged blood velocity in the proximal
artery, and Kv the loss coefficient from the proximal artery to the proximal vein, and Kd
the loss coefficient from the proximal artery to the distal artery.

Figure 3.3: The anastomosis incorporated in the lumped parameter pulse wave propagation model.

Gardel et al. [91, 92] experimentally derived semi-empirical relations for the loss coefficients Kv and Kd . The loss coefficients for an anastomosis are given by (dividing
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T-junction) [90, 91, 92]
θ
k4 − k5 A∗
1
θ
]+k6 q ∗ (1−q ∗ )(1+ ∗ )cot (3.15)
Kv = k1 (1−q ∗ )2 +q ∗ 2 [k2 cot −k3 +
2
∗
2
A
2
A
Kd = k7 (1 − q ∗ )2 + k8 q ∗ 2 − k9 q ∗ (1 − q ∗ )

(3.16)

in which q ∗ is the ratio between flow through the vein and flow through the proximal
artery, A∗ is the ratio between cross-sectional area of the vein and cross-sectional area of
the proximal artery and θ is the angle between proximal artery and proximal vein (Figure
3.3). Empirical determined values for the constants k1 to k9 are given in Table 3.1.

Table 3.1: Semi-empirical determined dimensionless constants k1 to k9 for equation (3.15) and
(3.16) [91, 92].

k1
0.95

k2
1.3

k3
0.3

k4
0.4

k5
0.1

k6
0.4

k7
0.03

k8
0.35

k9
0.2

By introducing flow qp = vp Ap with Ap the cross-sectional area of the proximal artery,
(3.13) and (3.14) can be rewritten to
1 qp2 1
pp − pv = Kv ρ 2 2 |qv |qv = Rv (q ∗ , A∗ , θ, qv , qp , Ap )qv
2 qv Ap

(3.17)

1 qp2 1
pp − pd = Kd ρ 2 2 |qd |qd = Rd (q ∗ , A∗ , θ, qd , qp , Ap )qd .
2 qd Ap

(3.18)

and

The pressure drop in the anastomosis from the proximal artery to proximal vein and to
distal artery is incorporated in the pulse wave propagation model by adding two resistors,
Rv and Rd , that nonlinearly depend on flow.
Numerical scheme
After assembly of the segments and by using the (implicit) trapezoidal rule for time integration the following system of equations is derived (see this chapter’s Appendix for
more details)
Kpn = q ne + f n−1
e
e
e

(3.19)
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in which K is the system matrix, pn is a column containing the nodal pressures that we
e q n denotes the external nodal flows containing zero
calculate in the current time step n,
e
values for all nodes except the nodese on which external flow is prescribed, and f n−1 is
e
the right hand side column vector resulting from time integration and matrix assembly.
The system of equations is solved with a direct solver after defining boundary conditions
as described in the next section. The flow through each segment is depicted by applying
an analogue of Ohm’s law.
By incorporating flow dependent resistors (3.17) and (3.18) for the anastomosis, the system becomes nonlinear and is given by
K i (qi ∗ , A∗ , θ, qvi , qdi , qpi , Ap )pi n = q ne + f n−1 .
e
e
e

(3.20)

To solve (3.20) an iterative procedure, with iterative steps i, is used which is described in
detail in this chapter’s Appendix.
Boundary conditions
Prescribed flows. In our model aortic flow is prescribed at node k=1 and thus q e =
e
[qaorta , 0, .., 0]T . The aorta is part of the modeling domain to be able to predict the redistribution of flow through the body after AVF creation. Moreover, reflections at the inlet
are better represented (closed aortic valve) than if we prescribe the flow at the arm.
Prescribed pressures. In addition, extravascular pressure pe and venous pressure at the
end of the venous branch pv and at the end of the windkessel model pv,wk are prescribed.
Windkessel model. At arterial ends, arteries are terminated with a three-element Windkessel model (Figure 3.2) consisting of a characteristic impedance, Zwk , a resistance,
Rwk and a compliance, Cwk [57]. The characteristic impedance is chosen such that reflections from high frequencies (ωCwk Rwk ≫ 1) are attenuated [57]. The pressure drop
over the characteristic impedance is then given by
p − ps = Zwk q

with

Zwk =

r

L
C0

(3.21)

in which Zwk is the characteristic impedance for ωL ≫ R and ps a standard reference
pressure. R, L and C0 are, respectively, the resistance, the inertance and the compliance
of the segment before the end-segment.
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The sum of the resistance Rwk and the characteristic impedance Zwk is the total resistance
Rp of the peripheral bed [57]:
Rp = Zwk + Rwk .

(3.22)

Rp is defined as:
Rp =

p̄
β q̄

(3.23)

with β the fraction of the cardiac output flowing through the peripheral bed and p̄ the
mean arterial pressure and q̄ the cardiac output.
The pressure wave decreases during diastole with a time constant that is equal to:
τ = Rwk Cwk .

(3.24)

If τ and Rwk are known, the compliance Cwk can be derived from (3.24). The parameter
Rwk can be derived from equation (3.22) and (3.23), while τ can be obtained from the
descending slope of the local pressure curve during diastole or can be based on literature.
To adapt the model to patient-specific conditions, blood properties (viscosity, density),
and geometrical (radius, wall thickness-to-radius ratio, vessel length, anastomosis angle)
and mechanical vessel properties (Poisson ratio, Young’s modulus) are needed. Additionally, patient-specific boundary conditions should be available.

3.2.2 Models for vascular access surgery
Ten patient-specific models were made using data from ten ESRD-patients awaiting VA
creation to facilitate hemodialysis. For all patients the target extremity did not have an
earlier VA. The study was approved by the Medical Ethical Committee of the Maastricht
University Medical Center (MUMC) and all patients gave their written informed consent.
Depending on the arm in which the VA is created, the left or right arm is modeled in detail.
The aorta, the vessels in the lower body, in the contralateral arm and in the head are only
modeled partially and then closed by windkessel models. These arteries are included into
the model to obtain the correct flow distribution over the vasculature as this is unknown
after AVF creation. Postoperatively, an element that models the anastomosis and a venous
branch are added to model the venous return of the AVF. For an upper arm AVF a single
vein is added (basilic or cephalic vein), whereas for a lower arm AVF the distal cephalic
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vein, the median cubital vein and the proximal basilic vein are added. The computational
domains of the preoperative, the lower arm and the upper arm configuration are shown in
the case of a left arm in Figure 3.4. In case of a right arm configuration, the computational
domain is comparable; the left arm is truncated after the first edge (left subclavian artery
A) and the right carotid artery and the right arm are added to the end of the innominate
artery. The models are made patient-specific as described in the next paragraph.
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tree (red) and the included veins (blue) are divided in edges. The arterial edge numbers refer to the edges in Table 3.3. The venous edges for
the lower arm AVF represent the distal cephalic vein (#14), the median cubital vein (#15), the proximal cephalic vein (#16), the basilic vein
and the distal axillary artery (#17) and the proximal axillary and subclavian vein (#18). The venous edges for the upper arm AVF represent the
proximal cephalic vein and the distal axillary vein (#14) and the proximal axillary and subclavian vein (#15). The light blue circles indicate the
locations on which diameter measurements are available.
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Figure 3.4: The computational domains for the preoperative situation, with an upper arm and with a lower arm AVF in the left arm. The arterial
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Patient-specific input
Model geometry. All ten patients underwent a preoperative duplex ultrasound examination to determine vessel diameters as part of standard clinical health care. Diameters of
the brachial, radial and ulnar arteries as well as the basilic, subclavian and cephalic vein
were measured in the distal lower arm (a few cm proximal to the wrist joint), halfway
the lower arm, in the proximal lower arm (a few cm distal to the elbow joint), at the elbow joint, in the distal upper arm (a few cm proximal to the elbow joint), halfway the
upper arm and in the proximal upper arm (a few cm distal to the axilla). In addition,
diameters of the subclavian artery and the median cubital vein are determined (Table 3.2).
Prior to measurement of the distal venous diameters a tourniquet was applied around the
upper arm to induce venous dilatation which increases the reproducibility of the measurement [93, 94]. Arterial and venous diameters were measured in B-mode, both in
longitudinal and transversal imaging plane using an electronic caliper with an accuracy
of 0.1 mm. Because the ultrasound examination supplies diameters on discrete locations
(Figure 3.4), a linear inter- and extrapolation was performed within each vascular edge
to obtain diameter-length relations for each vascular edge. All edges are then divided in
vascular segments. For diameters of the other vessels, data from Stergiopulos et al. [25]
are used (Table 3.3) after applying a patient-specific scaling factor, determined from the
ratio between the measured arm diameters and arm diameters from [25]. Also the arterial
lengths are based on Stergiopulos et al. Venous lengths are assumed equal to the arteries
at the same anatomical level. Generic values for vessel lengths were taken as Leguy [72]
showed that the mean flow is not sensitive to uncertainties in the lengths of the vessels
and for AVF creation mean flow is the most important outcome. However, note that for
other output parameters like the transit time of the waveforms this does not hold. In that
case, the vessel lengths should be determined patient-specifically.
The wall thickness to radius ratio in the subclavian, axillary and brachial artery were set
to 0.15, in the ulnar, interosseus and radial artery a ratio of 0.20 was taken [24, 95, 96].
For all other arteries data from Stergiopulos [25] were used (Table 3.3). For veins a ratio
of 0.10 was assumed. The anastomosis angle is unknown prior to surgery but has influences the pressure drop over the anastomosis. It was therefore varied between 30 and 60
degrees.
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Table 3.2: All patient-specific data that is measured within the clinic for each individual patient.
#3

#4

#5

#6

#7

#8

#9

#10

7.3
4.5
3.7
4.1
3.6
2.5
2.1
4.4
1.8
1.4

6.9
5.2
4.9
5.9
2.8
2.3
2.2
2.0
1.8

7.7
5.7
4.6
5.4
4.2
2.2
2.5
3.6
1.1
1.4

6.3
5.5
4.2
4.6
2.6
2.4
2.4
3.5
2.6
2.1

8.0
4.8
4.8
6.1
2.6
2.9
1.8
1.7

6.3
2.8
4.2
2.6
2.4
2.6
1.6
1.3

8.4
5.2
4.1
4.6
2.6
2.0
2.2
2.4
1.7
2.2

6.2
4.2
3.8
3.9
3.0
2.0
2.1
2.0
2.0
2.1

1.3
2.3
2.7
2.3
2.3
1.1
2.0
2.9
2.9
4.2
-

2.0
4.3
4.2
3.4
2.2
1.0
0.7
3.1
4.4
3.5
6.9

2.5
2.0
3.5
2.4
1.7
1.2
1.8
4.0
5.3
6.8
5.5
7.7a

1.7
2.3
5.0
4.9
3.8
4.2
3.5
5.1
4.2
4.7
6.8

2.9
2.7
3.1
1.5
2.0
6.0
6.4
5.6
8.0

2.0
3.2
3.5
3.2
4.6
1.8
2.5
2.4
5.4
6.8
7.2
9.5

2.1
1.8
2.5
3.1
2.4
2.7
6.0
5.8
2.0
9.3

1.7
3.2
3.3
4.0
3.0
3.7
4.4
5.0
3.5
4.9
8.4

1.5
2.9
3.4
2.9
4.1
1.5
2.8
3.4
3.1
5.1
-

2.1
4.8
4.6
3.6
2.4
1.4
1.1
3.4
5.3
3.9
6.9

2.8
2.7
3.5
2.8
2.0
1.4
1.8
4.2
6.1
7.4
7.1
7.7a

1.7
3.7
5.9
5.3
4.0
4.7
4.3
5.3
4.9
6.7
6.8

2.9
2.7
3.3
2.1
2.4
6.1
7.3
5.9
8.0

3.1
4.5
4.1
4.5
4.8
2.6
4.2
3.5
2.8
7.1
7.2
9.5

2.3
2.2
2.8
3.7
2.5
3.2
6.5
6.0
2.1
9.4

1.8
3.5
4.0
4.3
3.7
3.8
4.5
5.3
4.0
6.2
9.4

124

104

88

105

64

113

98

76

6.4 · 103
125
7
8

4.7 · 103
147
31
32

4.8 · 103
111
24
11

3.9 · 103
192
50
44

4.9 · 103
108
41
31

7.1 · 103
164
79
18

4.9 · 103 b
247
79
57

4.9 · 103b
87 c
44
39

6.4

4.5

4.5

6.1

6.7

3.4

7.0

6.7
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#1
#2
Arterial diameters [mm]
Subclavian artery
6.6
9.0
Brachial artery proximal
4.4
5.1
Brachial artery in the middle
3.4
4.3
Brachial artery distal
3.8
4.2
Radial artery proximal
2.3
3.3
Radial artery in the middle
2.2
2.7
Radial artery distal
1.5
1.7
Ulnar artery proximal
2.7
Ulnar artery in the middle
2.5
1.9
Ulnar artery distal
1.5
1.8
Minor axis venous diameters [mm]
Cephalic vein distal
1.4
3.4
Cephalic vein in the middle of the lower arm
2.0
3.9
Cephalic vein at the elbow
3.7
5.0
Cephalic vein in the middle of the upper arm
3.1
Cephalic vein at shoulder level
3.5
Basilic vein distal
2.5
Basilic vein in the middle of the lower arm
1.3
3.3
Basilic vein at the elbow
3.4
3.8
Basilic vein in the middle of the upper arm
3.6
7.2
Basilic vein before entering the deep venous system
6.4
Median cubital vein
2.2
5.9
Subclavian vein
9.0
9.0a
Major axis venous diameters [mm]
Cephalic vein distal
1.5
4.8
Cephalic vein in the middle of the lower arm
2.2
4.9
Cephalic vein at the elbow
4.6
6.2
Cephalic vein in the middle of the upper arm
3.1
Cephalic vein at shoulder level
3.5
Basilic vein distal
2.6
Basilic vein in the middle of the lower arm
1.4
3.6
Basilic vein at the elbow
3.8
4.0
Basilic vein in the middle of the upper arm
4.0
8.2
Basilic vein before entering the deep venous system
7.6
Median cubital vein
2.5
9.6
Subclavian vein
9.0
9.0a
Mean pressure [mmHg]
Brachial artery
102
115
Mean flow [ml/min]
Ascending aorta
5.3 · 103
4.9 · 103
Axillary artery in the middle
20c
190
Radial artery in the middle
8
20
Ulnar artery in the middle
8
28
−6
−1
Distensibility [10
Pa
]
Brachial artery
6.8
4.6
a The subclavian vein diameter is not measured here and therefore assumed to be equal to the diameter of the subclavian artery.
b The mean aortic flow is not measured with MR flow for this patient but assumed to be equal to patient #2.
c The mean axillary artery flow is not measured with MR flow for this patient, therefore the preoperative Doppler US flow is used.
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Table 3.3: Physiological and geometrical data of the arterial tree based on Stergiopulos et al. [25].
This table contains the segment length l, the proximal radius ap , the distal radius ad , the wall
thickness h and the elastic Young’s modulus E.
Edge nr.
1
2
3
4
5
6
7
8
9
10
11
12
13

Arterial edge name
ascending aorta
aortic arch A
aortic arch A
innominate
aortic arch B + thoracic aorta
left carotid
left subclavian A
left vertebral
left subclavian B + axillary + brachial
left radial
left ulnar proximal
left interosseus
left ulnar distal 1

l [10−2 m]
4.00
1.00
1.00
3.40
9.10
4.10
3.40
4.90
44.3
23.5
6.70
7.90
5.70

ap [10−2 m]
1.47
1.12
1.12
0.62
1.07
0.370
0.423
0.188
0.403
0.174
0.215
0.091
0.203

ad [10−2 m]
1.44
1.12
1.12
0.62
0.999
0.370
0.423
0.186
0.236
0.142
0.215
0.091
0.188

h [10−3 m]
1.63
1.26
1.26
0.80
1.13
0.63
0.66
0.45
0.67
0.43
0.46
0.28
0.46

E [106 Pa]
0.40
0.40
0.40
0.40
0.40
0.40
0.40
0.80
0.40
0.80
0.80
1.60
0.80

Elastic properties. For each patient the distension (change in diameter d) of the brachial
artery was measured with ultrasound (Picus with ART.LAB functionality, ESAOTE B.V.
Europe). Simultaneously, the brachial pressure pb was assessed from real-time noninvasive finger pressure measurements (NexFin, BMEYE B.V., The Netherlands). From the
distension ∆d and the brachial pulse pressure ∆pb the distensibility D can be assessed
from
D≈

a2sys − a2dia
1 ∆A
≈
πa20 ∆pb
a20 ∆pb

(3.25)

in which asys and adia are the systolic and diastolic radii. The determined distensibilities
are given in Table 3.2.
By assuming a thick-walled tube formulation and a wall thickness to radius ratio of 0.15,
the Young’s modulus of the brachial artery was determined from (3.11). This estimate for
the (patient-specific) Young’s modulus was also taken for the subclavian, axillary, ulnar,
radial and interosseus artery. The Young’s modulus for veins was assumed to be 1.2 · 105
Pa and derived from [97] by applying (3.12) and a wall thickness to radius ratio of 0.10.
Constants. In all simulations blood density, blood viscosity, and the Poisson ratio were
chosen to be 1.05 · 103 kg/m3 , 3 · 10−3 Pa · s, and 0.5 [-] respectively [36].
Boundary conditions
Prescribed flows. As input the aortic flow waveform is used that is preoperatively determined by means of phase-contrast PC-MRI for each patient. In Table 3.2 the timeaveraged aortic flow is given, whereas in the Figures 3.5 and 3.6 an example of a patient-
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specific aortic flow waveform is presented.

Prescribed pressures. The extravascular pressure pe was assumed to be 0 mmHg. The
venous branch that represents the AVF’s draining vein was closed with a venous pressure
pv of 10 mmHg whereas the windkessels were closed with a venous pressure pv,wk of 0
mmHg.

Windkessel parameters and distributed flow to small side-branches. The time constant τ
was set to 1.1 seconds according to data from Leguy [72]. The peripheral resistance of
an end-segment, Rp , was determined by (3.23). The mean arterial pressure was assessed
from finger pressure measurement (Table 3.2). Flow waveforms through the axillary,
ulnar and radial artery were determined by PC-MRI and the time-averaged flows were
used to calculate peripheral resistance. By assuming that the interosseus artery and ulnar
artery are subjected to equal Poiseuille wall shear stress (Murray’s law [98]), the mean
flow through the interosseus artery q̄i can be determined by
q̄i = (

a0,i 3
) q̄u
a0,u

(3.26)

in which q̄u is the mean ulnar artery flow, a0,i the interosseus diameter and a0,u the distal ulnar diameter. Furthermore, it was assumed that 0.5% of the cardiac output flows
through the end-segment of the vertebral artery, while 7% flows to the left and 7% to
the right carotid artery, and that preoperatively, the flow to both arms is the same. The
remaining cardiac output flows through the thoracic aorta. Blood flow through small side
branches that were not modeled separately, was only applied in the axillary and brachial
artery and represents the blood that flows to the muscles in the upper extremity. This
amount of flow distributed for each patient was assessed from the difference between the
time-averaged axillary artery flow and the sum of the time-averaged radial, ulnar and interosseus flows as determined by PC-MRI and (3.26).

Numerical constants. In all simulations the time step ∆t was set at 5 ms and the convergence criterium ǫ=10−5 m3 /s was used. The simulations were stopped if the relative
difference of mean pressures between two consecutive cardiac cycles was smaller than
10−5 .
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Simulations and analysis
Before application of the lumped parameter implementation to patient-specific vascular
access planning, we benchmarked our lumped parameter implementation with the spectral element implementation of Bessems [61] on a generic arterial tree.
The ten patient-specific lumped parameter pulse wave propagation models are used to
simulate the effect of VA creation on the hemodynamics in the arm. First, pressure and
flow waveforms in the brachial and distal radial artery are compared for both an upper
and lower arm AVF creation to study the ability of the model to delineate flow increases
and pressure changes resulting from an upper and a lower arm AVF creation.
To demonstrate how a patient-specific lumped parameter pulse wave propagation model
might be able to support in the decision making of the AVF location, the direct postoperative flow for the lower arm AVF are compared to a threshold of 400 ml/min; when a flow
larger than 400 ml/min is predicted for the lower arm AVF, a lower arm AVF is suggested,
otherwise an upper arm AVF is indicated. The suggested AVF configuration is compared
to the configuration that is independently selected and created by a vascular surgeon with
ample experience and expertise in creating VA for hemodialysis (more than 1000 AVFs
created).
Finally, simulated mean brachial artery flow for the established AVF configuration is
compared with the direct (within one week) postoperative mean brachial artery flow determined by duplex ultrasound. In our vascular lab, this mean brachial artery flow is
determined by measuring the time-averaged maximum blood flow velocity with Doppler
ultrasound and multiplying this with the cross-sectional area depicted from B-mode imaging, thus assuming a flat velocity profile. However, in reality the velocity profile will
differ from a flat profile. The actual velocity profile within the brachial artery can be calculated from Womersley theory [84] in the case of fully developed flow. However, the
high mean Reynolds numbers postoperatively (O(600-2000)) will result in large entrance
lengths (O(20-70 cm) for a diameter of approximately 6 mm) for the steady flow component and therefore the flow is not necessarily fully developed. In addition, the peak
Reynolds numbers might even be higher (O(1500-6500)) resulting in possible turbulent
flow and thus more flat velocity profiles. For these reasons and, in addition, due to curvature, the real velocity profile is not exactly known. However, it is likely that the actual
velocity profile is between a parabolic and a flat velocity profile. Therefore, we decided
to correct for the velocity profile by a factor 0.75 and to define a range with as upper
limit the flow determined with a flat profile and as lower limit the flow determined from a
parabolic profile (corrected by 0.5).

52

Chapter 3. Pulse wave propagation model

3.3 Results
No differences were found between the lumped parameter implementation in this study
and the spectral element implementation of Bessems [61], demonstrating a correct realization of the proposed scheme.

3.3.1 Vascular access planning
Preoperative results

Figure 3.5: The predicted (solid) and MR measured (dashed) axillary, radial and ulnar artery flows
as function of time for patient #2.

The model was adapted to mimic the patient-specific pressure and flow waveforms preoperatively. Figure 3.5 shows simulated and measured (with MR) preoperative flow waveforms in the axillary, radial and ulnar artery for patient #2 as an example. This patient
is chosen as representative for all patients. Results for the other patients were equally
good, however, in two patients (#1 and #10) measurement of the axillary artery flow was
missing. Preoperatively, the simulated mean flows are almost equal (i.e. 0.18 l/min versus 0.19 l/min for the axillary artery flow, 0.019 l/min versus 0.020 l/min for the radial
artery flow and 0.025 l/min versus 0.028 l/min for the ulnar artery flow) to the measured
mean flows. This is expected, since these data are used as input for the model. However, simulated and measured flow waveforms in the axillary, ulnar and radial artery are
also quite similar, although the simulated artery flow waveforms are slightly more attenuated than the measured ones. In addition, there is a small time delay (25 ms) between
the simulated and measured axillary artery flow, and reflections differ between the flow
waveforms. This probably results from generic geometrical properties used as model input such as arterial lengths that influence wave propagation. The simulated mean arterial
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pressure of 112 mmHg is close to the measured arterial pressure of 115 mmHg, which is
also expected as it is used as model input. For all patients differences between simulated
and measured mean pressure and flows were smaller than 5%.
Postoperative results: general effects

Figure 3.6: The pressure and flow waveforms calculated by the model in the brachial artery and
distal radial artery before surgery (solid), after the creation of a lower arm AVF (dashed) and after
creation of an upper arm AVF (dotted) for patient #2. The anastomosis angle was set at 45 degrees.
Changes in pressure and flow after AVF creation are discussed by again using the simulation results of patient #2. For all other patients, similar effects are observed. For this
patient, the mean brachial artery flow increases from 0.12 l/min to 0.55 l/min after creation of a lower arm AVF (Figure 3.6) and to 1.9 l/min after creation of an upper arm AVF
(brachio-basilic(BB) AVF). The anastomosis angle was set to 45 degrees for these simulations. The negative peak (backflow), that is present in the brachial artery flow waveform
preoperatively, disappears after creation of both a lower and upper arm AVF. The mean
brachial pressure decreases more after creation of the upper arm AVF (from 112 to 61
mmHg) than after creation of the lower arm AVF (from 112 to 100 mmHg). The systolic
and diastolic pressure also decrease postoperatively.
In the distal radial artery the mean flow decreases from 0.019 l/min to 0.011 l/min after
creation of the lower arm AVF, whereas after creation of the upper arm AVF the radial
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artery flow decreases to 0.011 l/min. The mean radial pressure decreases from 109 mmHg
to 66 mmHg and 61 mmHg after creation of the lower and upper arm AVF, respectively.
In the distal radial artery a backflow is observed in the diastolic phase both preoperatively
and after creation of an upper arm AVF, whereas backflow disappears after the creation of
a lower arm AVF. In Figure 3.7 the effect of the anastomosis model and the anastomosis

Figure 3.7: The pressure drop over the anastomosis from the axillary artery to the subclavian vein
if no anastomosis element is incorporated (-) and with anastomosis element for an anastomosis angle
of 30, 45 an 60 degrees. The systolic (solid), mean (dashed) and diastolic (dashed-dot) pressures
are presented for patient #2 for the upper arm configuration (BB).

angle is shown for an upper arm AVF configuration (BBAVF) for patient #2. Neglecting
the extra pressure drop over the anastomosis results in a very low mean arterial pressure
(approximately 43 mmHg) after AVF creation and a very high flow (3.1 l/min). Incorporating the anastomosis model results in a more realistic AVF flow whereas pulsatility
distally from the anastomosis decreases. Furthermore, it can be observed that an acute
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anastomosis angle gives a larger pressure drop than a wider anastomosis angle. The negative diastolic venous pressure, observed in Figure 3.7, results from neglecting venous
collapsibility.
Postoperative results: surgical planning

Figure 3.8: The calculated brachial artery flows after the creation of a lower arm AVF for all patients. The values are presented for an anastomosis angle of 45 degrees and the error bars represent
the variation in flow prediction due to a variation in anastomosis angle (± 15 degrees). The table
shows the AVF configuration (U=upper arm, L=lower arm) based on the simulated postoperative
flow and the AVF configuration selected by the surgeon. The superscript ∗ indicates a different
choice.

In Figure 3.8 simulated brachial artery flow in case of a lower arm AVF is shown for all
patients. In addition, the choice of the surgeon and the choice of the model are shown. The
error bars on the simulated flows in this figure represent the influence of the anastomosis
angle. With the current threshold of 400 ml/min in nine of the ten patients the surgeon
and the model select the same AVF configuration (upper arm or lower arm AVF). The
choice of the model and the surgeon differed in patient #7. Clinically, the AVF of patient
#7 showed delayed maturation (three months) while all other AVFs matured within six
weeks.
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Figure 3.9 shows that the absolute values of model predictions are in the same order of
magnitude as the measured postoperative flows in six out of ten patients, whereas in the
other four patients there is no overlap.

Pat.#
1
2
3
4
5
6
7
8
9
10

AVF type
upper arm AVF (BB)
lower arm AVF (RC)
upper arm AVF (BC)
lower arm AVF (RC)
lower arm AVF (RC)
upper arm AVF (BC)
lower arm AVF (RC)
lower arm AVF (RC)
upper arm AVF (BC)
upper arm AVF (BC)

Clinical remarks
Fluid collection at anastomosis
Young patient
Significant side-branch
Arterial wall irregularities
Small cannulation area
Delayed maturation
Cold hands/steal

Figure 3.9: The predicted brachial artery flows after the creation of the AVF configuration selected
by the surgeon compared with the observed brachial artery flow for this AVF configuration directly
after surgery (within 1 week). The error bars on the simulated flow represent the variation in flow
prediction due to a variation in anastomosis angle (± 15 degrees), whereas the error bars on the
measured flow represent the flow based on a parabolic velocity profile and a flat profile. In the table
(down) the patient characteristics are given.
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3.4 Discussion
This study aimed to derive and present a lumped parameter pulse wave propagation model
that is robust and easily applicable in a clinical setting. Additionally, we showed how a
patient-specific computational model, that predicts the postoperative flow, might support
the surgeon in selecting an AVF configuration (i.e. upper or lower arm).
A lumped parameter pulse wave propagation model is presented with vascular segments
based on an approximated velocity profile derived from boundary layer theory [61]. Pressure and flow waveforms calculated by the lumped parameter implementation are equal
to the spectral element implementation of Bessems [61].
The lumped parameter pulse wave propagation model presented in this study is able to
capture the pressure and flow changes after AVF creation. Both observed and simulated
flow through the brachial artery increases significantly. Also a drop in blood pressure
is observed after AVF creation. Additionally, the simulations show that the backflow
normally present in the brachial artery disappears after AVF creation, as described in literature [99, 100]. The hemodynamical effects resulting from AVF creation were more
pronounced in an upper arm AVF compared to a lower arm AVF, as is observed in clinical
practice [99, 100].
To demonstrate how the lumped parameter pulse wave propagation model might be able
to assist in VA surgery planning, the model is used to simulate AVF creation in ten ESRD
patients. The model accurately describes preoperative hemodynamics: simulated mean
pressures and flows differ by less than 5% from measured values and the simulated and
measured flow waveforms are similar. Small differences in amplitude, transition time
and shape due to reflections between measured and simulated flow waveforms can be explained from input inaccuracies for geometrical and mechanical properties of the vessels
(for example by using generic values) inducing differences in wave propagation.
The lumped parameter pulse wave propagation model selects the same AVF configuration as the experienced surgeon in nine out of ten patients when using a threshold of
400 ml/min. In one of the patients (#7) the model suggested another AVF configuration.
However, in this patient the maturation process was delayed (three months instead of six
weeks) and the predicted low flow was possibly indicative for this. The threshold we used
to select the optimal AVF is based on literature [32]. An AVF flow larger than 600 ml/min
and smaller than 30% of the cardiac output after six weeks of maturation is generally accepted as a proper AVF flow [9, 10, 13, 14]. In a lower arm AVF the direct postoperative
flow is on average 60% of the flow after maturation while in an upper arm AVF this is
almost 80% [32]. To be on the safe side, in the simulations a threshold of 400 ml/min was
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used. However, changing this threshold will naturally result in different conclusions. To
establish the correct threshold a larger study is required. The results of this preliminary
study give us the possibility to further elucidate the power of the model in a larger population.
The predicted postoperative flows are in the same order of magnitude as the measured
postoperative flows in six out of ten patients. In the other four patients the predicted and
observed flows differ. In patient #3, the large difference can be explained from the fact
that a major venous side-branch was not incorporated in the model, although this sidebranch significantly influenced the resulting AVF flow.
However, a comparison between measured and simulated flows is hampered by the inaccuracy in the flow predictions resulting from measurement inaccuracies in the input that
is currently unknown. Hence in a future study, we need to perform an uncertainty analysis
to determine the influence of input inaccuracies on our flow predictions. Furthermore, a
sensitivity analysis needs to be performed to help to identify the parameters for which
measurement improvements are necessary and most rewarding to further decrease the inaccuracy on the flow prediction, while less important parameters can be fixed and based
on literature. The latter will result in parameter reduction and eases the adaptation of the
model to patient-specific conditions and implementation in clinical practice potentially
also. The comparison between measurement and simulations is also hampered by the
accuracy of the measured mean brachial artery flow that is not exactly known. Next to
the assumption of the velocity profile, is the uncertainty of Doppler flow measurements
caused by measurements errors, like for example diameter measurement inaccuracy or an
incorrect angle of the Doppler measurement. Therefore, in future research the inaccuracy
of Doppler flow measurements should be determined and a method should be developed
that is able to accurately measure the postoperative mean brachial artery flow, which will
result in model and measurement comparisons that are more quantitatively.
In this study, we used a lumped parameter wave propagation model to predict the postoperative flows. Because the main output of interest was the mean brachial flow and the
momentum and continuity equations were linearized, the wave propagation model can
eventually be simplified to a model consisting of resistances only if a proper estimate for
the anastomosis resistance is known. However, the anastomosis resistance is dependent
on the flow and we therefore need at least locally a proper estimate of the flow waveform.
In addition, to be able to incorporate, in future research, the nonlinear relation between
the venous pressure and its cross-sectional area and adaptation laws, a wave propagation
model is better suitable than a model consisting of resistances only. Especially, because
the distributed locations were stenosis might develop can be of clinical interest.
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In future research, the pressure-flow relation for the anastomosis that was assumed to be
similar to a T-junction should be validated, for example by 3D CFD simulations of anastomoses. An extra pressure drop due to unsteadiness in flow should possibly be included.
Incorporating these model improvements will result in less uncertainty in the model description and therefore better flow predictions, however, it will also increase the model
complexity and number of model input parameters, hereby increasing the effect of data
uncertainty. Increasing the model complexity will thus not necessarily result in better flow
predictions. Therefore, future research will first focus on the current model and applying
this for prediction of flow including the reliability for a larger patient population.

3.5 Conclusion
In this study, we have presented a lumped parameter pulse wave propagation model that is
easily implementable, robust, intuitive and comprehensible towards VA planning. Additionally, we showed that a patient-specific model can be used to simulate the hemodynamical effects after AVF creation and might assist in VA surgery planning. The advantage
of such a model is that it allows for preoperative patient-specific simulations of multiple
factors (e.g. diameters, accessory veins and the anastomosis) and their mutual influence
on postoperative flow.

Appendix: Governing equations, electrical analog and numerical scheme
Governing equations
Basic equations
Here we will derive the 1D wave propagation equations by using the 1D Reynolds transport theorem. This part is based on Hughes and Lubliner [59] and van de Vosse and
Stergiopulos et al. [55] .
1D Reynolds transport theorem
In accordance with the work of Hughes and Lubliner [59], we take the geometry as depicted in Figure 3.10 as point of departure. The time-dependent volume V (t) is bounded
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Figure 3.10: A vascular segment on which Reynolds transport theorem is applied.

by the total surface St (t) that consists of two longitudinal surfaces A1 and A2 perpendicular to the z-axis at fixed locations z1 and z2 respectively, and the lateral surface of V (t)
denoted by Sl and allowed to move with velocity u. The outward normal to the surfaces
A1 , A2 and Sl is given by n. The Reynolds transport theorem can now be written as
Z
Z
Z
∂ψ
d
ψdV ) =
(ψu · n)dSt
(
dV +
dt V (t)
V (t) ∂t
St (t)

(3.27)

in which ψ = ψ(x, t) is an arbitrary function dependent on location and time and in which
dV and dSt are infinitesimal volume and surface elements respectively. We know define
the luminal area mean ψ̄ by
1
ψ̄ =
A

Z

ψdA.

(3.28)

A(z,t)

Knowing that z1 and z2 are fixed and independent on time, the left hand side of (3.27) can
be written as
Z
Z z2 Z
Z
d z2
d
d
(
ψdA)dz) =
Aψ̄dz
(
ψdV ) = (
dt V (t)
dt z1 A(z,t)
dt z1
Z z2
∂
=
(Aψ̄)dz. (3.29)
∂t
z1
Now we introduce the relative velocity of the lateral vessel wall w = u − v and the assumptions that u = 0 at the longitudinal surfaces (A1 and A2 ) and that the flow is incompressible (i.e. ∇ · v = 0). The second term on the right hand side in (3.27) results
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in
Z

St (t)

(ψu · n)dSt =

Z

Sl

(ψw · n)dSl +

Z

V (t)

(v · ∇ψ)dV −

Z

z2

z1

∂
(Aψvz )dz (3.30)
∂z

after application of the Gauss divergence theorem [59]. Substituting (3.29) and (3.30) in
(3.27) results in
Z

z2

(

z1

∂
∂
(Aψ̄) + (Aψvz ))dz =
∂t
∂z

Z

(
V (t)

∂ψ
+ v · ∇ψ)dV +
∂t

Z

Sl

(ψw · n)dSl (3.31)

or equivalently:
Z

z2

z1

∂
∂
(Aψvz ))dz =
( (Aψ̄) +
∂t
∂z

Z

z2

z1

Z
∂ψ
+ v · ∇ψ)dA)dz
( (
A ∂t
Z z2 I
( ψw · ndl)dz
+
z1

(3.32)

l

with dl an infinitesimal line element on the closed curve l bounding A. Finally, the local
form of the Reynolds transport theorem with respect to the axial coordinate z is given by
∂
∂
(Aψ̄) +
(Aψvz ) =
∂t
∂z

Z

A(z,t)

(

∂ψ
+ v · ∇ψ)dA +
∂t

I

ψwn dl

(3.33)

l(z,t)

with wn = w · n is the normal component of w on curve l. Equation (3.33) is used as
basis for the derivation of the mass and momentum equations.

1D Mass conservation equation
By taking ψ = 1 in the local Reynolds transport theorem (3.33) and by introducing the
flow q = Av¯z , we arrive at the integrated continuity equation in (A, q):
∂A ∂q
+
+Ψ=0
(3.34)
∂t
∂z
H
with Ψ = − l(z,t) wn dl the volumetric outflow per unit length. Substitution of the constitutive relation, expressing the response of the vessel wall to pressure variations, according
to
∂A
∂A ∂p
∂p
=
≡C
∂t
∂p ∂t
∂t

(3.35)
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results in the continuity equation in (p, q)-formulation:
C

∂p ∂q
+
+Ψ=0
∂t
∂z

(3.36)

with C = C(z, t) the area compliance of the vessel that can be obtained from experimental data or from a solid mechanical model of the arterial wall.

1D momentum equation
The momentum equation for the fluid inside volume V (t) in three dimensions is given by
ρ(

∂v
+ v · ∇v) = ρf + ∇ · τ
∂t

(3.37)

with ρ blood density, f the body forces and τ the Cauchy stress tensor. For (generalized)
Newtonian fluids, the Cauchy tensor is given by
τ = −pI + 2ηD

(3.38)

with η the dynamic blood viscosity and D the rate of deformation tensor. If we define
the characteristic axial length scale Lz to be the minimum of the wavelength λ of the
pressure and flow waves traveling through the arteries and if we associate the wavelength
scaling
(or curvature) with axial changes in the cross-sectional area ( ∂A
∂z ), the following
q
′
′
′
(x,y)
A0
z
is introduced for the coordinates: (x , y ) = a0 and z = Lz with a0 =
π . The
′

velocity can be scaled according to: (vx ′ , vy ) =

(vx ,vy )
U

′

and vz =
2

vz
V

a0
Lz V . If
2
max(fx, fy )≪ Va0 ) or

with U =

we now assume that all body forces are small (i.e. fz ≪ U
Lz and
Lz 2
work mainly in the axial direction (i.e. fz ≫ ( a0 ) max(fx, fy )), or in the case of long
waves and gradual changes of cross-sectional area (i.e La0z ≫ 1), we can neglect all terms
that scale with La0z . The pressure p is in that case constant over the cross-sectional area
and only depends on z and t. The 3D momentum equation in the z-direction will then
reduce to
ρ

∂p
∂vz
+ ρ(vA · ∇A vz ) +
= ρfz + ∇A · τA
∂t
∂z

(3.39)

with τA = η(∇A vA + (∇A vA )T ), with the in-plane velocity vA = vx ex + vy ey and
∂
∂
gradient operator ∇A = ex ∂x
+ ey ∂y
. Integration of (3.39) over the cross-sectional area
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results in
Z
Z
Z
∂p
∂vz
dA + +ρ (vA · ∇A vz )dA + A
= Aρfz + (∇A · τA )dA. (3.40)
ρ
∂z
A
A
A ∂t
By using the divergence theorem and after dividing by ρ we obtain for a constant blood
viscosity
Z

A

∂vz
dA +
∂t

Z

A ∂p
(vA · ∇A vz )dA +
= Afz +
ρ ∂z
A

I

η
( ∇A vz · m)dl
l ρ

(3.41)

with m = (mx , my , 0) the outerward normal to l. The first term of (3.41) can now be
rewritten by using the local Reynolds transport theorem (3.27) for ψ = vz . The momentum equation in (3.41) now becomes
∂q
+
∂t

Z

I
∂(Avz2 ) A ∂p
η
(vA · ∇A vz )dA+
+
= Afz + ( ∇A vz · m+vz wn )dl. (3.42)
∂z
ρ ∂z
A
l ρ

R
For uniaxial flow A (vA · ∇A vz )dA = 0 because vA = 0. Now we introduce the approxH
0
imation l ( ηρ ∇A vz · m)dl ≈ 2πa
ρ τw in which τw is the wall shear stress defined here as
z
tethering of the
τw = η ∂v
∂r |r=a0 with r the radial direction. After assuming longitudinal
H
tube, we are allowed to take vz = 0 at the vessel wall and thus l vz wn dl = 0. Note
R
∂(Av 2 )
∂
further that ∂z z = ∂z
( A vz2 dA). By using the properties and assumptions above, the
momentum equation results in
Z
∂q
A ∂p
∂
2πa0
+
( vz2 dA) +
= Afz +
τw .
∂t
∂z A
ρ ∂z
ρ

(3.43)

To solve (3.43) with respect to p and q together with the 1D mass equation and a constitutive relation between A and p, assumptions on the shape of the velocity profile as
function of p and q have to be made to be able to make at least proper approximations
R
of the convective term ( A vz2 dA) and the wall shear stress term. In the next subsection,
the approximated velocity profile derived by Bessems et al. [61] and used in this study is
described.

Approximated velocity profile
The approximated velocity profile to estimate the convective term and the wall shear stress
in equation (3.43) is based on asymptotic solutions for the Stokes boundary layer in which
viscous forces are dominant and the central core of the tube in which inertia forces are
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dominant, matched at the location of the Stokes boundary layer thickness from the wall.
This approximated velocity profile as function of p and q in the time domain was derived
by Bessems et al. [61]. The approximations for the wall shear stress and the convective
term are
τw ≈ −

∂p
a0
[cq (α)R0 q − (cp (α) − 1) ]
2
∂z

(3.44)

and
Z

A

vz2 dA ≈ δ1 (α)

q2
A

(3.45)

respectively.
Parameters δ1 , cp and cq solely dependent on the Womersley number (α =
q
ωρ
a0 η with ω angular frequency). The parameters cp and cq are given by [61]
√
√
2
2
(1 −
),
cp = 1 +
α
2α

√
α
2 −1
cq = √ (1 −
)
2α
4 2

for α >

√
2

(3.46)

and
cp =

3
,
2

cq =

1
2

for α ≤

√
2.

(3.47)

Parameter δ1 is neglected in our study because the contribution of the convection is expected to be small in the arm vasculature [65, 87]. However, for more details we refer to
Bessems et al. [61].
The approximated velocity profile converges to parabolic and flat profiles for respectively
low and high Womersley numbers [61, 86]. Furthermore, the velocity profiles correspond
fairly well with velocity profiles obtained from Womersley theory [61].

Lumped segment: electrical analog
Previously, we showed that the momentum equation (3.4) can be represented by a lumped
parameter model (Figure 3.11, left panel) consisting of a parallel arrangement of a resistor
per segment length R1 and an inertance per unit length L1 in series with a Poiseuille
resistor per segment length R0 [86]. This arrangement of the electrical elements is based
on boundary layer theory with L1 depicting the inertia dominated core and R1 the viscous
dominated boundary layer. Mathematical expressions of these parameters, R1 and L1 , are
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given by [86]
R1 = f (α)R0

and

L1 = g(α)L0

(3.48)

with
f (α) = [

α4
cq (α) − (2 − cp (α))
+
],
2 − cp (α)
64(cq (α) − (2 − cp (α)))(2 − cp (α))

(3.49)

and
g(α) = [64

(cq (α) − (2 − cp (α)))2
1
+
].
(2 − cp (α))α4
2 − cp (α)

(3.50)

It was also shown by Huberts et al. [86] that the relative impedance of this lumped parameter model corresponds to the relative impedance of Womersley theory [84]. Since
R1 and L1 are frequency dependent (due to the Womersley number), they should be evaluated in the frequency domain. However, in this study we will need to include nonlinear

Figure 3.11: Different lumped parameter models that represent the momentum equation (3.4). The
left lumped parameter model is based on boundary layer theory and derived in Huberts et al. [86].
The right lumped parameter model is used in the current study.

elements, e.g. for the anastomosis, and a frequency domain analysis is no longer possible. Here, we thus chose for an analysis in the time domain, analogous to Bessems et al.
[61]. In time domain, we evaluate R1 and L1 only for the characteristic frequency of a
heartbeat (ω0 ), as it contains most of the signal’s power. However, in that case, pressure
and flow waveforms of the lumped parameter pulse wave propagation model consisting
of segments represented by the lumped parameter element from Huberts et al. [86], are
too much attenuated for higher frequencies (> 6 Hz) compared to Womersley theory
[84], resulting in deviations in pressure and flow waveforms. Therefore, in this study, we
use a lumped parameter segment consisting of a Womersley number dependent resistor
per unit length R and Womersley number dependent inductor per unit length L in series
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(Figure 3.11, right panel), which fits Womersley theory better than the parallel configuration, when evaluated only for the characteristic frequency. Parameters L and R stem from
momentum equation (3.4) while cp and cq are evaluated for the characteristic frequency,
which results in
−

∂q
∂p
= Rq + L
∂z
∂t

(3.51)

with
R=[

cq (α0 )
]R0
2 − cp (α0 )

and

L=[

1
]L0 .
2 − cp (α0 )

(3.52)

Herein, α0 is the Womersley number corresponding to the characteristic frequency.
Note that when analyses are performed including all frequencies, both lumped parameter
segments (i.e. (3.48) and (3.52) represented in Figure 3.11) give the same results.

Matrix assembly and numerical scheme
In this appendix we describe the assembly of the system matrix and the numerical scheme.
In Wolters et al. an analogous derivation for the system matrix is presented [40]. The
lumped parameter wave propagation model is described by a set of equations that are derived from the behavior of the constituting electrical elements, i.e. a resistor R, inductor
L and/or compliance C within each segment (either an arterial, venous, anastomosis or
windkessel segment). With q e = [q1 , q2 ]T the column of locally defined nodal flows and
e locally defined nodal pressures, the pressure-flow relation
pe = [p1 , p2 ]T the column of
e
for the segment resistor R, the inductor L, and the compliance C are given by, respectively,
q e = Re r pe ,
e
e

with
Re

r

1
=
R

q e = Le r
e

1 −1
−1 1

!

,

Z

τ =τ
τ =0

Le

r

pe (τ )dτ + q e (0),
e
e
1
=
L

1 −1
−1 1

!

q e = C e ṗe
e
e
,

Ce = C

(3.53)

1 −1
−1 1

!

the electrical element matrices. Note that R can represent Z0 , Rwk , R(α), Rp , Rd or
RL depending on the modeled segment, whereas C can represent both Cwk in the case
of a windkessel segment and C0 /2 or C0,v /2 in the case of an arterial or venous segment
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respectively. The parameter L is only representing L(α). By assembling the equations
describing the pressure-flow relations for all electrical elements within the segments, by
assuming an analogue of Kirchhoff’s current law to satisfy element-to-element mass conservation and by using the property that coinciding local nodes have equal pressures, the
assembling process results in the following set of integral-differential equations

with

∂p
C e + Rr p + Lr hn + q (0) = q e
∂t
e
e
e
e
n

h =
e

Z

(3.54)

τ =t

τ =0

p(τ )dτ
e

(3.55)

The matrices C, Rr and Lr thus contain all compliances, reciprocal resistances and reciprocal inertances respectively. q e is a column vector (N by 1) that only contains nonzero
e
values at nodes where flow is prescribed.
p = [p1 , p2 , ..., pN ]T is a column vector (N by
e
1) containing global nodal pressure values.
∂p

The time derivative ( ∂te ) and time integral (hn ) in the set of integral-differential equations
e
(3.54) are approximated by using an (implicit) trapezoidal rule. The initial conditions are
∂p

q (0) = 0, p(0) = 0 and ∂te |τ =0 = 0. The final scheme is then given by
e
e
with

Kpn = q ne + f n−1
e
e
e

(3.56)

K=

(3.57)

∆t r
2
C + Rr +
L
∆t
2

and
∆t r n−1
∂p
2
.
f n−1 =
Cpn−1 + C( )n−1 − Lr hn−1 −
L p
∆t
∂t
2
e
e
e
e

(3.58)

Parameter ∆t is the time step, and n and n − 1 refer to the current time step and one time
step earlier.
By incorporating flow dependent resistances (3.17) and (3.18) for the anastomosis, the
system becomes nonlinear and is given by
∂p
C e + Rr (q ∗ , A∗ , θ, qv , qd , qp , Ap )p + Lr hn = q e .
∂t
e
e
e

(3.59)
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To solve (3.59) an iterative procedure is used. In the first iteration step i the system
matrices of the linear equations are used to arrive at the first approximation pi . By using
an analogue of Ohm’s law the flows qvi and qdi through the resistances ine (3.17) and
(3.18), next to the proximal flow qpi and q ∗ , are determined and used to update the system
matrix to Ri r . By inserting pi and the updated matrix Ri r in (3.59) an approximation q ei
e
e
for q e is derived. The approximated
q ei is compared with the prescribed column vector
e
e
q e leading to a residual column vector r = q ei − qe . From this residual column vector the
e e
e
e
∞-norm is calculated given by
||r ||∞ = max |r k |.
16k<N e
e

(3.60)

If the norm is larger than a predefined convergence criterium ǫ, the next iteration is executed, i.e. the approximation pi+1 is calculated with the updated matrix Ri r , until the
e A schematic overview of the numerical solving strategy
convergence criterium is reached.
is given in Figure 3.12.
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Loop over h cardiac cycles
I Update cardiac cycle h = h + 1
Incremental loop per cardiac cycle
a: update time step n = n + 1
b: use old solutions solutions pn−1 and hn−1 as initial estimates
e
e
Iterative loop
1 assemble matrix K and f n−1
e
n−1
2 add external flow vector q n
e to f
e
e
3 solve system of equations to determine pn
i
e
4 in case of linear system: continue to c
else: calculate qvi , qdi , qpi by using an analog of Ohm’s
law
5 use A∗ , Ap and the flow estimates for updating Rr
6 calculate an approximation for the prescribed flow vector
q ei by using the updated Rri and pn
i
e
e
7 calculate the residual vector r = q ei − q e
e e
e
8 compute the convergence norm: ||r ||∞ = max16k<N |r k |
e
e
9 in case of a convergence norm smaller than a prescribed
threshold: continue to c
else: update i = i + 1 and start at 1.
n
c: copy iterative solution to incremental solution, pn = pn
i and calculate q by
e
e
e
using an analog of Ohm’s law and store these values

d: continue at step a until one cycle is reached, thereafter continue to II
p̄ −p̄

II compute the convergence norm: max( eh p̄eh−1 )
eh
III in case that the convergence norm at II is smaller than 10−5 : stop the calculation else: continue
at step a

Figure 3.12: Schematic of the iterative scheme.
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Chapter 4

A sensitivity analysis to improve
the measurement protocol

This Chapter is based on:
W. Huberts, C. de Jonge, W.P.M. van der Linden, M.A. Inda, J.H.M. Tordoir, F.N. van de
Vosse, E.M.H. Bosboom, A sensitivity analysis to improve the measurement protocol to
assess parameters for a personalized pulse wave propagation model: application to AVF
surgery, Submitted, (2011)
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Abstract
Previously, a pulse wave propagation model was developed that has potential in supporting decisionmaking in vascular access surgery for hemodialysis. To adapt the wave propagation model to personalized conditions, patient-specific input parameters should be available. In clinics, the number of
measurable input parameters is limited which results in sparse datasets. In addition, patient data are
compromised with uncertainty. These uncertain and incomplete input datasets will result in model
output uncertainties. By means of a sensitivity analysis the propagation of input uncertainties into
output uncertainty can be studied which can give directions for input measurement improvement.
In this study, a computational framework has been developed to perform such a sensitivity analysis
with a variance-based method and Monte Carlo simulations. The framework was used to determine
the influential parameters of our pulse wave propagation model applied to vascular access surgery,
with respect to parameter prioritization and parameter fixing. With this we were able to determine
the model parameters that have the largest influence on the predicted mean brachial flow and systolic radial artery pressure after vascular access surgery. Of all 73 parameters 51 could be fixed
within their measurement uncertainty interval without significantly influencing the output, while
16 parameters importantly influence the output uncertainty. Measurement accuracy improvement
should thus focus on these 16 influential parameters. The most rewarding are measurement improvements of the following parameters: the mean aortic flow, the aortic windkessel resistance, the
parameters associated with the smallest arterial or venous diameters of the AVF in- and outflow
tract and the radial artery windkessel compliance.
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4.1 Introduction
A well-functioning vascular access is crucial for successful hemodialysis therapy. Such
a vascular access is used to connect the patient’s circulation to the artificial kidney and
should provide the blood flow rate of 300 ml/min required for efficient treatment [8, 9].
The best option for a vascular access is an arteriovenous fistula (AVF) in the arm, which
is a surgically created permanent connection between an artery and vein [8, 9] resulting
in a five- to thirtyfold flow increase and vessel dilation and remodeling. An AVF can be
created at several positions in the arm and the optimal location is preoperatively selected
by a vascular surgeon. Functioning lower arm AVFs have statistically better long-term
patency rates and lower complication rates than upper arm AVFs [8, 9]. However, for a
significant number of patients (up to 50%), the resulting blood flow after creation of a
lower arm AVF can be too low to enable hemodialysis [6, 7, 10]. Conversely, the blood
flow in upper arm AVFs may be too high, leading to cardiac problems and/or distal hand
ischemia in 20% of all upper arm AVFs [6, 7, 8, 12]. In addition to the high blood flow,
also a low systolic finger pressure after AVF creation is indicative for the development of
distal ischemia [7, 8, 9].
In previous work, a distributed lumped parameter pulse wave propagation model was presented that simulates the hemodynamical conditions directly after AVF creation [101]. In
order to make personalized predictions that might assist the surgeon during vascular access planning, the model parameters were adapted to patient-specific conditions and the
model was able to select the same AVF configuration (upper or lower arm) as an experienced surgeon (more than 1000 interventions) in nine out of ten patients. Furthermore,
the predictions of the mean brachial flows were similar to ultrasound flow measurements
in six out of ten patients [101]. Although these preliminary results were promising, to
further optimize the use of this personalized pulse wave propagation model we need to be
able to deal with the uncertainty in and incompleteness of input datasets obtained by clinical measurements. This uncertainty in input parameters will propagate to the pressure and
flow predictions and therefore it is necessary to analyse the uncertainty in the predictions
before inferences with the model can be made reliably. The knowledge of which model
parameters influence output uncertainty the most can be used to determine which clinical
measurements are most important for obtaining reliable predictions. Developing more
accurate measurement methods for these model parameters will be most rewarding as this
will result in the best improvement of the predictions. Model parameters that hardly influence the output can be fixed within their uncertainty interval (parameter fixing), whereas
the model parameters that largely influence the output should be repetitively measured
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with high accuracy to reduce output uncertainty (parameter prioritization).
To select which model parameters can be fixed and which model parameters need to be
prioritized for measurement improvements, a sensitivity analysis needs to be performed
[68, 69]. A sensitivity analysis can either be local or global [68, 69, 70, 102]. In a local
sensitivity analysis, changes in the output are investigated by varying one input parameter
around its initial value, while all other input parameters are kept fixed. The conclusions,
therefore, only hold when the input conditions are kept around the initial state and neglect
the influence of interactions between input parameters. In a global sensitivity analysis,
sensitivity measures are determined while all model parameters are changed simultaneously and thus the complete input domain is sampled and interactions between model
parameters are taken into account. Because the wave propagation model is nonlinear and
interactions between parameters are expected, a global sensitivity analysis is the most
suitable for our application.
Xiu et al. [71] performed uncertainty and sensitivity analysis in a wave propagation model
of a human arterial tree based on generalized polynomial chaos expansion. The uncertain
model parameters were modeled as random variables directly within the governing equations, transforming them into stochastic equations. This method gives a global description
of the effect of model parameter uncertainties on the output. However, the deterministic
properties of the model are lost and therefore apportioning the output uncertainty to the
input uncertainties is difficult. An alternative is a Monte Carlo approach, in which the
input parameters are randomly varied within their uncertainty domain [68, 69]. Leguy et
al. [72] used Monte Carlo simulations to perform a global sensitivity analysis of a wave
propagation model and showed that the majority of model parameters affected the output significantly. However, Leguy et al. used the Pearson correlation coefficient and the
ranked Spearmann correlation coefficient as sensitivity measures [72]. These correlation
coefficients can only be applied for monotonic models and do not reveal interactions between model parameters [68, 69, 74, 102]. Variance-based methods are independent of the
model’s behavior with respect to linearity, monotonicity or additivity, and these methods
also take into account possible interactions between parameters. Wenk et al. [39] used a
variance-based method in their application of finite element stress analysis of atherosclerotic plaques. However, they only had a limited number of three input parameters. To
our knowledge, variance-based methods have not yet been applied to wave propagation
models which typically have 50 parameters. The aim of this study is to identify the influential and non-influential model parameters of our pulse wave propagation model, when
applied to AVF surgery with respect to parameter fixing and parameter prioritization. We
use a variance-based method and Monte Carlo simulations, which is considered to be
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the current best available practice to perform a global sensitivity analysis [68, 69, 75].
This analysis will generate more insight into the model and into which model parameters should be determined more accurately to reduce output uncertainty, resulting in an
improved measurement protocol. Because the choice of which parameters to prioritize
and which parameters to fix depends on the specific output parameter of interest, we have
focused in this study on the mean brachial flow and systolic radial artery pressure distal
to the anastomosis after AVF creation. These outputs are chosen as mean brachial flow
is related to AVF short-term failure, while distal systolic pressure in the radial artery is
used as measure for finger pressure, which is related to distal ischemia [7, 8, 9]. Radial
pressure is chosen as it is difficult to assess vessel diameters and lengths in the hand vasculature.
In this paper, we briefly describe the distributed lumped parameter pulse wave propagation model, and, thereafter, present the variance-based global sensitivity analysis. In
the description of the global sensitivity analysis, an overview of the model parameters
and their uncertainty intervals are given. In addition, the computational framework to
calculate the sensitivity indices is presented. Results with regard to mean brachial flow
and finger pressure are presented and conclusions on how to improve the measurement
protocol to obtain the most reliable model outcomes are drawn.

4.2 Material and methods
4.2.1 The wave propagation model
In this section, we give a short description of the distributed lumped parameter wave propagation model that we use. For details the reader is referred to Huberts et al. [101].
For the distributed lumped parameter wave propagation model in this study, the vascular
tree is divided in edges that are connected based on anatomy (Figure 4.1). Each edge is
divided into segments (Figure 4.2) with a maximum length of 5 cm. In each segment the
local relation between pressure and flow is described. For the scope of modeling the effect
of vascular access creation on blood pressure and flow distribution, segments that represent arteries, veins and the anastomosis are needed (Figure 4.2). For arterial and venous
segments, a lumped parameter approach based on local mass and momentum equations
is applied [86, 101]. The anastomosis segment consists of nonlinear resistors that depend
on anastomosis angle and blood flow. Parts of the cardiovascular system are truncated
and terminated with three-element windkessel models [57]. Assembling the equations for
all segments results in a system of differential equations that is solved by numerical inte-
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gration applying the trapezium rule for implicit time integration [101]. On the first aortic
node an MR measured aortic flow is prescribed, whereas a fixed intravenous pressure is
prescribed on the last venous node (Figure 4.1).
In this study two different topologies (computational domains) were used (Figure 4.1).
The first topology consists of the main arteries of the right arm, i.e. the innominate artery,
subclavian artery, axillary artery, brachial artery, interosseus artery, radial artery and ulnar
artery. A truncated part of the aorta, of the vertrebral artery and of the right and left common carotid arteries are also included and the arterial tree is extended with an anastomosis
segment and a venous outflow tract to mimic a lower arm AVF. The outflow tract consists
of the cephalic vein in the upper and lower arm, the median cubital vein, the basilic vein
in the upper arm and the axillary and subclavian vein. The second topology represents an
arterial tree with an upper arm AVF. The outflow tract now consists of the basilic, axillary
and subclavian vein.

4.2.2 Variance-based method
A variance-based method is used to determine the influence of the input parameters on
the model output. The model output may be either a scalar or a vector but will be a scalar
in this study as will be explained later in Section 4.2.3. Sensitivity indices, as described
earlier by Saltelli et al. [68, 69, 103] and outlined below, are used for parameter prioritization and parameter fixing. Parameter prioritization aims to identify the input parameter
Xi that results in the largest reduction in variance of the model output of interest Y if the
true value of this parameter would be known. For parameter prioritization we need to determine for each input parameter the variance V (Y ) in the model output of interest if this
input parameter is fixed at its true value x∗i , i.e. V (Y |Xi = x∗i ) (see this chapter’s Appendix for more details). Knowing the exact value of an influential parameter will result
in V (Y |Xi = x∗i ) ≤ V (Y ). However in general, the exact value of Xi is not known and
therefore x∗i can have different values in the domain of Xi . For this reason, the expected
value of V (Y |Xi = x∗i ) is determined by integrating this conditional variance, weighted
by the probability density function of Xi , over all possible values x∗i (i.e. the domain Xi ),
which results in E(V (Y |Xi )) (see [68, 69, 103] and the Appendix of this chapter). It can
be proven that [104],
V (Y ) = E(V (Y |Xi )) + V (E(Y |Xi )).

(4.1)

Thus the total unconditional variance, V (Y ), is the sum of the main effect, V (E(Y |Xi ))
and the residual effect E(V (Y |Xi )) of Xi on Y . By dividing the main effect by the total
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Figure 4.1: The computational domains for the two configurations. The numbers indicate to the
edges presented in Table 4.2, whereas the green circles show the location where output waveforms
are analyzed and the navy blue circles show the anastomosis. Note that the arterial edge numbers
and the distributed flow are only shown in the upper arm AVF configuration. In the lower arm AVF
configuration they are omitted to make the figure more clear.

Figure 4.2: The vessel edges lumped into segments in case of the lower arm AVF (left). On
the right side the lumped parameter models representing the arterial or venous segments (top), the
windkessels (middle) and the anastomosis segments (down) are shown. Arterial and venous edges
are build from the arterial and venous segments, whereas at the anastomosis region two anastomosis
segments (flow dependent resistors) are inserted. Truncated arteries are closed by windkessels.
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unconditional variance, the main (effect) sensitivity index is given by
Si =

E(V (Y |Xi ))
V (E(Y |Xi ))
=1−
.
V (Y )
V (Y )

(4.2)

The main sensitivity index has a value between 0 and 1 and represents the expected reduction in output variance that one would obtain if the true value, albeit unknown, of the
associated input parameter was known and was made into a model constant. A main sensitivity index which is large indicates an influential parameter. In case of additive models
with k input parameters, the total variance only consists of main effects of the input paPk
rameters [68, 69, 105], i.e. i=1 Si = 1.
For non-additive models, in which interactions between model parameters occur, determining the main sensitivity index is not sufficient to assess which parameter can be fixed
within its uncertainty range because it is possible that the main effect of a parameter is
small, while its contribution via the interaction with other terms is large. In that case
Pk
i=1 Si ≤ 1. For parameter fixing a sensitivity index which incorporates the effect of
interactions is needed.
The missing fraction of the variance for a non-additive model can be retrieved by determining the main sensitivity index for a group of parameters, e.g., for parameter Xi and
Xj . When the combined main sensitivity index of these parameters is larger than the sum
of the two individual main sensitivity indices, the extra effect Sij is the second-order or
interaction effect of the two parameters, i.e.:
Sij =

V (E(Y |Xi , Xj )) V (E(Y |Xi )) V (E(Y |Xj ))
−
−
.
V (Y )
V (Y )
V (Y )

(4.3)

Sobol [105] showed that for k independent input parameters there may be interaction
terms up to the k th order and that all interaction terms add up to the k th order, i.e.:
X
i

Si +

XX
i

i>j

Sij +

XXX
i

Sijl + . . . + S12...k = 1.

(4.4)

i>j l>j


Determining all nk sensitivity indices will result in the evaluation of many multi-dimensional
integrals which will become computational expensive. To overcome this, total (effect)
sensitivity indices are used [68, 69, 106].
These total sensitivity indices can be determined from
V (E(Y |X1 , . . . , Xi−1 , Xi+1 , . . . , Xk )) = V (E(Y |X−i )), which is the conditional variance if all parameters but Xi are fixed. V (E(Y |X−i )) includes all terms in (4.4) that
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|X−i ))
equals the sum of all terms (first
do not contain parameter Xi . Hence 1 − V (E(Y
V (Y )
and higher order) in (4.4) that do include Xi . By using (4.1), the total sensitivity index is
derived:

STi =

E(V (Y |X−i ))
.
V (Y )

(4.5)

In case of an non-additive model with three input parameters (X1 , X2 and X3 ) the total
sensitivity indices of these three input parameters are, ST1 = S1 + S12 + S13 + S123 ,
ST2 = S2 + S12 + S23 + S123 and ST3 = S3 + S13 + S23 + S123 respectively. The total
sensitivity index of parameter Xi is thus the sum of the main sensitivity index and the
higher-order sensitivity indices associated with parameter Xi . The total sensitivity index
represents the expected variance that is left if all parameters but Xi are exactly known and
made into model constants. Varying model parameters with the largest total sensitivity indices influence the model output the most, whereas model parameters with the smallest
total sensitivity indices can be fixed within their uncertainty range (parameter fixing).
The main and total sensitivity index can be estimated by performing a Monte Carlo experiment that explores the complete input space by randomly selecting a large number of
input samples per input parameter (> 1000) [68, 69]. In this study, the main and total sensitivity indices are estimated for each input parameter by the method described by Saltelli
et al. [103], which is summarized in this chapter’s Appendix and makes use of a Monte
Carlo experiment.

4.2.3 Global sensitivity analysis
The variance-based sensitivity analysis by means of a Monte Carlo experiment is performed on six patient-specific datasets to examine the impact of different initial values on
the results. The datasets contain the diameters, wall thicknesses, Young’s moduli and the
eccentricity ratios (quotient of the major and minor axis diameter) of all edges given in
Table 4.2 as well as edge lengths. In addition, mean brachial pressure, distributed flow
to the muscles in the upper arm, mean aortic flow, the anastomosis angle, intravenous
pressure and windkessel parameters are included in the datasets as model parameters.
Details on the datasets and the measurements can be found in Huberts et al. [101]. Varying the input parameters of all vascular segments independently within their uncertainty
domains would result in non-physiological outputs in the Monte Carlo experiment, due
to non-physiological transitions between connecting vessels (e.g. a small diameter vessel
continuing in a larger diameter vessel). Therefore, we decided to vary the input parameters of vessel tracts simultaneously. This results in the set of input parameters given in
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Table 4.1. The uncertainty domains of all parameters are also given in Table 4.1.

the upper arm AVF some venous edges are not in the model and therefore the related parameters are by definition non-influential in the upper arm
AVF configuration.
#
1
2
3
4
5
6
7
8
9
10
11
12
13
14
15
16
17
18
19
20
21
22
23
24
25
26
27
28
29
30
31
32
33
34
35

a

c

Change in arterial wall thickness
innominate, subclavian, axillary and brachial
radial
ulnar proximal and distal
interosseus
ascending aorta, aortic arch, thoracic aorta
Change in venous wall thickness
median cubital, basilic a
cephalic, axillary and subclavian b
Arterial wall thickness
subclavian, axillary and brachial
radial artery
ulnar proximal and distal
interosseus
ascending aorta, aortic arch, thoracic aorta
Venous wall thickness
median cubital, basilic a
cephalic, axillary and subclavian b

Uncertainty interval [%]

#

-10,10
-10,10
-10,10
-10,10
-10,10

36
37
38
39
40

-10,10
-10,10

41
42

-10,10
-10,10
-10,10
-10,10
-10,10

43
44
45
46
47
48
49
50

-10,10
-10,10
-10,10
-10,10
-10,10
-10,10
-10,10
-10,10
-10,10
-40,40
-40,40
-40,40
-40,40
-40,40
-40,40
-40,40
-40,40
-40,40
-40,40
-40,40
-40,40
-40,40
-40,40

51
52
53
54
55
56
57
58
59
60
61
62
63
64
65
66
67
68
69
70
71
72
73

Parameters
Arterial Young’s moduli
innominate, subclavian, axillary, brachial
radial
ulnar
interosseus
ascending aorta, aortic arch, thoracic aorta
Venous Young’s moduli
median cubital, basilic a
cephalic, axillary, subclavian b
Characteristic impedances
right carotid artery
left subclavian artery
radial artery
distal ulnar artery
interosseus artery
vertebral artery
thoracic aorta
left carotid artery
Windkessel resistances
right carotid artery
left subclavian artery
radial artery
distal ulnar artery
interosseus artery
vertebral artery
thoracic aorta
left carotid artery
Windkessel compliances
right carotid artery
left subclavian artery
radial artery
distal ulnar artery
interosseus artery
vertebral artery
thoracic aorta
left carotid artery
Other
intravenous pressure
eccentricity ratio of median cubital and basilic vein a
eccentricity ratio of cephalic, axillary and subclavian vein b
anastomosis angle
distributed flow
mean brachial pressure
mean aortic flow

Uncertainty interval [%]
-20-20
-20-20
-20,20
-20,20
-20,20
-20,20
-20,20
-20,20
-20,20
-20,20
-20,20
-20,20
-20,20
-20,20
-20,20
-25,25
-25,25
-25,25
-25,25
-25,25
-25,25
-25,25
-25,25
-50,50
-50,50
-50,50
-50,50
-50,50
-50,50
-50,50
-50,50
-50,50
1.3,1.9 c
1.3,1.9 c
15,90 c
-40,40
-10,10
-10,10

For an upper arm AVF the basilic, axillary and subclavian vein are combined.
Not used in the model for an upper arm AVF.
The absolute value [-] is presented.
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b

Parameters
Arterial lengths
innominate, subclavian, axillary and brachial
radial
ulnar proximal and distal
interosseus
ascending aorta, aortic arch, thoracic aorta
Venous lengths
median cubital and basilic vein a
cephalic, axillary and subclavian b
Arterial diameter tapering
innominate, subclavian, axillary and brachial
radial
ulnar proximal and distal
interosseus
ascending aorta, aortic arch, thoracic aorta
Venous diameter tapering
median cubital and basilic a
cephalic, axillary and subclavian b
Arterial diameters
innominate, subclavian, axillary and brachial
radial
ulnar proximal and distal
interosseus
ascending aorta, aortic arch, thoracic aorta
Venous diameters
median cubital and basilic a
cephalic, axillary and subclavian b
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Table 4.1: The input parameters and their uncertainty intervals. Edges that are changed simultaneously are separated by commas. Note that for
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Table 4.2: The edge numbers and their corresponding vessels.
#
1
2
3
4
5
6
7
8
9
10

Vessel name [-]
Ascending aorta
Aortic arch A1
Left carotid artery
Aortic arch A2
Aortic arch A3 and Thoracic aorta
Subclavian artery and Axillary artery A
Vertebral artery
Axillary artery B and Brachial artery
Radial artery
Proximal ulnar artery

#
11
12
13
14
15
16
17
18
19
20

Vessel name [-]
Distal ulnar artery
Interosseus artery
Left subclavian artery
Innominate artery
Right carotid artery
Distal cephalic vein
Median cubital vein
Proximal cephalic vein
Basilic vein and axillary vein B
Axillary vein A and Subclavian vein

Input parameters: definition of uncertainty domains
In clinical practice, it is not common to perform repeated measurements and usually only
one measurement is performed for each variable. Therefore, the exact uncertainty distributions are unknown. For this reason, we assumed an uniform uncertainty distribution for
each input parameter. This is a worst case scenario as it will result in an overestimation
of the effect of each parameter uncertainty. The uncertainty domain used for each model
parameter is based on measurement uncertainties or variations reported in literature and is
given below per input parameter. Uncertainties resulting from biological variations over
time are neglected in the current study. Furthermore, we assume that all input parameters are measurable and that the initial values are representative for the actual state of the
patient.
Geometry
Arterial and venous lengths. MRI or other imaging modalities are available in clinics
to extract information from the vascular tree. However, within the clinical routine of vascular access planning, ultrasound examination is the preferred preoperative modality for
vessel assessment. With ultrasound it is difficult to measure vessel lengths and therefore
we decided to base the vessel lengths in this study on a generic geometrical dataset for a
subject with a body height equal to 175 cm which was previously used by Westerhof et
al. [36]. Because this generic dataset only includes arterial vessel lengths, we assumed
that the venous lengths are equal to the arterial lengths at each anatomical location. By
assuming that vessel lengths are proportional to the height of a person, the maximum and
minimum value of the uncertainty domain were derived.
The Dutch Association of Statistics (CBS; www.cbs.nl) reported in 2010 that the majority
80% of the Dutch population older than 45 years has a body height between 163 cm and
188 cm. Only 5% of the population is taller than 188 cm while 15% is smaller than 163
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cm. We therefore chose, by taking also people with lengths between 158 and 193 cm into
account, an uncertainty of 10% in body height compared to the 175 cm of the generic
dataset. By assuming proportionality between vessel length and body height, we used an
inaccuracy of 10% for the arterial and venous vessel lengths.
Arterial and venous diameters. For arterial diameters Leguy et al. [72] determined
an absolute inaccuracy for ultrasound measurements of approximately 150 µm based on
intra-subject variability in M-line brachial diameter measurements. This accuracy is of
the order of one ultrasound wavelength for a 10 MHz ultrasound probe, which is the best
obtainable accuracy with such a probe [107]. The smallest vessel in our application is
1.5 mm in diameter, which results in a measurement uncertainty of 10% for the diameter.
Hence as maximum variation, 10% is applied in our study both for arterial and venous
diameters.
Arterial and venous diameter tapering. Within an edge a linear diameter tapering in
both arteries and veins is assumed. The influence of tapering is investigated by changing
the smallest diameter of an edge while changing the largest diameter in the opposite direction. The uncertainty interval for these changes are based on 10% of the smallest diameter.
Arterial and venous wall thickness. Molinari et al. [108] reported intima-media thickness (IMT) measurement errors in the carotid artery ranging from 10 to 150 µm, depending on the segmentation method and the ultrasound scanner. In the brachial artery the
measurement error is expected to be larger because the image quality is lower compared to
carotid artery images, which is a result from the anatomical location (depth) and size. The
brachial IMT is about 400 µm [24, 95]. A measurement error of 150 µm thus results in
38% uncertainty. Therefore, for the wall thickness the maximum variation was set to 40%.
Change in wall thickness. Within an edge the wall thickness is assumed to change
linearly. The same approach is used as for diameter tapering, resulting in a variation of
40% for wall thickness change within an edge.
Eccentricity ratio. Planken et al. [94] performed venous diameter measurements on
ten healthy male volunteers at different congestion pressures. This resulted in an average
venous eccentricity ratio between 1.3 and 1.9. This range is applied in our sensitivity
study. For the arteries the eccentricity ratio is assumed to be fixed at 1 (i.e. circular)
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Anastomosis angle. The anastomosis angle for upper arm AVFs is close to 90 degrees,
whereas for lower arm AVFs anastomosis angles smaller than 90 degrees are observed
[30]. In the sensitivity analysis this parameter is varied between 15 and 90 degrees.
Mechanical vessel properties and distributed flow to small side-branches
Arterial and venous Young’s modulus. Leguy et al. [72] performed measurements of
the Young’s modulus on brachial arteries of young healthy volunteers and reported an
uncertainty range of 20%. In our sensitivity study this variation is applied for the arterial
and venous Young’s moduli.
Distributed flow in the brachial artery. In the wave propagation model distributed flow
through small side-branches of the brachial artery is incorporated. This distributed flow
is determined from the difference between axillary artery flow (MRI) and the sum of the
radial artery flow (MRI), ulnar artery flow (MRI) and interosseus artery flow (mass conservation). Lotz et al. [109] reported a measurement error for flow in the aorta with MRI
of approximately 10%. We assume that in the peripheral arteries this uncertainty is higher
because vessels are smaller and thus less pixels per diameter are available. Therefore,
an error of approximately 15% is assumed for the axillary, ulnar, radial and interosseus
artery flow measurements. The uncertainty in the distributed flow is calculated by summation of the four absolute errors. For the datasets of six ESRD patients [101] this results
in an average absolute error of approximately 35 ml/min, whereas the distributed flow is
88 ml/min. Hence in the sensitivity analysis, a relative error of 40% is taken.
Mean brachial pressure. The mean brachial pressure is assessed by using NexFin (BMEYE B.V., The Netherlands). For the NexFin, systolic and brachial blood pressure were
validated against the Riva-Rocci method and differences were respectively 4% and 3%
[110]. A variance of 10% is applied for the blood pressure to be on the safe side.
Boundary conditions
Aortic flow. The measurement error on MR flow measurements in the aorta is approximately 10% [109]. We therefore varied the mean aortic flow with a maximum of 10% by
scaling the systolic part of the aortic flow waveform.
Characteristic impedance. In accordance with Leguy et al. [72], for the characteristic impedance an uncertainty of 20% is used.
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Peripheral resistance. The peripheral resistance is determined from the quotient between mean arterial pressure and mean flow. The uncertainty in mean arterial pressure is
10%, whereas the uncertainty in the radial and ulnar flow is 15%. Therefore, an uncertainty of 25% in the peripheral resistance is applied.
Peripheral compliance. Peripheral compliance is defined as the quotient of the time
constant (describing the descending slope in diastole) and the peripheral resistance. According to Leguy et al. [72], the uncertainty in the time constant is 27%, whereas the
uncertainty of the peripheral resistance is 25%. Therefore, the uncertainty interval of the
peripheral compliance is set to 50%
Intravenous pressure. Guyton et al. [1] reported that the intravenous pressure is about
20 mmHg directly behind the capillary beds and decreases to 0 mmHg in the venae cava.
In addition, Strandness and Sumner [99] state that 15 cm after the anastomosis the venous
pressure returns to normal venous pressure and that venous pressure ranges from 0 to 15
mmHg. Furthermore, they state that pulse pressure after AVF creation seldom exceeds 5
mmHg. The venous pressure is thus varied between 5-15 mmHg.
Monte Carlo experiment
To calculate all sensitivity indices N (k + 2) Monte Carlo runs are needed [103], in which
N is the number of runs per model parameter. A convergence check of the sensitivity
estimates (Appendix of this chapter) determined N to be 5000. In this case, the sensitivity
indices have an uncertainty of maximum 0.05. Because the distributed lumped parameter
pulse wave propagation model in this study has 73 input parameters, 375000 Monte Carlo
runs are needed to estimate the sensitivity indices for each patient-specific model. For
each run the uncertainty domains of all input parameters are sampled, resulting in a unique
set of input parameters for each run.
Parameter sampling
All input parameters in this study are assumed to be independent of each other, which
makes it possible to generate the needed samples for each parameter by exploring the
marginal distribution of each input parameter by means of stratified Latin Hypercube
sampling [111]. This method is chosen because it generates samples that are homogeneously distributed over the complete input space [111]. The samples are generated with
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Matlab (Mathworks Inc) within the domain [0, 1] and for each parameter mapped on its
uncertainty interval.
Computing facilities

Figure 4.3: The computational framework.

The sensitivity analysis for one AVF configuration for all six patient-specific datasets
results in more than two million simulations. One simulation including storage of the
waveforms, takes on average 20 seconds, which for two million simulations would result in more than 500 days of calculation on a single central processing unit (CPU). This
long calculation time together with the time needed for the processing and collecting
of data would hamper the practical use of Monte Carlo simulations. Therefore, we resorted to Grid computing. A framework is developed by using the BigGrid central facility
(www.biggrid.nl) at Philips Research B.V. (Eindhoven, The Netherlands). This gave us
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access to multiple processors (1000 CPU) simultaneously, which reduces the total time of
the sensitivity analysis to half a day. The framework is shown in Figure 4.3. The sensitivity indices are computed in several steps. In the first step input datasets are generated
in Matlab (Mathworks Inc) by means of Latin Hypercube sampling (discussed earlier)
and these samples are transformed into the input format required by the model. Next, the
input is fed to the wave propagation model (Matlab on BigGrid) and the model calculates and stores pressure and flow waveforms at seven locations: the aorta, the axillary,
brachial, proximal radial, distal radial, proximal ulnar and distal ulnar artery. When all
simulations are ready and all pressure and waveforms are stored, data are consolidated
into twelve scalar properties for each arterial location: the maximum, the minimum, the
pulse (maximum-minimum), the maximal derivative and the time-averaged value of both
pressure and flow waveforms. In addition, the transit time defined as the foot-to-foot
traveling time from heart contraction to the specified waveform is also computed. The
timing of the specified waveform is determined at 10% of the maximum pulse. These
scalars are finally fed into Statistical software (R-software) that calculates the sensitivity
indices.
Simulation and analysis
The computational framework is firstly validated by applying it to the Sobol G-function,
which is a strongly non-monotonic, non-additive function of k parameters xi , that are
assumed to be identically and uniformly distributed in the unit hypercube
{I k = x|0 ≤ xi ≤ 1; i = 1, 2, . . . , k} and which is often used in literature to benchmark
the calculation of sensitivity indices [75, 103, 112, 113]. For details about the benchmarking we refer to this chapter’s Appendix.
Thereafter, the Monte Carlo experiment on the distributed lumped parameter wave propagation model is executed. To be able to identify the parameters that could best be
measured more accurately to reduce output variance the most, the main sensitivity indices
are used, whereas total sensitivity indices are used to determine which parameters could
be fixed (Figure 4.4). To study if parameters are involved in interactions, the difference
between the total and main sensitivity indices is also considered. A threshold of 0.05 is
taken to define a parameter as influential. As output of interest, we focused on the mean
brachial flow and systolic pressure distal to the anastomosis as these are the most important output parameters for our application. Results obtained for other output parameters
are therefore not included in this manuscript. Before the sensitivity indices are calculated,
we manually checked whether the output scalars are within physiological ranges.
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Figure 4.4: A schematic overview to clarify the interpretation of the main and total sensitivity
indices and the sensitivity analysis setting they are used for.

4.3 Results
In this section we will present the results of the sensitivity analysis. The important model
parameters with respect to parameter prioritization and parameter fixing will be identified.
Color maps are used to show the most influential parameters for each patient-specific
dataset because in these color maps differences between patients can easily be observed.
Additionally, tables are used for further quantification of the sensitivity indices. In this
section the results are described in detail for both a lower arm and upper arm AVF, while
the most important results are highlighted and summarized in Table 4.3-4.5.

model parameter
P1
diameter tapering of the basilic, axillary and subclavian vein (#13)
diameter tapering of the cephalic, axillary and subclavian vein (#14)
diameter of the innominate, subclavian, axillary and brachial artery (#15)
diameter of the radial artery (#16)
aortic diameter(#19)
diameter of the basilic, axillary and subclavian vein (#20)
diameter of the cephalic, axillary and subclavian vein (#21)
aortic characteristic impedance (#49)
radial artery windkessel resistance (#53)
aortic windkessel resistance (#57)
radial artery windkessel compliance (#61)
intravenous pressure (#67)
eccentricity ratio of the basilic, axillary and subclavian vein (#68)
eccentricity ratio of the cephalic, axillary and subclavian vein (#69)
distributed flow (#71)
mean aortic flow (#73)

P2

Mean brachial flow
lower arm AVF
upper arm AVF
P3
P4
P5
P6
P1
P2
P3
P4
P5
6
10
9

P6
5

P1

P2

Systolic radial artery pressure
lower arm AVF
upper arm AVF
P3
P4
P5
P6
P1
P2
P3
P4
P5

P6

8
8
7

7

6

8

7

22

5

12

7
14

6
5

7
14

13
9

9

17
18
7

26
6

10

5
33
6

8
5
11

11

10

6

7

22
11
6

24
6

35

13

7

12

13

11
12
16

7

15
13

20
14

32

26

18

7

8

13

12
6
5
29

7

16

23

26

25

9

14

11
30

12

12
23

12

6
6

19

6
26
13

10
15

7
5

6

7

13

16

6
6
21

16

8

18

9

7
13

16
25

17
23

9
19

5
6

19

6

7

13

6

5

10

25

17

26

21

27

32

9
26

22
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Table 4.3: The expected reduction in output variance (in %, thus hundred times the main sensitivity index) for all model parameters for which
the main sensitivity index with respect to the mean brachial flow or the distal systolic pressure is larger than 0.05 for at least one of the six patients
(P1 to P6). If the parameter is significantly influencing both brachial flow and distal systolic pressure in both configurations, the parameter is
highlighted in bold.
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90

at least one of the six patients (P1 to P6). The residual variances are given in percentages (%). If the parameter cannot be fixed for both brachial
flow and distal systolic pressure in both AVF configurations, the parameter is highlighted in bold.
model parameter
P1
length of the basilic, axillary and subclavian vein (#6)
diameter tapering of the radial artery (#9)
diameter tapering of the basilic, axillary and subclavian vein (#13)
diameter tapering of the cephalic, axillary and subclavian vein (#14)
diameter of the innominate, subclavian, axillary and brachial artery (#15)
diameter of the radial artery (#16)
aortic diameter (#19)
diameter of the basilic, axillary and subclavian vein (#20)
diameter of the cephalic, axillary and subclavian vein (#21)
change in wall thickness of the basilic and subclavian vein (#27)
wall thickness of the basilic, axillary and subclavian vein (#34)
radial artery characteristic impedance (#45)
aortic characteristic impedance (#49)
radial artery windkessel resistance (#53)
aortic windkessel resistance (#57)
radial artery windkessel compliance (#61)
aortic windkessel compliance (#65)
intravenous pressure (#67)
eccentricity ratio of the basilic, axillary and subclavian vein (#68)
eccentricity ratio of the cephalic, axillary and subclavian vein (#69)
distributed flow (#71)
mean aortic flow (#73)

P2

Mean brachial flow
lower arm AVF
upper arm AVF
P3
P4
P5
P6
P1
P2
P3
P4
P5
12
11

10

7

11

P6

10

6

6

8

P1

P2

5

6

6
8
9

10

22

5
10

16

8

11

10

9

13

11

9
17
16
7
7
34

7
20
11
6

7

8
8
6
5

9
19
19
8

22
30
37
12
20

16
39
14
7
7

13
28
20
8
10

9
29
13
7
6

29

6

14

8

7

13

12
6
13

12

13

36

11
13
16

10
15
16
14
8
43

9

13
20
25
9
31

9

12
25
23
8
6
24

14

8

30

9

24

6
13
19
43
13

23
26
43
12
15

Systolic radial artery pressure
lower arm AVF
upper arm AVF
P3
P4
P5
P6
P1
P2
P3
P4
15
5
9
5
7
6
7
13
14
5
9
6
7
7
6
9
7
5
8
22
7
19
6
6
11
17
9
14
16
10
10
34
15
9
23
17
23
22
15
24
22
9
26
37
28
28
12
7
14
15
9
8

29

15

5

7

10

8

13

16

15

16

P5

P6

8
7
6

20

11

7
8

20
5

14

10

15

8

6

10

25

19

24

21

27

32

9
26

22
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Table 4.4: The total sensitivity indices for model parameters that cannot be fixed within their uncertainty interval. They are larger than 0.05 for

to the mean brachial flow or the distal systolic pressure is larger than 0.05 for at least one of the six patients (P1 to P6). Differences are given in
percentages (%).
model parameter
length of the basilic, axillary and subclavian vein (#6)
diameter tapering of the basilic, axillary and subclavian vein (#13)
diameter of the basilic, axillary and subclavian vein (#20)
change in wall thickness of the basilic, axillary and subclavian vein (#27)
wall thickness of the basilic, axillary and subclavian vein (#34)
radial artery characteristic impedance (#45)
radial artery windkessel resistance (#53)
aortic windkessel resistance (#57)
radial artery windkessel compliance (#61)
aortic windkessel compliance (#65)
intravenous pressure (#67)
eccentricity ratio of the basilic, axillary and subclavian vein (#68)

P1

P2

8
6
10
8

17
13
19
11
14

Mean brachial flow
lower arm AVF
upper arm AVF
P3
P4
P5
P6
P1
P2
P3
P4
P5
11
8
6
7
6
11
6
8
7
5

10
6
9
8

7
5
7
7

8
8
12
10
12

11
5
11
9

8
8
8

8
5
10
7

6

5

5
7
6

P6

P1

P2

11
8
13
11

5
18
13
20
12
15

Systolic radial artery pressure
lower arm AVF
upper arm AVF
P3
P4
P5
P6
P1
P2
P3
P4
P5
14
9
8
8
6
12
8
11
10

8
7
6

12
10
12
13
8

12
7
11
12

7

8

10
6
8
8

P6
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Table 4.5: The model parameters that interact with other parameters because the difference between main and total sensitivity index with respect
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4.3.1 Mean brachial flow

Lower arm AVF

The uncertainty (coefficient of variation) in the predicted mean brachial flow for the six
patients ranged from 15% to 25% in case of a lower arm AVF.
Figure 4.5 (top) shows that in all six patients the aortic windkessel resistance (#57) and
the mean aortic flow (#73) have significant (> 0.05) main sensitivity indices for the the
mean brachial flow in case of a lower arm AVF. Knowing these parameters could reduce
output variance by 13-35% and 6-16%, respectively (Table 4.3). Significant main sensitivity indices are furthermore observed (Figure 4.5, top) in most patients for the radial
artery windkessel compliance (#61, output variance reduction 0-18%) and the eccentricity
ratio of the cephalic, axillary and subclavian vein (#69, 0-26%). In addition, six model
parameters have a significant main sensitivity index for only a few patients (Figure 4.5
(top) and Table 4.3). These are diameter tapering in the cephalic, axillary and subclavian
vein (#14), the radial artery radius (#16), the cephalic, axillary and subclavian venous
radius (#21), the radial artery windkessel resistance (#53), the intravenous pressure (#67),
and the distributed flow (#71).
The model parameters that have a significant main sensitivity indices for brachial flow
also have significant total sensitivity indices (Figure 4.5 (middle)). In all six patients the
aortic windkessel resistance (#57, 19-39%), the eccentricity ratio of the cephalic, axillary
and subclavian vein (#69, 6-29%) and the mean aortic flow (#73, 7-16%) have significant total sensitivity indices (Table 4.4). The radial artery windkessel resistance (#53,
0-22%), the radial artery windkessel compliance (#61, 0-37%) and the aortic windkessel
compliance (#65, 0-12%) have significant total sensitivity indices in most patients (Table
4.4) while the diameter tapering in the cephalic, axillary and subclavian vein (#14), the
radial artery radius (#16), the cephalic, axillary and subclavian venous radius (#21), the
intravenous pressure (#67), and the distributed flow (#71) have significant total sensitivity
indices for at most four patients.
When the total sensitivity index is larger than the main sensitivity index this indicates that
the model parameter is significantly interacting with other model parameters. This holds
for the radial artery windkessel resistance (#53), the aortic windkessel resistance (#57),
the radial artery windkessel compliance (#61) and the aortic windkessel compliance (#65)
in five out of six patients and for the intravenous pressure (#67) in two out of six patients.
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Figure 4.5: The total and main sensitivity indices and their difference for all input parameters with
respect to the mean brachial flow in the lower arm AVF configuration.
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Upper arm AVF
The uncertainty in the predicted mean brachial flow for the six patients in case of an upper
arm AVF is 13% to 21%.
In all six patients the aortic windkessel resistance (#57, expected output reduction of 723%) , the mean aortic flow (#73, 7-14%) and the eccentricity ratio of the basilic, axillary
and subclavian vein (#68, 18-32%)) have significant main sensitivity indices (Figure 4.6
(top) and Table 4.3). Five other model parameters have significant main sensitivity indices
for only a few patients. These are the diameter tapering of the basilic, axillary and subclavian vein (#13), the radius of the innominate, subclavian, axillary and brachial artery
(#15), the basilic, axillary and subclavian vein radius (#20), the radial artery windkessel
compliance (#61) and the intravenous pressure (#67).
Figure 4.6 (middle) and Table 4.4 show that for all six patients the aortic windkessel resistance (#57, residual variance of 15-25%), the eccentricity ratio of the basilic, axillary
and subclavian vein (#68, 24-43%) and the mean aortic flow (#73, 8-15%) have significant total sensitivity indices. The diameter tapering of the basilic, axillary and subclavian
vein (#13, 0-11%), the basilic, axillary and subclavian vein radius (#20, 0-13%) and the
radial artery windkessel compliance (#61, 0-25%), the radial artery windkessel resistance
(#53, 0-13%) and the aortic windkessel compliance (#65, 0-14%) have significant total
sensitivity indices in most patients. The radius of the innominate, subclavian, axillary and
brachial artery (#15), the intravenous pressure (#67), the length (#6), the wall thickness
tapering (#27) and the wall thickness (#34) of the basilic, axillary and subclavian vein
have significant total sensitivity indices for at most four patients.
From Figure 4.6 (bottom) and Table 4.5 it can be seen that significant interactions occur
for the radial artery windkessel resistance (#53), the radial artery windkessel compliance
(#61) and the aortic windkessel compliance (#65) in five out of six patients. The aortic
windkessel resistance (#57), the eccentricity ratio (#68), the length (#6), the diameter tapering (#13), the radius (#20), the wall thickness tapering (#27) and the wall thickness
(#34) of the basilic, axillary and subclavian vein are involved in at most halve of all six
patients.
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Figure 4.6: The total and main sensitivity indices and their difference for all input parameters with
respect to the mean brachial flow in the upper arm AVF configuration.
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4.3.2 Systolic pressure of the distal radial artery
Lower arm AVF
The uncertainty in the predicted systolic radial artery pressure for the six patients in case
of a lower arm AVF is 12% to 21%.
In Figure 4.7 (top) and Table 4.3 it can be seen that for all six patients the aortic windkessel resistance (#57) and the mean aortic flow (#73) have significant main sensitivity.
Knowing this parameters could reduce the output variance by 7-26% and by 12-26%,
respectively. The radial artery windkessel compliance (#61, expected reduction in output variance of 0-30%) has significant main sensitivity indices in five out of six patients,
whereas in maximum halve of all six patients the radius of the innominate, subclavian,
axillary and brachial artery (#15), the radial artery radius (#16), the cephalic, axillary and
subclavian vein (#21), the aortic characteristic impedance (#49), the radial artery windkessel resistance (#53) and the eccentricity ratio of the cephalic, axillary and subclavian
vein (#69) have significant main indices.
In Figure 4.7 (middle) and Table 4.4 fourteen model parameters have significant total sensitivity indices for at least one out of six patients. The aortic windkessel resistance (#57,
residual variance of 9-34%) and the mean aortic flow (#73, 13-26%) have significant total
sensitivity indices for all six patients. Significant total sensitivity indices are observed
for the radial artery radius (#16, 0-14%), the radial artery windkessel compliance (#61,
0-43%) and the eccentricity ratio of the cephalic, axillary and subclavian vein (#69, 010%) in five out of patients, whereas the aortic characteristic impedance (#49, 0-22%),
the radial artery windkessel resistance (#53, 0-23%) and the aortic windkessel compliance (#65, 0-13%) have significant total sensitivity indices for four out of six patients.
The radius of the innominate, subclavian, axillary and brachial artery (#15), radius of the
cephalic, axillary and subclavian vein (#21), the diameter tapering of the radial artery
(#9), the diameter tapering of the cephalic, axillary and subclavian vein (#14), the radial
artery characteristic impedance (#45) and the intravenous pressure (#67) have significant
total sensitivity index for at most three patients.
The radial artery windkessel resistance (#53), the radial artery windkessel compliance
(#61) and the aortic windkessel compliance (#65) are involved in significant interactions
in four out of six patients (Figure 4.7 (bottom) and Table 4.5), whereas the aortic windkessel resistance (#57) is involved in significant interactions in three out of six patients.
The radial artery characteristic impedance (#45) and the intravenous pressure (#67) are
only involved in interactions in one out of six patients.
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Figure 4.7: The total and main sensitivity indices and their difference for all input parameters with
respect to the distal systolic pressure in the lower arm AVF configuration.
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Upper arm AVF
The uncertainty in the predicted systolic radial artery pressure for the six patients in case
of an upper arm AVF is 11% to 14%.
Figure 4.8 (top) and Table 4.3 show that for all six patients the aortic windkessel resistance (#57, expected output variance reduction of 5-19%), the eccentricity ratio of the
basilic, axillary and subclavian vein (#68, 5-13%) and the mean aortic flow (#73, 1732%) have significant main sensitivity indices. The radial artery windkessel compliance
(#61, 0-25%) has significant main sensitivity indices in five out of six patients, whereas
aortic characteristic impedance (#49, 0-18%) has significant main sensitivity indices in
four out of six patients. The radius of the innominate, subclavian, axillary and brachial
artery (#15), the radial artery radius (#16) and the aortic radius (#19) have significant
main sensitivity indices for only one out of six patients.
In Figure 4.8 (middle) and Table 4.4 it can be observed that five parameters have significant total sensitivity indices for all six patients. These are the aortic characteristic
impedance (#49, residual variance of 6-20%), the aortic windkessel resistance (#57, 723%), the radial artery windkessel compliance (#61, 5-37%), the eccentricity ratio of the
basilic, axillary and subclavian vein (#68, 6-15%) and the mean aortic flow (#73, 1932%). Next to these model parameters, the radial artery windkessel resistance (#53) and
the aortic windkessel compliance (#65) have significant total sensitivity indices in four
out of six patients, whereas the radius of the innominate, subclavian, axillary and brachial
artery (#15), the radial artery radius (#16), the aortic radius (#19), the length (#6), the
diameter tapering (#13), the radius (#20), the wall thickness tapering (#27) and the wall
thickness (#34) of the basilic, axillary and basilic vein have significant total sensitivity
indices in maximum two out of six patients.
The radial artery windkessel resistance (#53) and the aortic windkessel compliance (#65)
are involved in significant interactions with other model parameters in four out of six
patients, as can be seen in Figure 4.8 (bottom) and Table 4.5. In the same figure it can
be seen that the aortic windkessel resistance (#57) and the radial artery windkessel compliance (#61) are involved in interactions in three out of six patients, whereas this holds
in only one patient for the length (#6), the diameter tapering (#13), the radius (#20), the
change in wall thickness (#27) and the wall thickness (#34) and the eccentricity ratio
(#68) of the of the basilic, axillary and subclavian vein.
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Figure 4.8: The total and main sensitivity indices and their difference for all input parameters with
respect to the distal systolic pressure in the upper arm AVF configuration.
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4.4 Discussion
In this study we aimed at demonstrating how a sensitivity analysis can help in identifying
influential and non-influential model parameters of a distributed lumped parameter pulse
wave propagation model, applied to AVF surgery. These parameters are found by using
a variance-based method and Monte Carlo simulations. As a result, insight is obtained in
how to improve the measurement protocol that is used to determine the input parameters
for each patient.
A computational framework has been developed to support the execution of the sensitivity
analysis and the management of all data. The framework allows to generate input samples for the Monte Carlo simulations by means of Latin Hypercube sampling, to execute
the simulations, to consolidate the data and to calculate the variance-based sensitivity indices using the input and output data. The correct implementation of the framework was
checked using the Sobol G-function as simulation model and satisfying results were obtained. After including the wave propagation model into the framework, we determined
that 5000 runs per parameter are sufficient to obtain sensitivity indices with an absolute
accuracy smaller than 0.05.
The sensitivity analysis of the wave propagation model was performed for six patient
datasets. For each patient two different configurations, i.e. a lower arm AVF and an upper
arm AVF, were analyzed and simulated, having respectively 73 and 66 input parameters.
Because the mean brachial flow and the distal systolic pressure are the most important
clinical parameters, the sensitivity results of these output parameters were presented for
both the upper and lower arm configurations.
With respect to the mean brachial flow, the aortic windkessel resistance and the mean aortic flow were identified as model parameters that result in significant reductions in output
variance for both AVF configurations and for all six patients (Table 4.3). Efforts to measure these parameters more accurately are therefore rewarding to reduce the uncertainty
in the predicted mean brachial flow resulting from uncertainties in model parameters. In
addition, the model parameters that are associated with the smallest diameter in the inflow
and outflow tract of the AVF had significant main sensitivity indices. This corresponds
with clinical practice since small arterial and venous calibers are associated with limited
flow enhancement [8, 9, 20, 21] and these are thus preoperatively assessed. Our sensitivity analysis suggests that it might be worthwhile to also include a measure for the aortic
windkessel resistance and mean aortic flow in the preoperative work-up of AVF surgery
planning. Other model parameters that should be measured more accurately are the radial
artery windkessel resistance and compliance, intravenous pressure and distributed flow
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(Table 4.3). A high sensitivity index of the radial artery windkessel compliance for the
mean brachial flow was not expected, as its impedance is infinitely large for the mean
component of the waveform. However, the radial artery windkessel compliance affects
the pressure and flow waveforms proximal and distal to the anastomosis and these flow
waveforms are used to calculate the anastomosis resistance. In this way, the radial artery
windkessel compliance affects the total resistance of the arterial tree and, consequently,
the mean brachial flow. The model parameters described above can also not be fixed
within their measurement uncertainty interval because also their total sensitivity indices
were significant (Table 4.4). This also holds for the aortic windkessel compliance and
the length and wall thickness of the basilic, axillary and subclavian vein. In total thus 18
parameters cannot be fixed it with respect to mean brachial flow, whereas the other 55
(lower arm AVF) or 48 (upper arm AVF) can be fixed. Furthermore, it was observed that
windkessel compliances and resistances of the aorta and radial artery are significantly involved in interactions. This likely results from the definition of the windkessel elements,
where the compliance and resistance occur as product in the associated differential equation.
The mean aortic flow and the aortic windkessel resistance are also significant model parameters with respect to the distal systolic arterial pressure in both AVF configurations
(Table 4.3) as their main sensitivity indices were significant. Furthermore, the aortic characteristic impedance and the radial artery windkessel compliance had significant main
sensitivity indices for the distal systolic pressure. The identification of these model parameters can physically be explained as follows; a change in systolic aortic flow which
might propagate to the systolic radial artery pressure, while the aortic windkessel resistances determines the mean arterial pressure. The aortic characteristic impedance influences the pressure and flow wave reflections, whereas the radial artery windkessel compliance influences wave reflections from the radial artery periphery. Other model parameters that also had significant main sensitivity indices were the diameters of the AVF inflow
tract and eccentricity ratios in the outflow tract. These parameters effect the vessel compliances of the inflow and outflow tract but also the pressure drop over the anastomosis
and as a result, the systolic radial artery pressure. For the distal systolic pressure 59 (lower
arm AVF) or 51 (upper arm AVF) model parameters can be fixed within their measurement uncertainty interval, whereas respectively 9 or 8 parameters might be rewarding for
measurement improvements.
By considering both configurations for both output parameters, in total 16 model parameters should be measured as accurate as possible in order to reduce outcome uncertainty.
These and six additional parameters could not be fixed, whereas 51 out of 73 input pa-

102

Chapter 4. A sensitivity analysis to improve the measurement protocol

rameters could be fixed within their measurement uncertainty. However as these fixable
parameters still need to be measured, a new sensitivity analysis should be performed to
determine which parameters can be fixed within the uncertainty range of a generic population. In this new sensitivity analysis the spread observed in the population as a whole
should be used to define the uncertainty distributions of the model parameters. The insight obtained in this study gives us the opportunity to further improve our measurement
protocol, whereas the next study, will give us insight into which model parameters can be
made into a generic constant. The two analyses together provide us with the necessary
information on how to adapt the model to patient-specific conditions and enable us to
perform a patient-specific analysis with error propagation on a larger patient population.
The predicted hemodynamic parameters with uncertainty interval can subsequently be
used to perform proper clinical model verification by both qualitatively and quantitatively
corroborating the simulation results with clinical observations (i.e. model corroboration).
This clinical corroboration studies should indicate if the model is applicable in a clinical
setting as it is.
In this sensitivity analysis study, uniform uncertainty distributions were used to select input samples. Other input distribution shapes will change the weight of each input sample.
For example in case of a truncated Gaussian, we are more certain about the measured
value of the model parameter and therefore the Monte Carlo samples are more densely
distributed around the true value of the model parameter than in the case of uniform distribution where the Monte Carlo samples are equally spread over the uncertainty domain.
As a result, the total output variance and the quantitative values of the sensitivity indices
might differ. However, we observed that the model parameters identified as influential and
non-influential were not significantly different with respect to parameter prioritization and
fixing when using truncated Gaussian distributions instead of a uniform ones. Therefore,
we think that the results of our sensitivity study will not be significantly different and
can therefore be used to deliberately improve our measurement protocol. However, future
efforts to depict the exact input distributions can be rewarding for a better estimate of the
output uncertainty.
For considering the correlations between model parameters in our sensitivity analysis, correlations should be available for a large population group. Since we did not have access to
such data, we assumed that all input parameters are independent of each other. Although
the interpretation of the main and total sensitivity indices is more difficult for correlated
input, these indices can still be used for parameter prioritization and fixing [68, 114].
However, the Sobol decomposition in (4.4) no longer holds and the multi-dimensional integrals describing the sensitivity indices should be estimated by Monte Carlo simulations
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using a brute force approach and by generating samples from conditional distributions
by using for example Markov Chain Monte Carlo [68]. If only a small subset of the parameters in the input space is correlated, the subset can be considered as one combined
parameter that is independent of the other parameters. In this case, the method to calculate the sensitivity indices in our study can be applied to correlated input [114]. Other
methods that deal with correlated input are the method introduced by Ratto et al. [115] or
methods that are based on metamodels, which are approximations of the actual model and
derived by defining a simplified relations between the input parameters and the output of
interest, e.g. nonparametric regression methods [69, 116, 117, 118].
When a computational model has much larger computational costs than the wave propagation model in our study (e.g. in the case of three-dimensional models), Monte Carlo
simulations can become impractical. In such cases, metamodeling can also be a better
approach and a sophisticated design ([119]) of the computational experiment is needed.

4.5 Conclusion
In summary, we developed a computational framework to perform a sensitivity analysis
with a variance-based method and Monte Carlo simulations within a reasonable amount of
time. The framework was used to determine which parameters of our distributed lumped
parameter wave propagation model for AVF surgery are the most important for a reliable
outcome. Of all 73 parameters, 16 parameters were identified which are rewarding to be
measured as accurate as possible in order to reduce the uncertainty in the output predictions. The most rewarding model parameters were the aortic windkessel resistance, the
mean aortic flow, the parameters associated with the smallest arterial or venous diameters
of the AVF in- and outflow tract and the radial artery windkessel compliance.

Appendix: Mathematical background and numerical implementation
Variance-based method
The main and total sensitivity indices in equation (4.2) and (4.5) consist of multi-dimensional integrals, which are presented in this appendix. These multi-dimensional integrals
can be evaluated by Monte Carlo experiments resulting in estimates for the main and
total sensitivity indices. This is described in this appendix that is based on Saltelli et al.
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[103] and is added to this article to make this work self-contained and to improve the
understanding of the variance-based method. For more details about the method we refer
to the paper of Saltelli et al. [103].

Definitions
The unconditional expectation value and mean of a model Y = f (X1 , X2 , . . . , Xk ) with
all independent random input parameters Xi which are defined on the domain Ω = Ω1 ×
Ω2 × . . . × Ωk with {Ωi = [a1 , a2 ]|a1 < a2 ∈ ℜ}, can be calculated by [103]
E(Y ) =

Z

(f (x1 , x2 , . . . , xk )

Z

(f (x1 , x2 , . . . , xk )2

Ω

k
Y

(pi (xi )dxi )),

(4.6)

i=1

and
V (Y ) =

Ω

k
Y

i=1

(pi (xi )dxi )) − E 2 (Y )

(4.7)

respectively. Herein pi (xi ) is the marginal probability function of input parameter Xi .
The conditional variance is obtained by fixing one or more of the input parameters into
a constant. If one of the input parameters is fixed to value x∗i the conditional variance is
defined by
V (Y |Xi = x∗i ) =

Z

Ω\Ωi

(f (x1 , x2 , . . . , x∗i , . . . xk )2

k
Y

(pj (xj )dxj ))

j=1
j6=i

− E 2 (Y |Xi = x∗i ) (4.8)
in which Ω\Ωi indicates the domain Ω except the domain of Xi . The expectation value of
the conditional variance E(V (Y |Xi = x∗i )) = E(V (Y |Xi )) (residual effect) results by
integrating the conditional variance, weighted by the probability density function of Xi ,
over all possible values of parameter x∗i , i.e. over the domain Ωi . And is given by

E(V (Y |Xi ) =

Z

(f (x1 , x2 , . . . , xi , . . . xk )2

Ω

−

Z

Ωi

k
Y

(pj (xj )dxj ))

j=1

(E 2 (Y |Xi = x∗i )(pi (x∗i )dx∗i )). (4.9)
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By using equation (4.1), i.e. subtracting equation (4.9) from the total conditional variance
(4.7), the main effect V (E(Y |Xi )) can be derived. This gives
V (Y ) − E(V (Y |Xi ) = V (E(Y |Xi )) =

The main sensitivity index Si =
(4.10) by (4.7) which results in
Si =

V (E(Y |Xi ))
V (Y )

Ui − E 2 (Y )
.
V (Y )

Z

Ωi

(E 2 (Y |Xi = x∗i )pi (x∗i )dx∗i )
− E 2 (Y ) ≡ Ui − E 2 (Y ).

(4.10)

can now be expressed by dividing equation

(4.11)

Following an analog derivation as for the main sensitivity index but know by fixing
all parameters except Xi similar expressions can be derived for the total sensitivity index. The main effect is in this case V (E(Y |X1 = x∗1 , . . . , Xi−1 = x∗i−1 , Xi , Xi+1 =
x∗i+1 , . . . , Xk = x∗k )) ≡ V (E(Y |X−i )) and is given by
V (E(Y |X−i )) =

Z

Ω\Ωi

(E 2 (Y |X−i )

k
Y

j=1
j6=i

(pj (xj )dxj ))−E 2 (Y ) ≡ U−i −E 2 (Y ). (4.12)

From equation (4.1) we know that E(V (Y |X−i )) = V (Y ) − V (E(Y |X−i )) = V (Y ) −
(U−i −E 2 (Y )). From this and equation (4.12) an expression for the total sensitivity index
STi = E(V V(Y(Y|X)−i )) can be derived, i.e.:
STi = 1 −

(U−i − E 2 (Y ))
.
V (Y )

(4.13)

The main and total sensitivity indices in (4.11) and (4.13) can be calculated by evaluating
the multi-dimensional integrals in equation (4.7), (4.10) and (4.12) by means of a Monte
Carlo experiment. This is described in the next section of this appendix and also based on
Saltelli et al. [103].
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Estimation of the sensitivity indices
Ishigami et al. [120] showed by using E 2 (Y |Xi ) = (E(Y |Xi ))2 that the multi-dimensiR
onal integral Ui = Ωi (E 2 (Y |Xi = x∗i )pi (x∗i )dx∗i ) can be rewritten as
Ui =

Z

′

Ω

′

′

(f (x1 , x2 , . . . , xi , . . . , xk )f (x1 , x2 , . . . , xi , . . . , xk ) ·
k
Y

(pj (xj )dxj )

k
Y

′

′

(pj (xj )dxj )).

(4.14)

j=1
j6=i

j=1

Herein the primed variables are introduced to better understand the estimations of the
sensitivity indices by means of the Monte Carlo experiment. Namely, realize that equation
(4.14) is the expectation value of the function
′

′

′

′

F (x1 , . . . , xk , . . . , x1 , . . . , xi−1 , xi+1 , . . . , xk )
′

′

′

′

= f (x1 , . . . , xk )f (x1 , . . . , xi−1 , xi , xi+1 , . . . , xk )
with 2k − 1 model parameters. Therefore the integral in (4.14) be calculated by a single
Monte Carlo loop [103].
A comparable derivation can be made for U−i resulting in
U−i =

Z

Ω

′

(f (x1 , x2 , . . . , xi , . . . , xk )f (x1 , x2 , . . . , xi , . . . , xk ) ·
k
Y

′

′

(pj (xj )dxj )(pj (xj )dxj ))

(4.15)

j=1

which is the expectation value of the function
′

′

K(x1 , . . . , xk , xi ) = f (x1 , . . . , xi , . . . , xk )f (x1 , . . . , xi , . . . , xk )
with k + 1 model parameters.
To estimate the main and total sensitivity indices in (4.11) and (4.13) estimates for Ui ,
U−i , V (Y ) and E 2 (Y ) are required resulting in
Ŝi =

V (E(Y |Xi ))
Ûi − Ê 2 (Y )
≈
V (Y )
V̂ (Y )

(4.16)
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and
ŜTi =

Û−i − Ê 2 (Y )
E(V (Y |X−i ))
≈1−
V (Y )
V̂ (Y )

(4.17)

respectively. To compute these estimates, two Monte Carlo input sample matrices with
dimension N × k are generated:


x1 (1)
x1 (2)
..
.




M1 = 


 x1 (N −1)
x1 (N )

...
xk (1)
...
xk (2)
..
..
.
.
(N −1)
. . . xk
...
xk (N )












′

x1

(1)


 x′ (2)

1

..

, M2 = 
.
 ′ (N −1)
 x
 1
′ (N )
x1

′

(1)

′

(2)

...

xk

...
..
.

xk
..
.
′

. . . xk
...

(N −1)
′

xk

(N )












where N is the sample size used for the sensitivity estimates and k is the number of
parameters. Matrix M1 is called the sample matrix and matrix M2 the re-sample matrix.
Next, two matrices are determined for each parameter Xi . The first matrix MSi is the
re-sample matrix in which the ith -column is replaced by the ith -column of the sample
matrix. Thus compared to the sample matrix all samples of the input parameters are
changed except the samples of parameter Xi which is fixed. Matrix MSi will be used
to estimate the main sensitivity index. The second matrix MSTi is the sample matrix in
which only the ith -column is replaced by the ith -column of the re-sample matrix, i.e. all
input parameters except Xi are fixed. Matrix MSTi will be used to estimate the total
sensitivity index. Matrices M1 , M2 , MSi and MSTi are now used to run our model Y =
f (xl1 , . . . , xlk ) with l = 1, 2, . . . , N −1, N . This results in estimates for the output vectors
Y1 = f (M1 ), Y2 = f (M2 ), YSi = f (MSi ) and YTi = f (MSTi ). The parameters
Ûi and Û−i in equations (4.16) and (4.17) are computed from the scalar products of the
above defined vectors of model outputs, i.e. [103]:
N

Ûi =

1 X j j
y y
N − 1 j=1 1 Si

N

and Û−i =

1 X j j
y y
N − 1 j=1 1 STi

(4.18)

in which j represents the output of the j th model run for each output vector. The estimated
total variance V̂ (Y ) can be obtained from either Y1 or Y2 . In our framework, it is
calculated from Y1 = f (M1 ) for both the estimations of the main and total sensitivity
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index [103]:
V̂ (Y ) =

N
N
1 X j 2
1 X j j
y1 y1 − (
y ) .
N j=1
N j=1 1

(4.19)

For the main sensitivity index Eˆ2 (Y ) is estimated by [103]:
N
1 X j j
y y
Eˆ2 (Y ) ≈
N j=1 1 2

(4.20)

whereas in the case of the total sensitivity index Eˆ2 (Y ) is approximated by
N
1 X 2
ˆ
2
E (Y ) ≈ (
y1 ) .
N j=1

(4.21)

These choices for Eˆ2 (Y ) result in better estimates of the main and total sensitivity index
as is given by [103, 106].
The 95%-confidence interval of the main and total sensitivity indices are determined by
applying bootstrapping [112]. In bootstrapping, the output vectors YSi and YTi are
changed by permutation. Every permutation the sensitivity indices are calculated by using the permutated output vectors in equation (4.18), resulting in new estimates for the
sensitivity indices. In this study we performed 100 permutations which was sufficient to
reach convergence for the 95%-confidence interval.

Convergence check
In this appendix the procedure is described to determine the number of parameters runs
that are needed to reach convergence of the sensitivity estimates with our computing
framework.

Methods
Monte Carlo simulations are executed for N=250, 500, 1000, 2000, 3000, 4000, 5000,
7500 and 10000 runs per parameter. After each run we carried out bootstrapping (100
times) to determine the 95%-confidence interval.
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Results and conclusion
As an example Figure 4.9 shows the total sensitivity indices for the aortic characteristic
impedance and the aortic peripheral resistance with respect to the mean brachial flow in
a lower arm AVF as function of the number of Monte Carlo runs per parameter. Similar
trends are observed for all other sensitivity indices between input and output parameters. Increasing the number of runs per parameter reduces the 95%-confidence interval
resulting in more precise estimates. Furthermore, it can be seen that the 95%-confidence
intervals for the sensitivity index overlap each other independent of the number of Monte
Carlo runs. For all sensitivity indices the minimum number of model runs per parameter
is determined for which the sensitivity estimate and the 95%-confidence interval remain
within 0.05 compared to the weighted average for all Monte Carlo experiments. For
higher sensitivity values more runs per input parameter are needed to obtain convergence.
For our study, in which we defined mean brachial flow and the systolic pressure distal to
the anastomosis as output of interest, at least 3000 model runs per parameter are needed.
In this study, we used 5000 model runs per parameter and the sensitivity indices are thus
accurate within ± 0.05.

Figure 4.9: Estimates of the total sensitivity indices as function of the number of runs per parameter for the aortic characteristic impedance (left) and the aortic windkessel resistance (right) with
respect to the mean brachial flow.
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Benchmark model: the Sobol G-function
Methods
To validate if the sensitivity indices are correctly estimated by our computational framework, sensitivity indices were calculated in a benchmark model for which these indices
are known from analytical theory: the Sobol G-function. The Sobol G-function is a
strongly non-monotonic, non-additive function of k parameters xi , that are assumed to
be identically and uniformly distributed in the unit hypercube
{I k = x|0 ≤ xi ≤ 1; i = 1, 2, . . . , k}. It is often used in literature to benchmark the
calculation of sensitivity indices [75, 103, 112, 113]. The Sobol G-function is given by
[75]
G(x1 , . . . , xk , a1 , . . . , ak ) =

k
Y

gi (xi , ai ) with

gi (xi , ai ) =

i=1

For each of the gi (xi , ai ) functions
of the function is
1−

R1
0

|4xi − 2| + ai
. (4.22)
1 + ai

gi (xi , ai )dxi = 1, and for xi ∈ [0, 1] the variation

1
1
≤ gi (xi , ai ) ≤ 1 +
.
1 + ai
1 + ai

(4.23)

The importance of each parameter xi is thus determined by the coefficient ai which is a
positive real number. In Table 4.6 the input parameters and the corresponding coefficients
ai that are used for the benchmark model are given. Coefficients ai are selected such that
also interactions are present within the model. The benchmark analysis is performed for
5000 and for 10000 runs per parameter and bootstrapping (100 permutations) is applied
to determine the 95%-confidence interval.
The main sensitivity indices can be obtained analytically from [75]

Si =

V (E(Y |Xi ))
1
Vi
=
=
V (Y )
V (Y )
V (Y )3(1 + ai )2

with V (Y ) =

k
Y

i=1

(1 + Vi ) − 1,
(4.24)

whereas the total sensitivity index is analytically expressed by [75]
ST i =

k
Y
Vi Y
E(V (Y |X−i ))
(1 + Vi )− 1. (4.25)
=
(1 + Vj ) with V (Y ) =
V (Y )
V (Y )
i=1
j6=i
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Table 4.6: Definition of the Sobol G-function (4.22).
Parameter name(s) [-] ai value [-]
Remarks
X1
0
Most important first order effect
X2
0.5
X3
1
X4
2
X5
4.5
X6 , X7 , X8
9
Non-important first-order effects
X9 till X15
99
Non-influential parameters at all

Results and conclusion
Results of the benchmarking are presented in Figure 4.10. For the most influential parameters a very small difference (maximum 0.05) between the analytical solution and the
estimated indices can be observed, whereas for the least influential parameters the sensitivity estimates equal the analytical sensitivity indices. Also in the case of interactions
(note large difference between main and total sensitivity index), it can be clearly observed
for the three most important model parameters that the correct estimates are obtained.
Increasing the number of runs from 5000 to 10000 per parameter does not influence the
results. The developed framework is thus able to correctly calculate sensitivity indices.
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Figure 4.10: The total and main sensitivity indices calculated for the Sobol G-function both with
our framework (black) and analytically (red). At the top the benchmark model simulated with
5000 runs per parameter is presented, whereas at the bottom the benchmarking with 10000 runs per
parameter is shown.
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Abstract
Decision-making in vascular access surgery for hemodialysis can be supported by a pulse wave
propagation model. To personalize such a model, patient-specific input parameters should be chosen. However, the number of input parameters that can be measured in clinical routine is limited. In
addition, patient data are compromised with uncertainty. Incomplete and uncertain input data will
result in uncertain model output. Previously, we analyzed the propagation of measurement uncertainty in the input to the uncertainty in the model output by means of a sensitivity analysis. Of all
73 parameters, 51 could be fixed within their measurement uncertainty range. But these parameters
still needed to be measured. To reduce the number of measurements, we present a methodology for
assessing those model input parameters that can be taken constant. In addition, a method to determine this constant is presented. For the pulse wave propagation model applied to vascular access
surgery, six patient-specific datasets were analyzed and 47 out of 73 parameters can be fixed on a
generic value. These model parameters are less important when personalizing the wave propagation model. Furthermore, we were able to determine generic values for 37 of the 47 fixable model
parameters.
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5.1 Introduction
For treatment of end-stage renal disease (ESRD) patients by means of hemodialysis therapy, a vascular access (VA) is required. The vascular access is the site at the body where
blood is withdrawn to the dialyzer and returned after filtration. The blood flow rate in
a VA should be at least 600 ml/min and, in addition, the vascular access should be easily accessible for repeated cannulation over time [8, 9]. Because there is no vessel in
the human body which complies with these requirements, a vascular access is surgically
created. An arteriovenous fistula (AVF) in the arm, which is a surgically created permanent connection between an artery and vein, is the preferred option, as it has a better
long-term patency and lower complications rates compared to other vascular access types
like grafts and catheters [8, 9]. By creating an AVF, the peripheral resistance in the hand
is bypassed, which results in vessel dilatation and a ten- to thirtyfold increase in blood
flow rate. The location of the AVF in the arm is determined by the vascular surgeon
based on preoperative diagnostics and clinical experience. However, lower arm AVFs are
hampered by non-maturation in up to 50% of all cases [6, 7, 10], which implies that six
weeks after surgery either the blood flow rate is not increased sufficiently (< 600 ml/min),
and/or the venous diameter is not sufficiently dilated (< 6 mm) and/or the VA is located
too deep (> 6 mm). Upper arm AVFs do not suffer from short-term complications like
non-maturation, but they are compromised by high flow rate problems like cardiac failure
and distal ischemia in up to 20% of all cases [7, 8, 12, 13, 14]. These upper arm AVF
complications predominantly occur, when the vascular access flow is larger than 30% of
the cardiac output [12, 13, 14], whereas non-maturation is associated with a low direct
postoperative flow [12, 32]. A low systolic pressure distal to the anastomosis is indicative
for distal ischemia [7, 8, 9].
Vascular access planning by the surgeon could be improved when before surgery a quantitative measure of both the vascular access flow (brachial artery inflow) and the systolic
pressure distal to the anastomosis were available. Therefore, previously, we developed a
distributed lumped parameter pulse wave propagation model, that can make an individualized prediction of the postoperative mean brachial flow and the systolic pressure distal
to the anastomosis [101].
To use distributed wave propagation models in individualized treatment planning, model
input parameters should be adapted to patient-specific conditions and therefore measurements on patients are needed. However, in clinical practice, measurements are associated
with relatively large measurement uncertainties compared to in-vitro measurements resulting from measurement time, limited facilities and available modalities. Very often
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only one measurement is performed. In addition, biological variations are large, which
adds up to the measurement uncertainty. Hence, it is impossible to access all model input parameters patient-specifically and sufficiently accurately, resulting in sparse datasets
comprised by large uncertainties. These uncertain and incomplete datasets will result in
output uncertainties and insight into the propagation of measurement uncertainties to output uncertainty is needed. This insight can be obtained by a sensitivity analysis, in which
the output uncertainty is apportioned to input parameters uncertainty [68, 69, 121].
Previously, we performed a global sensitivity analysis on our wave propagation model to
examine which parameters should be measured more accurately to reduce the uncertainty
in the prediction of mean brachial flow and the systolic distal radial artery pressure in
[121]. We found that improving measurements for only 16 out of 73 model parameters
was rewarding and 51 parameters could be fixed within their measurement uncertainty
interval. However, in this case these 51 parameters still need to be measured or estimated
for each patient. To reduce the number of measurements, we aim to present a methodology to identify model input parameters, for which a constant generic value can be taken
(parameter fixing).
An intuitive strategy to determine which model parameters can be fixed is to first define
model parameters for an average patient, and thereafter, perform a sensitivity analysis in
which all model parameters are varied within their population uncertainty domain. However, defining parameters for an average patient is not trivial, because for each parameter
many patient data are required to know the mean value. In addition, model parameters
might be grouped within the complete input space, for example as a result of gender differences or because of a relation between parameter and age or body-mass-index (BMI).
As a result, a sensitivity analysis for parameter fixing should be performed for average
patients for all groups to avoid non-physiological combinations of input parameters since
in a sensitivity analysis all model parameters are varied within the complete population
uncertainty domain. For non-physiological parameter combinations, the model will not
converge and this will hamper the sensitivity analysis. Therefore, in this study we chose a
different approach. We performed a sensitivity analysis by using patient-specific datasets
and applied the population uncertainty on each individual set. This approach will reduce
the chance of non-physiological input while the relevant part of the input space is still covered. In this study, we will present our methodology and apply it to six patient-specific
datasets.
The outline of this paper is as follows. First, we will shortly describe our distributed
wave propagation model and the global sensitivity method that is used in this study and
that is captured in our previously developed framework [121]. Thereafter, we will de-
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scribe the input parameters that are selected as possible candidates for parameters fixing
and we will define their uncertainty domains based on population spreads. Furthermore,
the Monte Carlo experiments executed for the global sensitivity analysis are described.
Finally, the parameters are discussed that can be fixed and generically chosen.

5.2 Material and methods
5.2.1 The wave propagation model
The wave propagation model used in this study, has demonstrated to have potential in
supporting AVF surgery planning [101]. For this model, the vascular tree is divided in
segments that are connected based on anatomy (Figure 5.1). In each segment the relation
between local pressure and flow is described. To model the effect of vascular access creation on blood pressure and flow distribution, segments are needed that represent arteries,
veins and the anastomosis (Figure 5.1). All arterial and venous segments are modeled
with a lumped parameter approach derived from local mass and momentum equations.
The anastomosis segment is modeled with a nonlinear resistor that amongst others depends on anastomosis angle and blood flow. Parts of the cardiovascular system for which
information on local pressure and flow is not needed, are truncated and terminated with
three-element windkessels. Assembling all lumped segments results in a system of differential equations that describes the pulse wave propagation of the pressure and flow
waveforms. This system is solved by numerical integration applying the trapezium rule
for implicit time integration [101]. On the first node a measured aortic flow is prescribed,
whereas the vessel at venous outflow is closed with a fixed intravenous pressure. For more
details about the model we refer to Huberts et al. [101].
In this study we use two different model topologies (computational domains), which are
shown in Figure 5.1. The first topology represents a lower arm AVF configuration and
consists of the main arteries of the right arm, i.e. the brachiocephalic, subclavian, axillary, brachial, interosseus, radial and ulnar artery. In addition, a truncated part of the
aorta, the vertebral artery and the right and left common carotid arteries are included. To
model the AVF, this topology is further extended with the anastomosis segment and a venous outflow tract that consists here of the cephalic vein in the upper and lower arm, the
median cubital vein, the basilic vein in the upper arm and the subclavian vein. The second topology represents an upper arm AVF. The outflow tract now consists of the basilic,
axillary and subclavian vein.

118
Chapter 5. A sensitivity analysis to reduce the number of patient-specific inputs

Figure 5.1: A schematic picture of the torso and arm vasculature including the major arteries and the superficial veins (left). The procedure of
creation of an arteriovenous fistula (permanent connection between the artery and the vein) in the upper (left, top) and lower (left, bottom) arm
are shown. Furthermore, the computational domains and how these domains are divided into lumped parameter segments in case of an upper arm
AVF (top) and a lower arm AVF (bottom) are shown [101]. The blue circles on the computational domains indicate the anastomosis locations
while the green circles represent the output locations. The edge number refer to the arteries and veins given in Table 5.1
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Table 5.1: The edge numbers and their names.
#
1
2
3
4
5
6
7
8
9
10

Vessel name [-]
Ascending aorta
Aortic arch A1
Left carotid artery
Aortic arch A2
Aortic arch and Thoracic aorta
Subclavian artery and Axillary artery A
Vertebral artery
Axillary artery B and the Brachial artery
Radial artery
Proximal ulnar artery

#
11
12
13
14
15
16
17
18
19
20

Vessel name [-]
Distal ulnar artery
Interosseus artery
Left subclavian artery
Innominate artery
Right carotid artery
Distal cephalic vein
Median cubitic vein
Proximal cephalic vein
Basilic vein and axillary vein B
Axillary A and Subclavian vein

5.2.2 Global sensitivity analysis
The global sensitivity analysis used in this study is a variance-based method that was previously described by Saltelli et al. [68, 69, 103] and applied to our pulse wave propagation
model in [121] to identify model parameters that should be measured more accurately to
reduce output variance.
Variance-based method
The variance-based method is a method in which the total output variance V (Y ) is apportioned to the input parameters. Sobol [105] showed that for k independent input parameters the relative output variance can be decomposed to
X
i

Si +

XX
i

i>j

Sij +

XXX
i

Sijl + . . . + S12...k = 1

(5.1)

i>j l>j

in which Si ∈ [0, 1] represents the fraction of the total output variance resulting from
parameter Xi (main sensitivity index), whereas the other indices describe the fractions of
the total variance resulting from interactions between parameters. The main sensitivity
=Xi ))
index is defined as Si = V (E|Y
in which (E|Y = Xi ) represents the conditional
V (Y )
expected value of the output Y and V (E|Y = Xi ) the variance of this conditional expected value. This sensitivity index can be interpreted as the expected reduction of output
variance if the true value of parameter Xi would be known and the model parameter is
set to its true value. The main sensitivity index can therefore be used to identify which
model parameters should be measured more accurately to reduce the output variance.
In the case of additive models the total output variance only consists of main effects of
P
the parameters ( i Si = 1). However, for non-additive models, in which interactions
between the model parameters are present, the main sensitivity index is not sufficient to
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determine which parameter can be fixed within its uncertainty range, because it is possible
that the main effect of a parameter will be very low, while its contribution via interaction
with other parameters is large. Therefore, also higher order effects should be taken into
account, when choosing which model parameters can be fixed within their uncertainty
range. However, calculating all higher order effects will be computational expensive unless (5.1) converges to one quickly. Therefore, Homma et al. [106] derived the total
sensitivity index for parameter fixing.
A measure for the total sensitivity index is obtained, by first determining the main sensitivity index if all parameters except Xi are fixed, i.e.:
S−i =

VX−i (EXi (Y |X−i ))
,
V (Y )

(5.2)

in which the index X−i represents everything except Xi . For notational simplicity, we
will neglect from this point the indices that define the domain over which the integrals for
E and V are evaluated. Note that the main sensitivity index in (5.2) includes all terms in
|X−i ))
the development (5.1) that do not contain parameter Xi . Hence 1 − V (E(Y
equals
V (Y )
the sum of all terms (both first order and higher order interactions terms) in (5.1) that do
include Xi . By using V (Y ) = E(V (Y |Xi )) + V (E(Y |Xi )) [104], this will result in a
total sensitivity index
STi =

E(V (Y |X−i ))
,
V (Y )

(5.3)

which is large (close to 1) if parameter Xi is influential and 0 if the parameter is not
influential. The total sensitivity index is, per definition, the expected residual variance
that is left, if for all parameters but Xi , the true value is known. The total sensitivity
index is used in this study to determine which parameter is non-influential and can be
fixed within its uncertainty range (parameter fixing).

Estimation of the total sensitivity indices
The total sensitivity indices can be estimated in an efficient way by using Monte Carlo
simulations as described in Saltelli et al. [103] and applied to the wave propagation model
in our previous study [121]. For the Monte Carlo experiment N random input samples
are generated by sampling the marginal probability distributions by means of stratified
Latin Hypercube sampling [111]; The input space of each input parameter is divided in
N equally probable subspaces and within each subspace a sample is randomly selected
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so that there is only one sample in each subspace. Executing the model now for all N
samples will result in the output of interest for each model run, i.e. the mean brachial flow
and the radial artery systolic pressure distal to the anastomosis (Figure 5.1). The Monte
Carlo experiment is performed with 5000 samples per parameter which has been proven to
be a sufficiently large sample size with respect to convergence of the total sensitivity index
with a minimal precision of 0.05 [121]. The complete sensitivity analysis was performed
with our previously developed framework that is elaborated in Huberts et al. [121].

5.2.3 Input parameters and analysis
In this subsection, we describe the model parameters and their uncertainty domains. In addition, a methodology is presented to identify those model parameters for which a generic
value can be used.
Definition of patient uncertainty domains
In analog to our previous study [121], for each edge the following model parameters
are taken as input parameters: length, diameter, diameter tapering, wall thickness, wall
thickness tapering and Young’s modulus. We decided to change the input parameters of
predefined edges simultaneously to avoid non-physiological outputs due to large discontinuities between edges (Table 5.2). Other input parameters are the distributed flow through
small side-branches in the arm and the mean brachial pressure p̄b . Truncated arteries are
closed by windkessels, resulting in three input parameters at each arterial end, i.e. the peripheral resistance, compliance and characteristic impedance of the peripheral bed. The
veins are closed by prescribing an intravenous pressure. The last input parameter is the
aortic flow that is prescribed at the first node.
The uncertainty domains of the input parameters in our previous sensitivity study [121]
were based on measurement uncertainties. In this study, the uncertainty domains are
broadened and based on the population spread. In this way, when a parameter can be
fixed within its domain, measurements of these parameter are no longer required. Not
for all parameters the uncertainty domain was broadened, but only for those 51 out of 73
parameters that in our first sensitivity analysis [121] had a total sensitivity index smaller
than 0.05 for the mean brachial flow and distal systolic pressure in either of the patients.
For all other model parameters the uncertainty domain given in Huberts et al. [121] was
kept. An overview of the complete input parameter space and the input uncertainties are
shown in Table 5.2. In the remainder of this manuscript these parameters are referred to
by using #. In analog to our previous study [121] uniform distributions are assumed for
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the parameters in this study. The extended uncertainty domains are based on population
spreads derived from the OpenClinica database that is created during the ARCH project
(FP7 ICT-224390), which aims to develop computational tools for predicting the clinical
outcome of AVF creation [122]. All patients included gave their written informed consent
and the study was approved by the Medical ethical committee of Maastricht University
Medical Center (The Netherlands) and Bergamo Hospital (Italy). If clinical measurements are not available, the population spread is based on literature.
Arterial and venous lengths. The arterial lengths of the subclavian, axillary and brachial
artery (#1), the radial artery (#2), the ulnar artery (#3), the interosseus artery (#4) and the
aorta (#5) are identified [121] as parameters that can be fixed within their measurement
uncertainty. In addition, the length of the cephalic, axillary and brachial vein (#7) can be
fixed. For this a measurement uncertainty interval of 10% was used based on the assumption that vessel length is proportional to body height [121], which could vary between 153
and 193 cm. In this study, we broadened this to 20% to also include outliers.
Arterial diameters. From the previous study, the ulnar (#17) and interosseus (#18) artery
diameters could be fixed within the measurement uncertainty domain of ±10% [121]. By
analyzing data of ninety ESRD patients stored in OpenClinica, a population spread in the
ulnar artery diameter, measured by duplex ultrasound was found, of approximately 30%.
For the interosseus artery, no data was available, so in analog to the ulnar artery a maximum variation of 30% in diameter was assumed.
Arterial diameter tapering. Previously, the tapering of the arterial diameters in the
subclavian, axillary and brachial artery (#8), the ulnar artery (#10), the interosseus artery
(#11) and the aorta (#12) were identified as parameters that can be fixed within their measurement uncertainty [121]. Within OpenClinica, population spreads for the diameters of
the subclavian, axillary, brachial, ulnar artery and aorta of, respectively, 20% (N=29 patients), 20% (N=94), 30% (N=90) and 9% (N=9) were found. These population spreads
were used as the maximum variations for diameter tapering in this study, except for the
aorta, because more variation is expected in a larger population. Therefore, for aortic
diameter tapering 15% is taken. For diameter tapering in the interosseus artery the same
maximum variation as for the ulnar artery is assumed.
Wall thickness and wall thickness tapering. The wall thickness of the subclavian,
axillary and brachial artery (#29), the radial artery (#30), the ulnar artery (#31), the in-
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terosseus artery (#32) and the aorta (#33) were previously found as parameters that could
be fixed within their measurement uncertainty domain of ±40% [121]. In addition, also
the cephalic, axillary and subclavian vein (#35) wall thickness could be fixed. Within the
ARCH project, intima-media thickness measurements were performed on eleven ESRD
patients of our hospital in the brachial artery and an intersubject variation of approximately 25% was found (unpublished data). Konings et al. [123] performed intima-media
thickness measurements on ESRD patients in the common carotid artery and observed a
variation of 18%, whereas Dammers et al. [11] found a wall thickness variation in the
brachial artery of approximately 15%. All reported population spreads are thus significantly smaller than the measurement uncertainty that was used earlier. Therefore, we
decided to use a maximum variation of 40% also in this study for the arteries as well as
for the veins.
The above described, holds for wall thickness tapering and thus 40% is used as maximum
variation for this parameter.
Arterial and venous Young’s modulus. The Young’s moduli in the subclavian, axillary
and brachial artery (#36), the radial artery (#37), the ulnar artery (#38), the interosseus
artery (#39) and the aorta (#40) could be fixed within their measurement uncertainty
[121]. Also, the Young’s moduli of the cephalic, axillary and subclavian vein (#42),
and of the basilic vein (#41) could be fixed within their measurement uncertainty. The
Young’s modulus is inversely proportional to vessel distensibility. Distensibility measurements on brachial arteries of eleven ESRD patients of our hospital showed a variation
of approximately 40% (unpublished data). We assumed that the variation in distensibility
measurements similar to the variation in arterial Young’s modulus and, in this study, we
have thus extended the maximum variation to 40% for the Young’s modulus of the arterial
edges named above.
Preliminary venous distensibility measurements on eighteen ESRD patients showed an
intersubject variation of approximately 20% [97]. In this study, this variation is used as
population spread for the venous Young’s modulus.
Mean brachial pressure. For the mean brachial pressure a population spread of approximately 15% was observed in twenty-six ESRD patients of our hospital (unpublished
data) which is applied as maximum variation in this study.
Windkessel parameters. All parameters of the windkessels that close the right carotid
artery (#43, #51 and #59), the left subclavian artery (#44, #52 and #60), the interosseus
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artery (#47, #55 and #63), the vertebral artery (#48, #56 and #64), the left carotid artery
(#50, #58 and #66) and the distal ulnar artery (#46, #54, #62) were identified as parameters that could be fixed within their measurement uncertainty range [121].
The characteristic impedance is inversely proportional with the arterial cross-sectional
area [57, 101]. In the OpenClinica data, a diameter variation of approximately 20% in the
subclavian artery is found. The same variation is used for the carotid arteries and the vertebral artery. The maximum variation of the characteristic impedances is then estimated
to be 40%. For the distal ulnar artery, a diameter variation of 30% was observed in the
OpenClinica data resulting in a maximum variation for the characteristic impedance of
60%. The same variation is used for the interosseus artery.
The windkessel resistance is determined by dividing the mean pressure by mean flow. The
flow to the head is largely dependent on the metabolic needs of the brain [1]. It is therefore difficult to estimate the flow variation to the head. Dammers et al. [124] observed
30% variation in the mean velocity in the common carotid artery for ten healthy volunteers. Variations in the common carotid flow will be even larger because to obtain flow the
velocity needs to be multiplied with cross-sectional area. Doppler ultrasound data for the
subclavial flow in OpenClinica showed a population spread of approximately 50%. We
decided to use 50% as maximum variation in windkessel resistance, thus neglecting population spread in mean pressure for this parameter, as this would yield non-physiological
inputs.
The maximum variation of the windkessel compliances are chosen to be 80% based on the
30% variation in the time constants observed by Leguy et al. [72] and the 50% population
spread in windkessel resistances, as the compliance is defined by the ratio between time
constant and the windkessel resistance.
Anastomosis angle. The anastomosis angle was identified as a parameter that could be
fixed, when it was varied from 15 to 90 degrees. Because anastomosis angles outside this
range are clinically infeasible, this range is kept as it was.
Analysis
In this study, we present a methodology, that uses a global sensitivity analysis to identify
model parameters, that can be fixed onto a generic value. The methodology is demonstrated using six different patient-specific datasets obtained from [101]. By using 6
datasets, the effect of different initial values is examined. For each patient two different configurations are simulated (lower and upper arm AVF) and color maps of the total
sensitivity indices are produced. Model parameters with a total sensitivity index smaller
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than 0.05 for all patients and configurations are considered to be non-influential and are
therefore identified as fixable parameters.
After identifying the fixable model parameters, it is examined if all the uncertainty domains for the six patients overlap. This overlapping region defines the values that can be
used as generic value for that parameter.
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5.3 Results

Figure 5.2: The total sensitivity indices for all input parameters with respect to the mean brachial
flow in the lower arm AVF and upper arm AVF configuration.

The total sensitivity indices are shown in color maps for six patients and two AVF configurations (upper and lower arm AVF) of all input parameters with respect to the mean
brachial flow and the systolic pressure in the distal radial artery (Figure 5.2 and 5.3 respectively). The input parameters that can be fixed for all patients and AVF configurations are
summarized in Table 5.2, whereas the details are described below. Thereafter, the overlapping regions of the uncertainty domains are presented to define the generic values for
the fixable model parameters.
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Mean brachial flow
The total sensitivity indices in Figure 5.2 (top) indicate that in case of the lower arm AVF
configuration, the mean brachial flow is not significantly effected by the lengths of the
subclavian, axillary and brachial artery (#1), and of the ulnar artery (#3), the interosseus
artery (#4) and the aorta (#5). In addition, the length (#6) of the median cubital and
basilic vein are non-influential parameters, whereas the length of the radial artery (#2)
and cephalic, axillary and subclavian vein (#7) have significant residual variances (0-9%)
in at most two patients. The vessel diameters can be fixed for all vessels except the radial artery (#16, 0-22%) and the cephalic, axillary and subclavian vein (#21, 0-15%) that
show significant residual variances in at least four patients. The diameter tapering of the
cephalic, axillary and subclavian vein (#14) has a significant residual variance of 10% in
patient 1, while in all other patients this parameter can be fixed. For all other vessels, diameter tapering can be fixed. The wall thicknesses, changes in wall thickness, the Young’s
moduli, the mean brachial pressure (#72) and the windkessel characteristic impedances of
all edges can be fixed for all patients. The radial artery and aortic windkessel resistances
(respectively #53, residual variance from 0 to 20% and #57, 18-37%) and windkessel
compliances (respectively #61, 0-35% and #65, 0-12%) cannot be fixed in at least five
patients, whereas all other windkessel resistances and compliances can be fixed. In addition, the anastomosis angle (#70) has total sensitivity indices smaller than 0.05 and can
thus be fixed. The distributed flow (#71, 0-12%) can be fixed in four patients, whereas the
intravenous pressure (#67, 0-18%) can be fixed in only two patients.
In case of the upper arm configuration, the arterial and venous vessel lengths can be fixed,
except for the length of the subclavian, axillary and brachial artery (#1, 0-5%), and the
basilic, axillary and subclavian vein (#6, 0-13%) which are not fixable in one patient (Figure 5.2 (down)). Also the vessel diameters and vessel diameter tapering can be fixed
for all vessels except for the subclavian, axillary and brachial artery (respectively #15, 010%, #8, 0-12%), and the basilic, axillary and subclavian vein (respectively #20, 0-12%
and #13, 0-11%) that are not fixable in at least four patients. The wall thickness (#34,
0-6%) and the tapering in wall thickness (#27, 0-8%) of the basilic, axillary and subclavian vein cannot be fixed in one patient, whereas for all other vessels the wall thickness
and wall thickness tapering can be fixed. The Young’s moduli, the mean brachial pressure
(#72) and the windkessel characteristic impedances can be fixed for all patients. Three
other parameters can be fixed for only one patient. These are the radial artery windkessel
resistance (#53, 0-13%), the radial artery and aortic windkessel compliances (respectively
#61, 0-24% and #65, 0-14%). The aortic windkessel resistance cannot be fixed for all pa-

128

Chapter 5. A sensitivity analysis to reduce the number of patient-specific inputs

tients (#57, 16-23%). All other windkessel parameters can be fixed for all patients. The
anastomosis angle (#70) and the distributed flow (#71) of all vessels can be fixed for all
patients, while the intravenous pressure (#67, 0-7%) can be fixed in halve of the patients.
Distal radial artery systolic pressure
In case of the lower arm AVF configuration, it can be observed in Figure 5.3 (top) that the
radial artery length (#2, 0-8%) can be fixed in four out of six patients, whereas all other
vessels lengths can be fixed for all patients. The diameters of all vessels can be fixed for all
patients except for the subclavian, axillary and brachial artery (#15, 0-8%), for the radial
artery (#16, 0-13%) and for the cephalic, axillary and subclavian vein (#21, 0-6%) that
cannot be fixed in at least one out of six patients. For all patients, the diameter tapering,
wall thickness and wall thickness tapering of all vessels do not significantly influence the
distal systolic pressure (total sensitivity indices smaller than 0.05). The Young’s modulus
of the subclavian, axillary and brachial artery (#36, 0-5%) cannot be fixed in one patient.
However, the Young’s moduli of all other vessels can be fixed for all patients. In addition,
the mean brachial pressure (#72) can be fixed for all patients. The aortic characteristic
impedance (#49, 0-17%) cannot be fixed in four out of six patients, while all other characteristic impedances can be fixed. The radial artery windkessel resistance (#53, 0-21%)
can be fixed in two out of six patients, whereas the aortic windkessel resistance (#57,
7-32%) is influential in all patients. All other windkessel resistances can be fixed for all
patients. The radial artery windkessel compliance (#61, 0-39%) and the aortic windkessel
compliance (#65, 0-11%) can be fixed in respectively only one and three out of six patients, while all other windkessel compliances can be fixed for all patients. Furthermore,
the anastomosis angle (#70), the distributed flow (#71) and the eccentricity ratio of the
median cubital and basilic vein (#68) can be fixed for all patients. The eccentricity ratio
of the cephalic, axillary and subclavian vein (#69, 0-8%) can be fixed in only one out of
six patients, whereas the intravenous pressure (#67, 0-13%) can be fixed in four out of six
patients.
The total sensitivity indices in Figure 5.3 (down), that are calculated for the distal systolic pressure, indicate that in case of the upper arm AVF configuration the vessel lengths
can be fixed for all patients except for the lengths of the subclavian, axillary and brachial
artery (#1), and the basilic, axillary and subclavian vein (#6) that have total sensitivity
indices larger than 0.05 for patient 1 (respectively 6 and 15%). In addition, the diameter
(#20) and diameter tapering (#13), and the wall thickness (#34) and the wall thickness tapering (#27) of the basilic, axillary and subclavian vein can be fixed for all patients except
one, for which they have a significant residual variance of respectively 9%, 9%, 6% and
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Figure 5.3: The total sensitivity indices for all input parameters with respect to the systolic pressure
in the distal radial artery for the lower arm AVF and upper arm AVF configuration.

7%. For all other vessels, the diameter tapering, the wall thickness and the wall thickness
tapering can be fixed. The diameters of the subclavian, axillary and brachial artery (#15,
0-7%), of the radial artery (#16, 0-7%) and of the aorta (#19, 0-5%) can be fixed in respectively four, four and five out of six patients. All other vessel diameters can be fixed
for all patients. The Young’s modulus of the aorta (#40, 0-7%) can be fixed in only two
out of six patients, whereas the Young’s moduli of all other vessels can be fixed for all
patients. Furthermore, it can be observed in Figure 5.3 (down) that the mean brachial pressure (#72) and all characteristic impedances, except the aortic characteristic impedance
(#49, 0-17%), can be fixed for all patients. The radial artery windkessel resistance (#53,
0-15%) can be fixed for only two out of six patients, whereas the aortic windkessel resis-
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tance (#57, 5-19%) cannot be fixed for any patient. All other windkessel resistances can
be fixed. In addition, all windkessel compliances can be fixed except for the windkessel
compliances of the radial artery (#61, 0-34%) and of the aorta (#65, 0-13%) that can only
be fixed in respectively one and two out of six patients. The anastomosis angle (#70), the
distributed flow (#71) and the intravenous pressure (#67) can be fixed for all patients.
Definition of population averaged constants
In summary, for the two outputs and all patients and configurations 47 parameters were
identified as fixable. The overlap of the uncertainty domains of the six patients for a fixable model parameter determines the values on which the model parameter can be fixed.
In this way, for 37 (11 with full and 26 with partially overlap) out of 47 parameters a range
of values could be found which are given in Table 5.2. For 10 out of 47 model parameters
the uncertainty domains had no overlap. Typical examples of these three categories are
shown in Figure 5.4.

#
1
2
3
4
5
6
7
8
9
10
11
12
13
14
15
16
17
18
19
20
21
22
23
24
25
26
27
28

34
35

a
b
c

Arterial diameter tapering
innominate, subclavian, axillary and brachial
radial
ulnar proximal and distal
interosseus
ascending aorta, aortic arch, thoracic aorta
Venous diameter tapering
median cubital and basilic a
cephalic, axillary and subclavian b
Arterial diameters
innominate, subclavian, axillary and brachial
radial
ulnar proximal and distal
interosseus
ascending aorta, aortic arch, thoracic aorta
Venous diameters
median cubital and basilic a
cephalic, axillary and subclavian b
Change in arterial wall thickness
innominate, subclavian, axillary and brachial
radial
ulnar proximal and distal
interosseus
ascending aorta, aortic arch, thoracic aorta
Change in venous wall thickness
median cubital, basilic a
cephalic, axillary and subclavian b
Arterial wall thickness
innominate, subclavian, axillary and brachial
radial artery
ulnar proximal and distal
interosseus
ascending aorta, aortic arch, thoracic aorta
Venous wall thickness
median cubital, basilic a
cephalic, axillary and subclavian b

∆Xi
20%
20%
20%
20%
20%

Fixable ranges

#

5.4-8.0, 14-21 [cm]
6.3-9.5 [cm]
3.2-4.8, 0.8-1.2, 7.3-11 [cm]

36
37
38
39
40

10%
20%
20%
10%
30%
30%
15%

41
42

X
-4.4-6.8,1.7-6.8 [10−4 ]
-3.4-3.4 [10−4 ]
-2.5-2.9,-2.1-2.1,-1.4-2.3 [10−3 ]

10%
10%
10%
10%
30%
30%
10%

2.4-2.8, 1.9-2.0 [mm]
1.0-1.5 [mm]

10%
10%
40%
40%
40%
40%
40%

-6.4-6.4,-3.1-3.4, 0.8-3.6 [10−4 ]
-0.3-1.6 [10−4 ]
-1.3-1.8,0.1-1.7 [10−4 ]
-2.2-2.2 [10−4 ]
-13-13,-10-10,-9.0-9.0 [10−4 ]

40%
40%

X,0.2-0.9,-2.8-0.3 [10−4 ]

40%
40%
40%
40%
40%

4.8-11, 3.6-5.7, 3.2-4.3 [10−4 m]
1.2-2.0 [10−4 m]
2.1-3.0,1.7-2.1 [10−4 m]
1.7-3.9 [10−4 m]
9.8-23,7.6-18,6.8-16 [10−4 m]

40%
40%

1.4-1.5,1.6-2.0,2.7-3.7 [10−4 m]

For an upper arm AVF the basilic, axillary and subclavian vein are combined.
Not used in the model for an upper arm AVF.
The absolute value [-] is presented.

43
44
45
46
47
48
49
50
51
52
53
54
55
56
57
58
59
60
61
62
63
64
65
66
67
68
69
70
71
72
73

Parameters
Arterial Young’s moduli
innominate, subclavian, axillary, brachial
radial
ulnar proximal and distal
interosseus
ascending aorta, aortic arch, thoracic aorta
Venous Young’s moduli
median cubital, basilic a
cephalic, axillary, subclavian b
Characteristic impedances
right carotid artery
left subclavian artery
radial artery
distal ulnar artery
interosseus artery
vertebral artery
thoracic aorta
left carotid artery
Windkessel resistances
right carotid artery
left subclavian artery
radial artery
distal ulnar artery
interosseus artery
vertebral artery
thoracic aorta
left carotid artery
Windkessel compliances
right carotid artery
left subclavian artery
radial artery
distal ulnar artery
interosseus artery
vertebral artery
thoracic aorta
left carotid artery
Other
intravenous pressure
eccentricity ratio of median cubital and basilic vein a
eccentricity ratio of cephalic, axillary and subclavian vein b
anastomosis angle
distributed flow
mean brachial pressure
mean aortic flow

∆Xi

Fixable ranges

40%
40%
40%
40%
40%

2.2-2.5 [MPa]
2.2-2.5, 2.2-2.5 [MPa]
1.0-2.2 [MPa]

20%
20%

0.096-0.14,0.096-0.14 [MPa]
0.096-0.14,0.096-0.14,0.096-0.14 [MPa]

40%
40%
20%
60%
60%
40%
20%
40%

2.6-3.9 [108 Pa · s/m3 ]
2.0-2.9 [108 Pa · s/m3 ]
X
X
100-160 [108 Pa · s/m3 ]
17-25 [108 Pa · s/m3 ]

50%
50%
25%
50%
50%
50%
25%
50%

1.4-1.8 [109 Pa · s/m3 ]
X

80%
80%
50%
80%
80%
80%
50%
80%

18-70 [10−11 Pa/m3 ]
X

50%
1.3-1.9 c
1.3-1.9 c
15-90 c
40%
15%
10%

2.6-3.9 [108 Pa · s/m3 ]

X
X
21-29 [109 Pa · s/m3 ]
1.4-1.8 [109 Pa · s/m3 ]

X
X
1.2-4.7[10−11 Pa/m3 ]
18-70 [10−11 Pa/m3 ]

15-90
X
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29
30
31
32
33

Parameters
Arterial lengths
innominate, subclavian, axillary and brachial
radial
ulnar proximal and distal
interosseus
ascending aorta, aortic arch, thoracic aorta
Venous lengths
median cubital and basilic vein a
cephalic, axillary and subclavian b
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Table 5.2: The input parameters and their patient uncertainty domains ∆Xi . Edges that are changed simultaneously are separated by commas.
Note that for the upper arm AVF some venous edges are not in the model and therefore the related parameters are by definition non-influential in
the upper arm AVF configuration. Model parameters that were selected in our previous study [121] as candidates for parameter fixing are shown
in italics, whereas for the model parameters that are identified as fixable for all patients and both AVF configurations in the present study the
range of generic values is given in the fourth column. If no range could be defined this is indicated by X.
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5.4 Discussion
Previously, we developed a distributed lumped parameter wave propagation model [101]
that supports in decision-making for AVF surgery by predicting the change in mean
brachial flow and distal systolic pressure after AVF creation. However, to apply this model
in clinical practice, the model input parameters need to be adapted to patient-specific conditions and for this measurements on patients are required. Unfortunately, in clinical
practice, not all parameters can be measured which results in sparse datasets. In addition,
patient measurements are compromised by uncertainties. These sparse and uncertain input data will result in model output uncertainty. Therefore in a previous study [121], a
framework was developed that was used to analyze the propagation of measurement uncertainties to output uncertainty by means of a variance-based global sensitivity analysis
that uses a Monte Carlo experiment. This analysis showed that only for 16 out of 73
model input parameters it would be rewarding to improve the measurements, whereas 51
out of 73 parameters could be fixed within their measurement uncertainty domain. However, these parameters still need to be acquired which hampers the clinical applicability of
our wave propagation model. Therefore in this study, we aimed to present a methodology
to assess the model parameters that can be fixed onto a generic value.
The methodology was demonstrated using six patient-specific datasets. For the 51 model
parameters that were previously [121] identified as non-influential, the uncertainty domain were extended and based on a population spread. Results showed that 47 model
parameters could be fixed within this extended uncertainty domain for all patients and
configurations. Two of these model parameters were not yet identified in our previous
sensitivity study [121]. These parameters were the radial artery diameter tapering (#9)
and the radial artery characteristic impedance (#45). Previously, they had a total sensitivity index of 0.05 in two out of six patients. Small deviations are possible because
the precision of the estimates is 0.05 and their sensitivity indices are exactly at the used
threshold for identifying influential parameters. Moreover, five input parameters were
identified in the present study as significant for the outputs in one or both AVF configurations (Table 5.2), whereas they were not identified previously [121]. These parameters
are the length and the diameter tapering of the subclavian, axillary and brachial artery,
the radial artery length, the length of the cephalic, axillary and subclavian, and the aortic Young’s modulus. The first four parameters effect the mean brachial flow which can
physically be explained because all these parameters effect the viscous blood flow resistance, whereas the aortic Young’s modulus might affect wave propagation and therefore
the systolic pressure in the radial artery. These parameters thus became influential now
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(a)

(b)

(c)

Figure 5.4: Three typical examples to present the intersection of patient uncertainty domains,
indicated by the red lines and which determines the range of values in which the fixable model
parameters can be fixed for all patients. In 5.4(a) the patient uncertainty domains of all six patients fully overlap while in 5.4(b) and 5.4(c) the patient uncertainty domains are partially and none
overlapping respectively.
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their uncertainty domains are broadened. By considering the overlap of the uncertainty
domains for all 47 fixable parameters, it was observed that in total 11 model parameters showed complete overlap between the uncertainty domains for all patients, while 10
model parameters showed no overlap at all. The remaining 26 model parameters had partially overlapping uncertainty domains for which the size of the intersection depends on
the size of the uncertainty domain relative to the size of the population spread. The fact
that the uncertainty domains for fixable input parameters had no overlap, results from the
fact that the applied uncertainty domains were much smaller than the population spread
in the six patient datasets. However, to avoid non-physiological combinations of input parameters, we decided to not further extend the uncertainty domains for these parameters.
As a result, it is still necessary to measure these parameters. Completely overlapping
domains result for model parameters that were generically, based on literature. Thus,
as long as the uncertainty domains are close to the population spread, our methodology
can be used to determine generic values for the fixable model parameters. However, the
methodology was here only demonstrated on six patient datasets. Thus to set parameters,
more patients should be included to get better estimates for the population spread and the
uncertainty domains. Because it is difficult to define how many patients are needed for
sufficient power, the methodology presented in this study can be seen as a self-learning
approach in which each included patient increases the power of the sensitivity analysis.
For future application, we suggest to iteratively redo the sensitivity analysis after inclusion of new patients, especially when for the patient input parameters are found that lay
outside the current population spreads.
Although the results of the present study cannot yet be used to fix model parameters into
generic values, the insight obtained can already be used when personalizing the wave
propagation model. As our previous study [121] gives a direction for measurement improvements, this study indicates which parameters can be fixed. We propose to estimate
these fixable model parameters based on literature and reduce the number of measurements and thus the burden on the patient. The assumptions made in this personalization
step should thereafter be analyzed by a second sensitivity analysis in which the uncertainty in the assumptions is taken into account.
Note that the sensitivity analysis in this study assumes that all input parameters are independent. The methodology presented in this study, can be used for correlated input
parameters if only a subset of the parameters in the total input space are correlated and
the subsets are independent [68, 69, 114]. However, the possibility to distinguish between
correlated parameters within a subset is lost and therefore this method fails if all parameters or most of them are correlated. Other quantitative methods to deal with correlated
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input parameters are the method of Ratto et al. [115], in which a biased estimator of
the sensitivity index is derived, based on conditional density functions, or methods that
are based on metamodels [69, 116, 117, 118], which are approximations of the actual
model and derived by defining a simplified relation between the input parameters and the
output of interest. The biggest advantage of metamodeling is that it is less computationally demanding than the actual model but designing a metamodel is rather complex and
a sophisticated design of the computational experiment is needed, especially if you want
to incorporate higher order interactions (> third order) [119]. These methods are further
complicated by a large number of input parameters and by the large amount of data needed
to determine the correlations between parameters. Therefore, we decided to use a Monte
Carlo approach in this study. In addition, the computing resources (www.biggrid.nl) and
the fast calculation time of the pulse wave propagation model allow us to run multiple
simulations within reasonable time.

5.5 Conclusion
In this manuscript, we presented a self-learning approach that was able to identify 47 out
of 73 model input parameters that could be fixed within their uncertainty domain. Furthermore, we found for 37 of these 47 model parameters generic values onto which the
model parameters could be fixed. For the other 10 model parameters no generic value
could be defined because the applied uncertainty domain was smaller than observed population spread in the six patient datasets. Therefore, it can be concluded that our proposed methodology can be used to determine generic values for the fixable model parameters as long as the applied uncertainty domains are close to to the population spread.
However, the methodology was here only demonstrated on six patient datasets and therefore, to set parameters, more patients should be included to get better estimates for the
population spread and the uncertainty domains.
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Chapter 6

Model corroboration: An
experimental study

This Chapter is based on:
W. Huberts, K. Van Canneyt, S. Eloot, P. Segers, P. Verdonck, J.H.M. Tordoir, F.N. van
de Vosse, E.M.H. Bosboom, Experimental validation of a pulse wave propagation model
to predict vascular access surgery, Submitted, (2011)
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Abstract
End-stage renal disease (ESRD) patients treated with hemodialysis therapy, require a vascular access. Preferably, a vascular access is created in the arm, by surgically connecting an artery and
vein, i.e. an arteriovenous fistula (AVF). The site for AVF creation is chosen by the surgeon based
on clinical experience and preoperative vessel assessment. Still, AVFs are compromised by too low
flows in lower arm AVFs or too large flows in upper arm AVFs. Previously, it was shown that a computational 1D-model is able to describe pressure and flow after AVF surgery. However, predicted
flows significantly differed from measurements in 4/10 patients. Differences can be attributed to inaccuracies in Doppler measurements and input data, to neglecting physiological mechanisms or to
an incomplete physical description of the pulse wave propagation after AVF surgery. The physical
description can be checked by corroborating against an experimental setup consisting of silicone
tubes mimicking the aorta and arm vasculature both before and after AVF surgery, which is the aim
of this study. In such an analysis, the output uncertainty resulting from measurement uncertainty in
model input should be quantified. The computational model was fed by geometrical and mechanical properties collected from the setup. Pressure and flow waveforms were simulated and compared
with experimental waveforms. The precision of the simulations was determined by performing a
Monte Carlo study. It was concluded that the computational model was able to simulate mean pressures and flows accurately, whereas simulated waveforms were less attenuated than experimental
ones, likely resulting from neglecting viscoelasticity. Furthermore, it was found that in the analysis
output uncertainties, resulting from input uncertainties, can not be neglected and should thus be
considered.
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6.1 Introduction
Hemodialysis is a common treatment for end-stage renal disease (ESRD) patients [3, 4].
To facilitate hemodialysis, a well-functioning vascular access is needed. The vascular
access should be able to provide a high blood flow (≥ 600 ml/min) and should be easily
accessible for repeated cannulation over time [6, 7]. The preferred vascular access is an
arteriovenous fistula (AVF) in the arm, which is a surgically created connection between
an artery and vein (anastomosis), resulting in a significant flow increase (five- to thirtyfold) and vessel remodeling [6, 7, 8, 9, 10].
The AVF can be created both at wrist level (lower arm AVF) or at elbow level (upper arm
AVF) [11, 12, 13, 14]. In current clinical practice, the selection is based on the patient’s
medical history and the caliber of the involved vessels, i.e. when the caliber of the radial
artery and the cephalic vein exceed 2 mm a lower arm AVF is created, otherwise an upper
arm AVF. Despite the preoperative diagnostics, complications after AVF creation occur
frequently. Lower arm AVFs are hampered by non-maturation in up to 50% of all cases
which implies that six weeks after surgery, either the AVF is not dilated sufficiently (i.e.
venous diameter < 6 mm), the blood flow is too low (< 600 ml/min), and/or the AVF is
located too deep (i.e. venous depth > 6 mm) [6, 7, 8, 9, 10, 12]. Upper arm AVFs are
hampered by long-term complications like distal ischemia and/or cardiac failure in 20%
of all cases [6, 7, 8, 12]. To reduce the number of complications and optimize surgical
decision-making, tools to optimize the location for an individual patient are of interest.
Because a too low brachial flow directly after surgery is associated with non-maturation
[10, 32] and a postoperative flow larger than 30% of the cardiac output is associated with
distal ischemia and cardiac failure [11, 12, 13, 14], the tools should aim at providing, preoperatively, a quantitative patient-specific estimate for the immediate postoperative flow.
Previously, a pulse wave propagation model was developed that is able to simulate pressure and flow waveforms after upper and lower arm AVF surgery [101]. This computational model that is fed by patient-specific data was used to predict immediate postoperative flow in ten ESRD patients. It was shown that the model selected the same AVF
location as an experienced surgeon in nine out of ten patients. Differences between model
predictions and measurements might have several reasons. First, the accuracy of the measured flows, input data and boundary conditions might limit the correspondence between
the simulated and measured flows. Second, the model neglects vascular adaptation and
autoregulation of the peripheral bed which might result in differences between simulated
and measured flows. A third reason might be that the physical description of the pulse
wave propagation of the pressures and flows is incomplete. The way to determine if the
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physical description is complete, is by corroborating the pulse wave propagation model
with an experimental setup which mimics the surgical AVF procedure and gives the possibility to determine a larger number and more accurate mechanical, geometrical and
hemodynamic (pressure and flow waveforms) data than would be possible in an in-vivo
situation [125, 126]. In addition, vascular adaptation and regulation of the peripheral beds
are excluded and do not influence the comparison of experimental and simulation results.
Besides, an experimental setup can be used to validate the waveforms of the simulated
pressures and flows which are needed when adaptation laws will be included in future
work.
For arteries, in-vivo and experimental corroboration studies for pulse wave propagation
models [63, 65, 125, 126, 127] have been performed previously. However, these studies
mainly focused on the systemic arterial tree with arterial flows much smaller than the
flow after AVF creation. No corroboration study is reported that corroborates a pulse
wave propagation model simulating the extreme flow increase after AVF surgery. Moreover, the propagation of measurement uncertainty in the model input to uncertainty in
the model output (i.e. precision) was not analyzed previously. However, a quantitative
estimate of the precision is required for a proper comparison between simulations and
measurements. The output uncertainty can be assessed by using a method based on generalized chaos expansion ([71]) or by means of Monte Carlo simulations ([128]). The
advantage of the method of Xiu et al. [71] is that less model runs are needed than for
Monte Carlo simulations. However, the implementation is less straightforward as Monte
Carlo simulations since the model equations are made stochastic and the most suitable
polynomials for expansion of the stochastic function need to be selected. As a result,
Monte Carlo simulations are more intuitive and therefore used in this study.
The aim of this study is thus to validate the previously developed distributed lumped parameter pulse wave propagation model for the prediction of pressure and flow before and
after AVF creation. In this way it is determined if the physical description of the pulse
wave propagation is correctly captured by the model. The uncertainty in pressure and
flow waveforms, resulting from uncertainties in the model input parameters, is accounted
for by using Monte Carlo simulations.
The manuscript is outlined as follows. First, the distributed lumped parameter pulse wave
propagation model will briefly be described, followed by the experimental setup and how
mechanical, geometrical and hemodynamic properties are determined. Next, how the
model was adapted to the experimental conditions and how the model was corroborated
with the experimental setup will be discussed.
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6.2 Material and methods
6.2.1 The mathematical model
The pulse wave propagation model used here was previously developed by Huberts et
al. [101], and will only be described in short. The computational domain (Figure 6.1,
bottom) includes the vessels of interest, in this case, the main vessels in the arm (pre- and
postoperative). The vessels were divided in segments with a maximum length of 5 cm.
Each segment describes the local relation between pressure and flow. For the scope of
modeling the effect of vascular access creation on blood pressure and flow distribution,
segments are needed that represent arteries, veins and the anastomosis.
All arterial and venous segments were modeled with a lumped parameter model derived
from local mass and momentum equations. The mass equation was simplified by assuming a compliance C0 per unit length linearized around the mean pressure p0 , resulting
in
C0

∂p ∂q
+
+Ψ=0
∂t
∂z

(6.1)

in which p is pressure, q is flow and Ψ the flow per unit length distributed to small
side-branches that are not separately modeled by vascular segments. By assuming fullydeveloped incompressible Newtonian flow in a straight vessel and by using a time and frequency dependent approximated velocity profile to obtain an estimate for the wall shear
stress, the momentum equation was reduced to:
−

∂p
∂q
= R(α0 )q + L(α0 ) .
∂z
∂t

(6.2)

Herein, R(α0 ) and L(α0 ) are respectively a resistor and an inductor depending on the
Womersley number corresponding to the characteristic frequency of one heartbeat.
The anastomosis segment was modeled with a nonlinear resistance based on two semiempirical loss coefficients, Kv and Kd , that describe the loss from the proximal artery to,
respectively, the proximal vein and the distal artery and are defined by [91, 92]:
1
θ
θ
k4 − k5 A∗
]+k6 q ∗ (1−q ∗ )(1+ ∗ )cot , (6.3)
Kv = k1 (1−q ∗ )2 +q ∗ 2 [k2 cot −k3 +
2
∗
2
A
2
A
Kd = k7 (1 − q ∗ )2 + k8 q ∗ 2 − k9 q ∗ (1 − q ∗ )

(6.4)
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Figure 6.1: Network model mock loop scheme (top) and the computational domain (bottom). The
numbers refer to the vessels given in Table 6.2. Pressure (x) and flow (0) waveform acquisition
locations are shown.
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in which q ∗ is the ratio between flow through the vein and flow through the proximal
artery, A∗ is the ratio between cross-sectional area of the vein and cross-sectional area
of the proximal artery and θ is the angle between proximal artery and proximal vein.
Empirically determined values for the constants k1 to k9 are given in Table 6.1. The
pressure drop from the proximal artery to the proximal vein, pp − pv , was now described
by
1 qp2 1
pp − pv = Kv ρ 2 2 |qv |qv = Rv (q ∗ , A∗ , θ, qv , qp , Ap )qv ,
2 qv Ap

(6.5)

whereas the pressure drop from the proximal artery to the distal artery, pp − pd , was
expressed by
1 qp2 1
pp − pd = Kd ρ 2 2 |qd |qd = Rd (q ∗ , A∗ , θ, qd , qp , Ap )qd .
2 qd Ap

(6.6)

Herein, Ap is the cross-sectional area of the proximal artery, ρ the fluid density and qp , qv
and qd are respectively the flow in the proximal artery, proximal vein and the distal artery.
Parts of the cardiovascular system, for which no detailed information on pressure and flow
was required, were truncated and terminated with three-element windkessel models. Assembling all lumped segments resulted in a system of differential equations that describes
the pulse wave propagation of the pressure and flow waveforms. This system was solved
by numerical integration applying the trapezium rule for implicit time integration [101].
On the first node, a measured (aortic) flow was prescribed, whereas the venous outflow
was closed with a fixed intravenous pressure.
The pressure and flow waveforms simulated by the pulse wave propagation model were
corroborated with experimentally derived pressure and flow waveforms. The input parameters (e.g. R(α0 ), L(α0 ) and C0 ) of the pulse wave propagation model should therefore
be adapted to the experimental setup. For this, geometrical (vessel length, vessel diameters) and mechanical characteristics of the vessels (vascular compliance) were mandatory.
Furthermore, information on anastomosis configuration (location, angle), windkessel parameters, fluid properties (density and dynamic viscosity), intravenous pressure and an
input (aortic) flow waveform were required. How these input parameters were obtained
will be discussed in Section 6.2.3.
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Table 6.1: Semi-empirical determined dimensionless constants k1 to k9 for equation (6.3) and
(6.4) [91, 92].

k1
0.95

k2
1.3

k3
0.3

k4
0.4

k5
0.1

k6
0.4

k7
0.03

k8
0.35

k9
0.2

6.2.2 The experimental model
In-vitro experimental setup
The experimental silicone tube model, mimicking the anatomy and physiology of the
human vasculature in the arm, was built based on patient-specific data obtained in a previous study [101]. The arterial geometrical data, obtained from magnetic resonance (MR)
and ultrasound (US) examinations, were used to generate a three-dimensional (3D) CADmodel which was used as benchmark for manufacturing the 3D silicone tube model. For
the construction of the silicone arterial model, Rapid Prototype models and dip-coating
techniques were used (in-house techniques and knowledge). The venous silicone model
was based on geometrical data obtained from US measurements of an ESRD patient and
was constructed by painting silicone, layer by layer, on a steel rod [129]. This technique
was chosen over dip-coating techniques as it was expected to result in lower wall thicknesses and thus lower stiffness. To mimic the AVF, the arterial and venous silicone models
were connected by an anastomosis with an aperture of approximately 15 mm2 and an inplane angle of 30◦ [28]. The resulting silicone network model consisted of the brachial,
radial, ulnar and interosseus artery (arterial tract) and of the cephalic, basilic, median cubital, axillary and subclavian vein (venous tract).
This network model was built in a mock loop [76, 77] including a silicone aorta and
subclavian artery constructed by Hemolab B.V.(Eindhoven, The Netherlands)(Figure 6.1,
top). The arterial and venous silicone network was placed in a water tank to allow for
ultrasound measurements. The complete circulation circuit was filled with water and the
water was pumped through the mock loop by a step pump (Parker Hannifin GmbH; Offenburg, Germany) that was regulated by a normalized modified sinus-squared ISO5840
function (Figure 6.2) in LabView (National Instruments Inc., version 7.1, Austin, Texas,
USA). This resulted in a pump flow rate of approximately 5 l/min which is comparable
to a physiological cardiac output [1]. The fluid entered the proximal aorta via a flexible
valve (Hemolab B.V) and could thereafter flow in two directions: to the distal aorta which
was closed by a windkessel, and to the subclavian artery which was the inflow artery of
the silicone network model. This silicone network model had three outflows in the arterial
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part (at radial, ulnar and interosseus artery) and one in the venous part (at the subclavian
vein). For mimicking the preoperative situation, the venous outflow was closed with a
clamp, whereas for the postoperative situation the clamp was released to mimic the presence of a lower arm AVF. The lower arm AVF was chosen because it involves the largest
arterial and venous network and thus the most complex topology was studied.

Normalized amplitude [−]

1

0

0

Time [s]

1

Figure 6.2: Pump input function (modified sinus-squared ISO5840)
.

The computational domain for the simulations consisted of a truncated part of the aorta,
the subclavian, brachial, radial, ulnar and interosseus arteries, the anastomosis, the cephalic,
median cubital, basilic, axillary and subclavian veins, and, in addition, all connecting
tubes (Figure 6.1, bottom).
Measurement techniques
Geometrical measurements. The lengths of all arteries, connecting tubes and veins were
measured using a ruler. In addition, the ruler was used to determine the location of the
anastomosis with respect to the brachial bifurcation. The proximal and distal arterial and
venous diameters were measured at working pressure with ultrasound (Picus ultrasound
system, ESAOTE B.V., The Netherlands). The diameters of connecting tubes were determined with a micrometer.
Flow measurements. Flow waveforms were measured, at the proximal aorta and the
proximal subclavian artery (Figure 6.1) with a Transonic flow meter acquisition system
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(Team 21 Compatible; Transonic Systems Inc., Ithaca, NY, USA). The signal was sampled at 500 Hz using a data-acquisition (DAQ) unit (BMC-2090, National Instruments
Inc.). The acquisition software was programmed in LabView (National Instruments Inc.,
version 7.1, Austin, Texas, USA). For all outflow tracts, the time-averaged outflows were
measured volumetrically.
Pressure measurements. Pressure waveforms were measured, using pressure transducers (P10EZ-1, Becton Dickinson Critical Care Systems; Singapore) connected to a multichannel compact amplifier system (PICAS; Peekel Instruments, Rotterdam, The Netherlands). The measurements were performed at predefined locations along the experimental
model (Figure 6.1) by sliding a fluid-filled epidural catheter (Portex Epidural Catheter;
Smiths Medical ASD, inc. Keene, USA) through the experimental model. The pressure
transducers were also connected to the DAQ-unit.
Mechanical properties of the vessels. The diameter change (distension) of the arteries and veins was measured by using wall-tracking software (Artlab) that is incorporated
in the Picus ultrasound system (ESAOTE B.V., The Netherlands). Since pressures were
measured simultaneously, the distension, ∆d, and the pulse pressure, ∆p, were used to
determine the local distensibility, D:
D≈

2dd ∆d + (∆d)2
1 ∆A
=
A0 ∆p
d0 2 ∆p

(6.7)

in which A0 and d0 are the cross-sectional area and the diameter at mean pressure, and
dd the diastolic diameter. The distensibility of the subclavian artery was estimated by using its wall-thickness-to-radius ratio of 0.1 and by assuming the Young’s modulus equal
to the aorta of the experimental setup, as the subclavian artery was made from the same
material. The distensibilities of the connecting tubes were assessed from static volumetric
compliance measurements or set to 10−7 Pa−1 otherwise.
Pressure drop over the anastomosis. The extra pressure drop over the anastomosis
was captured via a minor loss coefficient, defined as Kloss = 1∆p
2 , in which ∆p is the
2 ρv
pressure drop from the inflow artery to the outflow vein, ρ is the density, and v is the mean
fluid velocity in the inflow artery. Kloss was determined by measuring the pressure drop
as function of the Reynolds numbers from Re=200 to 3500 (Figure 6.3A).
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Figure 6.3: The experimentally derived minor loss coefficient as function of the Reynolds number
(A) and the reduced minor loss equation (Equation (6.8)) implemented in the wave propagation
model developed by Huberts et al. [101] as function of anastomosis angle (B). In panel C, the
comparison between the experimentally derived loss coefficient (Reynolds number) and the loss
coefficient implemented in the wave propagation model (Anastomosis angle) is shown.

6.2.3 Experimental corroboration: experiment versus pulse wave propagation model
Model parameters for the pulse wave propagation model
The input parameters for the pulse wave propagation model were derived from the measurements and are given in Table 6.2. In addition, uncertainty domains of these input
parameters were estimated as they are input for the uncertainty analysis.
Geometrical parameters. The measured lengths were directly used in the pulse wave
propagation model and the uncertainty domain was set to ± 5%, which equals to a measurement error of 1 mm in the shortest vessel. Also the position of the anastomosis was
varied within ±5%. The uncertainty domain for the diameters was set to ± 10%. For the
arterial and venous diameters, linear tapering within a vessel was assumed. The influence
of tapering was investigated by changing the smallest diameter of a vessel while changing
the largest diameter in the opposite direction. The uncertainty domain for these changes
were based on 10% of the smallest diameter.
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Table 6.2: All input data for the wave propagation model that are derived from measurements on the experimental setup. The
mean pressure, mean flow and time constant are only given for the vessels that are closed by a windkessel segment. In brackets
the estimated measurement uncertainty is given in percentages. The vessels that are changed simultaneously during the uncertainty
analysis are indicated by the same letters, i.e.: c, d, e or f .
Vessel name

subclavian artery
rigid (tapered) connecting tube
compliant connecting tube
rigid connecting tube
compliant (tapered) connecting tube
rigid connecting tube
brachial artery
proximal ulnar arteryd
distal ulnar arteryd
interosseus artery
radial artery
cephalic vein lower arme
cephalic vein upper arme
subclavian veine
median cubital veinf
basilic vein and distal axillary veinf

Length [mm]

1
2
3
4
5
6
7
8
9
10
11
12
13
14
15
16
17
18
19

50 (5%)
150 (5%)
310 (5%)
100 (5%)
60 (5%)
130 (5%)
80 (5%)
20 (5%)
55 (5%)
215 (5%)
67 (5%)
173 (5%)
110 (5%)
240 (5%)
210 (5%)
180 (5%)
32 (5%)
30 (5%)
180 (5%)

a Assumed value for the rigid tubes.
b Estimated from static volume compliance measurements.
c,d,e,f Indices to show which vessels are changed simultaneously.

Diameter [mm]
begin
end
28.9 (10%)
28.9 (10%)
28.9 (10%)
28.9 (10%)
28.9 (10%)
28.9 (10%)
8.0 (10%)
8.0 (10%)
8.0 (10%)
10 (10%)
10 (10%)
10 (10%)
10 (10%)
10 (10%)
10 (10%)
6.0 (10%)
6.0 (10%)
6.0 (10%)
6.0 (10%)
4.5 (10%)
3.6 (10%)
3.6 (10%)
2.7 (10%)
1.9 (10%)
1.3 (10%)
1.3 (10%)
3.4 (10%)
3.2 (10%)
2.9 (10%)
3.0 (10%)
4.3 (10%)
4.3 (10%)
5.6 (10%)
5.6 (10%)
4.5 (10%)
4.5 (10%)
4.5 (10%)
4.6 (10%)

Distensibility [Pa−1 ]
10−7 (-) a
2.1 · 10−5 (15%)
2.1 · 10−5 (15%)
7.7 · 10−6 (20%) b
10−7 (-) a
1.1 · 10−6 (20%) b
10−7 (-) a
1.1 · 10−6 (20%) b
10−7 (-) a
1.7 · 10−5 (15%)
1.1 · 10−5 (15%)
1.7 · 10−5 (15%)
1.1 · 10−5 (15%)
1.5 · 10−5 (15%)
1.4 · 10−5 (15%)
2.4 · 10−5 (15%)
8.4 · 10−6 (15%)
8.4 · 10−6 (15%)
8.4 · 10−6 (15%)

Mean flow [ml/min]
pre
post

Mean pressure [mmHg]
pre
post

Time constant [s]

4650 (10%)

4375 (10%)

98 (10%)

90 (10%)

5.4 (20%)

46 (10%)
5 (10%)
50 (10%)

42 (10%)
5 (10%)
46 (10%)

96 (10%)
98 (10%)
96 (10%)

88 (10%)
88 (10%)
84 (10%)

0.4 (20%)
0.4 (20%)
0.4 (20%)

5.7(10%)

5.7(10%)
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rigid connecting element
proximal aortac
distal aortac

Vessel number
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Mechanical parameters. For the pulse wave propagation model, the local vessel wall
compliance per segment length was needed. This was derived by multiplying the distensibility in Table 6.2 by the local cross-sectional area, thus assuming a constant distensibility within each vessel. For the distensibilities obtained with ultrasound, the measurement
uncertainty domain was ±15%, whereas for the distensibilities derived by volume compliance measurements, the measurement uncertainty domain was ±20%.
Pressure drop over the anastomosis. To match the minor loss coefficients in the pulse
wave propagation model with the measured loss coefficient, we assumed that the majority
of the proximal artery flow flows through the proximal vein (q ∗ ≈ 1) and that the arterial
and venous cross-sectional areas were almost similar (A∗ ≈ 1). The equations (6.3) and
(6.4) then reduce to
θ
θ
Kv = k2 cot − k3 + k4 − k5 = k2 cot
2
2

and Kd = k8 .

(6.8)

This relationship for Kv is shown in Figure 6.3B. For an anastomosis angle, θ, between
3 and 12 degrees, the loss coefficient, Kv , matches the experimentally determined loss
coefficient, Kloss , in the range of Reynolds numbers 250-4000 (Figure 6.3C). Finally, the
loss coefficient, Kv , was modeled by equation (6.3), while the anastomosis angle was
varied between 3 and 12 degrees. Because the flow through the distal artery was small
compared to the flow through the proximal vein, loss coefficient, Kd , was neglected.
Constants. The fluid used in the experiment was water which has, at room temperakg
−3
ture (20◦ C), a density of 103 m
P a · s. These model
3 and a dynamic viscosity of 10
parameters would hardly vary during the experiment and therefore the uncertainty domains were set to ±1% and ±5%, respectively.
Boundary conditions. The peripheral resistance, Rp , of each windkessel was determined as the ratio of local mean pressure and local mean flow. The local mean flow was
assessed by the volumetric measurements, while the mean pressure was assessed by timeaveraging the measured
q local pressure waveforms. The characteristic impedance, Z0 , was
assessed by using DAρ 0 2 [57] in which ρ is the blood density, D the local distensibility
and A0 the cross-sectional area. Finally, the compliance, Cv , for each windkessel was
determined by dividing the time constant, τ , by the difference between the peripheral resistance and the characteristic impedance (Rp − Z0 ). For the aorta, the time constant was
assessed from the local pressure waveform via the "area method" [46]. The time constant
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in the radial artery was assessed from multiplying the local peripheral resistance with the
compliance of the outflow tube. For the ulnar and interosseus arteries, the radial artery
time constant was assumed. As a result, the time constant was 5.4 s in the aorta and 0.4
s in the other outflow arteries. In the uncertainty analysis, the time constants were varied
by ± 20%.
For the inflow boundary at the aorta (i.e. the ascending aorta flow), we used the pre- and
postoperative aortic flow measurements, with an estimated uncertainty domain of ±5%.
As outflow condition at the subclavian vein, we used the measured mean pressure with an
uncertainty of domain of ±10%.
Analysis
Simulations with the pulse wave propagation model were performed for both the preand postoperative configuration. To examine the propagation of input uncertainty to the
output, Monte Carlo simulations were performed. Varying all input parameters independently within their uncertainty domain might result in non-physiological combinations
of input parameters and thus non-physiological output (e.g. a small artery continuing in
a larger artery). Therefore, the parameters of adjacent vessels were changed simultaneously (Table 6.2). This resulted in 44 independent input parameters for the preoperative
configuration and 58 parameters for the postoperative configuration. The input samples
were generated by Latin Hypercube sampling to get a full coverage of the parameter input space [111]. The sampling and calculations were performed within a computational
framework that was developed earlier in collaboration with Philips Research (Eindhoven,
The Netherlands) [121].
For the preoperative configuration, the simulated pressure waveforms in the aorta, the
proximal and distal brachial artery, the proximal and distal radial artery and the proximal
ulnar artery were compared to the measured pressure waveforms (Figure 6.1, bottom).
This was extended by the distal and proximal cephalic vein, and the basilic vein for the
postoperative configuration. The flow waveforms were compared at proximal aorta and
subclavian artery. For the comparisons, the median of the simulated pressure and flow
waveforms of all Monte Carlo simulations was used as well as a confidence interval,
formed by the 25th and 75th percentile interval.
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6.3 Results
6.3.1 Preoperative results
Table 6.3 shows that the simulated mean flows correspond to the measured mean flows
in the aorta, subclavian artery, the radial artery and the ulnar artery. The shapes of the
simulated aorta and subclavian artery flow waveforms correspond to the measured flow
waveforms, though the simulated subclavian artery flow appears less attenuated (Figure
6.4).
For all arteries, simulated and measured mean pressures are similar (Table 6.3). The
shapes of the simulated pressure waveforms (Figure 6.4) correspond to the measured pressure waveforms, although the simulated pressures are less attenuated resulting in a more
pronounced second peak, which is clearer in distal pressure waveforms. For the aortic
pressure waveform, a phase difference of approximately 50 ms is observed. Presumably,
the timing of the measured aortic pressure waveform is inaccurate as the systolic pressure
peak arrives before the flow peak.

6.3.2 Postoperative results
During the analysis of the postoperative results it was observed that, in first instance, the
resistance in the distal cephalic vein was not properly determined. After excising the distal cephalic vein from the setup, a non-smooth vessel lumen that was twisted over the full
length was found resulting in a large pressure drop of 24 mmHg from the distal cephalic
vein to the proximal cephalic vein (Table 6.4). This pressure drop was approximately
ten times larger than the expected pressure drop as calculated from Poiseuille’s law. As
this additional pressure drop was not captured by the model, all Monte Carlo simulations
were performed once more with a tenfold increased resistance in the distal cephalic vein
with an uncertainty of ±10%. Since vessel abnormalities could also be present in human
vasculature and the resulting additional pressure drop has significant effect, the results of
both analyses, with and without the extra resistance, are presented in this section.
Without the improved resistance of the distal cephalic vein, the mean pressures are underestimated by the simulation, especially the mean pressure in the distal cephalic vein,
which is underestimated by 23 mmHg. As in the preoperative simulations, the simulated
arterial pressure waveforms (Figure 6.5) are less attenuated than the experimentally measured ones. In addition, a similar phase difference in the aorta is observed. The shape of
the measured and simulated venous pressure waveforms (Figure 6.6) are similar, although
the differences are larger than for the arterial site, i.e. a phase difference of approximately
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50 ms in the proximal cephalic and basilic vein, and a pressure difference in the distal
cephalic vein.
Postoperatively, the simulated mean flows in the aorta, distal radial artery and ulnar artery
coincide with the measured mean flows (Table 6.4). The mean flows in the subclavian
artery and the distal cephalic vein are overestimated by the simulations but are still within
physiological ranges [6, 7, 14].
When considering the additional resistance of the distal cephalic vein, the simulated mean
flow of the subclavian artery and the distal cephalic vein in Table 6.4 now correspond to
the measured mean flow. Note further that the shapes of the waveforms are not significantly affected by the adapted model (Figure 6.7 and 6.8). Besides a better agreement
between measured and simulated flows, this is also the case for the pressures. In Table
6.4, it can be observed that the previous observed underestimation of the measured mean
arterial pressures are reduced, while measurements and simulations now coincide. This
especially holds for the distal cephalic vein pressure.
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Table 6.3: Measured preoperative mean pressures and
flows and their simulated values.
Mean pressure [mmHg]
measureda
simulatedb
95
93 (88,99)

proximal aorta
subclavian artery
proximal brachial artery
98
93 (88,99)
distal brachial artery
98
93 (87,99)
proximal ulnar artery
98
93 (87,99)
proximal radial artery
98
93 (87,99)
distal radial artery
98
92 (86,99)
a Measured value without uncertainty interval.
b Median value with 25th and 75th percentiles.
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Figure 6.4: The preoperative pressure and flow waveforms on several arterial locations.
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Table 6.4: Measured postoperative mean pressures and flows and their simulated
values.
measureda

Mean pressure [mmHg]
simulatedb
simulated

measureda

Mean flow [ml/min]
simulatedb

4750
378

4748 (4676,4821)
508 (422,594)

simulated
with extra Rb
4740 (4667,4812)
362 (302,424)

42
46
285c

38 (31,46)
42 (30,53)
420 (352,490)

40 (32,47)
44 (34,55)
270 (239,305)

with extra Rb
proximal aorta
90
83 (79,88)
subclavian artery
proximal brachial artery
90
83 (78,87)
distal brachial artery
90
81 (76,87)
proximal ulnar artery
88
81 (76,87)
proximal radial artery
86
80 (75,86)
distal radial artery
84
76 (71,82)
distal cephalic vein
31
8.3 (7.5,9.2)
proximal cephalic vein
7.0
6.0 (5.8,6.2)
basilic vein
6.0
6.0 (5.8,6.2)
subclavian vein
5.7d
5.7d
a Measured value without uncertainty interval.

86 (81,91)
85 (80,91)
85 (79,90)
84 (79,90)
84 (78,89)
81 (76,86)
28 (25,32)
5.9 (5.8,6.0)
5.9 (5.8,6.0)
5.7d

b Median value with 25th and 75th percentiles.
c Flow split percentages through proximal cephalic and basilic vein unknown.
d Prescribed intravenous pressure.
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Figure 6.5: The postoperative pressure and flow waveforms on several arterial locations.

Chapter 6. Model corroboration: An experimental study

155

Postoperative
Veins
9
Proximal cephalic vein

Pressure [mmHg]

Pressure [mmHg]

10
9
8
7
6
5
3

7
6
5
4

4
0

Time [s]

1

Basilic vein

8

0

1

Time [s]

50
Distal cephalic vein

Pressure [mmHg]

40
Median of simulation results
25th-75th percentile of
simulation results
Experimental result

30
20
10
0

−10
0

Time [s]

1

Figure 6.6: The postoperative pressure and flow waveforms on several venous locations.
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Figure 6.7: The postoperative pressure and flow waveforms on several arterial locations for simulations with additional resistance.
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Figure 6.8: The postoperative pressure and flow waveforms on several venous locations for simulations with additional resistance.

6.4 Discussion
In this study, we aimed to experimentally corroborate a previously developed pulse wave
propagation model for the prediction of pressure and flow before and after AVF creation.
In this way it was determined if the physical description of the pulse wave propagation
model in both cases was captured correctly by the model. It was found that the pulse wave
propagation model was able to accurately simulate mean pressures and flows in the experimental setup but that the simulated pressure and flow waveforms were less attenuated
than the measured waveforms. This most likely results from viscoelastic wall behavior of
the experimental tubes [63, 130].
Experimental setups have previously been used to corroborate pulse wave propagation
models, but not in the situation after AVF surgery when flows are significantly increased
compared to normal and the anastomosis is included. Bessems et al. [63] have corroborated their pulse wave propagation model with both a straight and tapered viscoelastic
silicone tube. Swillens et al. [127] used a silicone setup to corroborate their pulse wave
propagation model in an aneurysm case study. An experimental setup that included a more
detailed representation of the arterial tree and thus also physiological wave reflections resulting from bifurcations, was used by Matthys et al. [126]. Next to these experimental
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corroborations, Reymond et al. performed, recently, an in-vivo corroboration of a patientspecific pulse wave propagation model of the systemic arterial tree [65, 125]. However,
although geometry, flow and pressure measurements were all performed on one individual
patient, it was impossible to measure all input parameters patient-specifically (e.g. local
vessel distensibility and peripheral resistance and compliance). Thereby, pressure and
flow measurements are only possible on a limited number of positions over the systemic
tree [65, 125, 126]. In addition, clinical measurements are usually hampered by large
measurement uncertainties, which were not considered in any of the studies.
In contrast to these studies, the uncertainty of the model input was taken into account in
this work, yielding an estimation of the precision on the pressure and flow waveforms.
The 25th -to-75th percentile interval captured a decrease or increase ranging, dependent
on location, from 2 to 14% of the median value for the mean pressures, while for the
mean flows larger uncertainties were observed. Preoperatively, the uncertainties of the
mean flows in the subclavian artery, the radial artery and the ulnar artery were respectively
60%, 20% and 30%, while postoperatively the uncertainties of flows in these vessels were
about 17%, 20% and 25%. The uncertainty in mean flow in the distal cephalic vein was
approximately 13%. Considering precision is thus essential in corroboration studies. The
large uncertainties in mean flows can be explained by the fact that the flow waveform
oscillates around 0 which means that a small deviation in the waveform will result in a
significant change in mean flow. Clinically, an uncertainty of approximately 20% in the
mean flow in the subclavian/brachial artery is acceptable because the surgeon aims at an
inflow of 400-500 ml/min while 300 ml/min is sufficient for proper hemodialysis treatment.
When simulating the postoperative situation, at first instance, it was observed that the
subclavian artery flow waveforms had similar shapes but that the mean flow significantly
differed between measurement and simulation. Furthermore, the simulated mean pressure in the distal cephalic vein was significantly smaller than the measured mean pressure. Upon closer examination, a large pressure drop from the distal cephalic vein to
the proximal cephalic vein was found in the experimental setup. By excising the distal
cephalic vein, a non-smooth lumen and significant twisting over the complete length was
observed. Therefore, all simulations were repeated with a larger resistance over the distal
cephalic vein. As a result, the correspondence between simulated and measured pressure
and flow waveforms significantly improved. Thus, when incorporating the additional
pressure drops resulting from structures such as twisting or kinking in the computational
model, the model is able to simulate the postoperative situation adequately. For this, a
clear picture of the vascular topology is required.
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The experimental setup constructed for this study allowed for model corroboration, since
we were able to mimic flow enhancement after AVF creation and since all measured
pressure and flow waveforms were comparable to physiological ones [99, 131]. The
mean pressures and flows, both arterial and venous, simulated by the pulse wave propagation model, were adequately predicted and the overall shape of the pressure and
flow waveforms were similar. However, the simulated waveforms were less attenuated
than the measured ones, indicating that introduction of viscoelasticity might improve the
computational model’s capability to describe the physical phenomena. Previous studies
[65, 126, 127] already showed that a pulse wave propagation model is able to simulate
pressure and flow waveforms in elastic arteries and that viscoelasticity improves the simulations [63, 125, 132, 133]. Since viscoelasticity is observed in human arteries [134, 135]
including viscoelasticity in the model for patient-specific modeling might be required
when the waveforms are of interest.
However, even after incorporating viscoelasticity into the pulse wave propagation model
which results in a better description of the physical phenomena, clinical implementation
might still be challenging. The reason for this is that the model needs to be adapted to
patient-specific conditions which requires patient-specific model input parameters. Clinically, it is difficult to determine these parameters accurately due to limitations in measurement modalities or because the burden on the patient should be minimized. Fortunately, a sensitivity analysis can be applied to the model to determine which model
input parameters are most important to assessed. Consequently, the number of required
patient-specific measurements can significantly be reduced ([121]). Another challenge is
including vascular adaptation (e.g. flow-mediated dilatation, maturation) and regulation
(e.g. autoregulation of the peripheral bed) in the model. These physiological mechanisms
should especially be introduced, when the (long-term) adaptation of a vascular access is of
interest. The current model is only aimed at predicting mean flows directly after surgery.

6.5 Conclusion
The pulse wave propagation model was successfully corroborated with an experimental
setup, mimicking pressure and flow changes following an AVF creation. Mean pressures and flows were adequately predicted and the overall shape of the pressure and flow
waveforms were similar for the experiment and measurement. However, the experimental
waveforms were more attenuated most likely resulting from neglecting viscoelasticity in
the model. Furthermore, it was found that the uncertainties in model input parameters sig-
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nificantly influenced the output and should thus be taken into consideration in the analysis.
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Abstract
Patients with end-stage renal disease (ESRD) approaching the initiation of hemodialysis therapy
are subjected to a preoperative vessel assessment to identify the most suitable site for arteriovenous
fistula (AVF) creation. However, inadequate flow enhancement on the one hand, and excessive
flow enhancement on the other hand, remain frequent complications, and hamper the use of the
vascular access for hemodialysis therapy. In an effort to reduce these flow related complications,
a patient-specific computational model, capable of predicting postoperative flow by considering
multiple influencing factors simultaneously, has been developed. The purpose of this study was
to determine the accuracy of the patient-specific model and to investigate its feasibility to support
decision-making in AVF surgery.
Patient-specific pulse wave propagation models were created for 25 consecutive patients with ESRD
awaiting their primary AVF creation. Input parameters for the models were obtained from clinical
measurements and literature data. For every patient, a radiocephalic AVF, a brachiocephalic AVF,
and a brachiobasilic AVF configuration were simulated and analyzed for their postoperative flow
enhancement. The most distal configuration with a predicted flow between 400 and 1500 ml/min
was considered to be the preferred location for AVF surgery. This suggestion of the model was
compared to the choice of an experienced vascular surgeon. Furthermore, predicted flows were
compared to measured flows one week after surgery.
In 4 patients computational modeling could not be performed due to sparse clinical data (3), or computational difficulties (1) and were therefore excluded from further analysis. Taken into account the
confidence interval (25th and 75th percentile interval), overlap between predicted and measured
postoperative flows was observed in 70% of the patients. Differentiation between upper and lower
arm configuration was similar in 76% of the patients, whereas discrimination between two upper
arm AVF configurations was more difficult. In 3 patients the surgeon created an upper arm AVF,
while model based predictions allowed for lower arm AVF creation, thereby preserving proximal
vessels. In one patient early thrombosis in a radiocephalic AVF was observed which might have
been indicated by the low predicted postoperative flow.
Postoperative flow can be predicted relatively accurate and allows preoperative evaluation for multiple AVF configurations by using the described computational model. Computational modeling must
therefore be considered a valuable additional tool in the preoperative work-up of patients awaiting
vascular access creation.
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7.1 Introduction
Patients suffering from end-stage renal disease (ESRD) depending on hemodialysis (HD)
therapy require a functional vascular access (VA) [136]. This can be provided by creation
of an arteriovenous fistula (AVF), creation of an arteriovenous graft (AVG), or the insertion of a central venous catheter (CVC). Since the use of prosthetic graft material (AVG
and CVC) is associated with reduced patency rates and higher mortality rates [137, 138],
guidelines advocate the use of native vessels for VA creation [9]. However, an important downside of AVF creation is the significant probability of early thrombosis or nonmaturation (20-50%) due to insufficient flow enhancement, particularly in lower arm fistulas [6, 10], and excessive postoperative flow enhancement resulting in steal syndrome
and cardiac failure (up to 20%) in elbow fistulas [12, 13]. In an effort to limit these complications, an extensive preoperative duplex ultrasound (DUS) evaluation of the upper
extremity vascular tree is performed to select the most suitable site for AVF creation [20].
Unfortunately, flow related complications persist and additional interventions are often
needed to make the AVF suitable for HD treatment [18].
To decrease the incidence of flow related complications, preoperative prediction of postoperative VA flow would be beneficial. Patient-specific computational modeling has the
potential to predict this postoperative VA flow by using physical laws for quantitative integration of multiple prognostic factors (e.g. vascular diameters, arterial compliance). Besides, computational modeling has already proved to be of assistance in aortic aneurysmal
disease [139, 140], in cerebral disease [141, 142], and coronary artery disease [143, 144].
Although models have been used previously to gain insight in VA hemodynamics and
pathologies, or disease progression associated with it [145, 146, 147], predictive models,
aiming for a more accurate risk-estimation regarding the development of flow related
complications, have not been used.
Within the 7th Framework Program of the European Commission (i.e. the ARCH ICT224390 project), a pulse wave propagation model was developed that is to be implemented
in the preoperative work-up of patients awaiting VA creation, thereby providing additional
preoperative information to the surgeon. A pilot study on a limited number of patients
showed that such a model, when adapted to patient-specific conditions, has the potential
to suggest the most suitable AVF configuration by predicting postoperative flow [101].
However, to personalize the model, a considerable number of input parameters needs to
be obtained, which are subjected to biological variations and measurement inaccuracies.
These input uncertainties will result in uncertainties in flow predictions, and may hamper
clinical implementation of the model.
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In this study, the feasibility and accuracy of the pulse wave propagation model to support
decision-making in AVF surgery was examined.

7.2 Material and methods
7.2.1 Study population
Twenty-five consecutive patients suffering from ESRD awaiting their first VA creation
were enrolled in this prospective observational study. The study was approved by the
local medical ethical committee, and written informed consent was obtained from all
individuals prior to enrolment in the study.

7.2.2 Pulse wave propagation model
The pulse wave propagation model used here, has been described in detail in previous
work [101]. In short, the model simulates pressure and flow waveforms on several arterial
and venous locations of the upper extremity. Depending on the site (left or right) and
the AVF configuration (radiocephalic AVF (RCAVF), brachiocephalic AVF (BCAVF),
brachiobasilic AVF (BBAVF)), inflow arteries and outflow veins were included in the
computational domain (Figure 7.1). Each vessel of the computational domain was divided
into segments with a maximum length of 5 cm, describing the local relation between
pressure and flow via a lumped parameter approach. Such a lumped segment consists of a
resistor R, representing the viscous resistance to blood flow through the vessel segment,
a resistor RL , representing the resistance to blood flow through small side-branches not
modeled in detail, an inductor L, representing the inertia of the blood and a capacitor
C, representing the vascular compliance (i.e. storage capacity of the vessel). For the
anastomosis, a segment was developed consisting of nonlinear resistors that depend on
anastomosis angle and blood flow. Arteries not included in the computational domain
as well as the peripheral vascular beds were modeled by windkessel elements with a
specific resistance and compliance. As boundary conditions, an intravenous pressure was
prescribed at the subclavian vein, whereas an inflow was prescribed at the aorta. Since
the latter is preoperatively unknown, aortic flow was measured and iteratively updated
by scaling the preoperative waveform until the mean aortic pressure was restored to the
preoperative level. All other preoperative model parameters (e.g. peripheral resistances)
were kept constant (Figure 7.2).
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Figure 7.1: The left arm vasculature of interest (computational domain, left) divided into arterial,
venous and anastomosis segments (middle). These segments locally describe the relation between
pressure p and flow q via a lumped parameter approach (right) and consists of a resistor R (viscous
resistance to blood flow), a resistor RL (viscous resistance of blood flow to small side-branches),
an inductor L (blood inertia) and a capacitor C (vascular compliance). The anastomosis is modeled
with two nonlinear resistors Rv and Rd . The windkessels consist of two resistors, Zwk and Rwk
(together the peripheral resistance) and a capacitor Cwk (peripheral compliance). This figure is
adapted from Huberts et al. [101].
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Figure 7.2: Iterative scheme that describes the estimation of the aortic flow after AVF creation.

Chapter 7. Model corroboration: A clinical feasibility study

167

7.2.3 Personalization of the pulse wave propagation model
To personalize the input parameters of the pulse wave propagation model, patient-specific
anatomy (vessel length, vessel diameters, vessel wall thickness) and mechanical characteristics of the vessels (vascular compliance) were mandatory. Furthermore, information
on anastomosis configuration (location, angle), windkessel parameters, blood properties
(density and dynamic viscosity), intravenous pressure and aortic flow waveform were required. However in clinical practice, it is impossible to assess all these parameters for
every patient. Fortunately, not all parameters are equally important for the prediction of
postoperative flow enhancement; model parameters that need to be measured opposed to
model parameters that can be estimated from literature, were identified previously in a
sensitivity analysis [148].
Model parameters were therefore chosen as follows. Arterial lengths are based on a
generic geometry taken from Stergiopulos et al. [25]. Venous lengths are considered
equal to arterial lengths on the same anatomical location. Upper extremity vascular diameter measurements were obtained patient-specifically on discrete locations by performing an extensive duplex ultrasound examination which is described in detail in Bode et
al. [122]. Prior to the venous measurements, a tourniquet was applied to induce venous
dilatation and this resulted in reproducible venous diameter measurements [94]. Missing
diameters of the arm vasculature were obtained by linear inter-, or extrapolation. Diameters of the aorta and its primary branches were based on literature and scaled according to upper extremity arterial diameters [25]. Vessel wall thicknesses were derived from
wall thickness-to-radius ratios: a ratio of 15% was used for the subclavian, axillary and
brachial artery, whereas a ratio of 20% was used for the radial, ulnar and interosseus artery
[24, 95, 96]. The ratios of all other arteries were based on literature [25]. For veins a ratio
of 10% was chosen [149].
Mechanical properties of the upper extremity vessels were characterized by vascular compliance. For this, in addition to wall thickness and diameter, the Young’s modulus was
required [36, 101]. The Young’s modulus of the brachial artery was determined via arterial distensibility, which was assessed by a Picus ultrasound machine equipped with
ARTLAB software (ESAOTE, Maastricht, The Netherlands). For each patient, vessel
wall distension over the cardiac cycle was measured using a wall-tracking technique in
combination with continuous, non-invasive pressure registration (Nexfin, BMEye, Amsterdam, The Netherlands). The Young’s modulus of the brachial artery was applied for
the compliance of all arterial arm segments, whereas for the aorta and veins Young’s moduli were based on literature [25, 101].
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The location of the anastomosis was set to 5 cm proximal to the wrist in case of a lower
arm AVF and 5 cm proximal to the elbow bifurcation in case of an upper arm AVF. The
angle of the AVF between the proximal artery and the vein was set to 45 degrees.
Windkessel parameters were personalized by using mean arterial pressure and mean arterial flows in the aorta, brachial, radial, and ulnar artery. Mean flows were obtained by MR
flow measurements (Philips Healthcare, Best, The Netherlands). The preoperative aortic
flow waveform was prescribed at the first aortic node.
Blood was considered to behave as an incompressible Newtonian fluid with a density of
kg
−3
P a · s. Intravenous pressure at the subclavian
103 m
3 and a dynamic viscosity of 3 · 10
vein was set to 10 mmHg [99].
An extensive description of the patient-specific measurement protocol can be found in
Bode et al. [122].

7.2.4 Analysis
For every patient, three different AVF configurations were considered (RCAVF, BCAVF,
BBAVF), and evaluated with respect to their postoperative flow directly after surgery. In
lower arm fistulas the immediate postoperative flow is approximately 60-70% of the flow
after successful maturation, while in an upper arm AVF this is already almost 80% [32].
Furthermore, postoperative flows larger than 30% of the cardiac output are associated with
an increased risk for cardiac failure and hand ischemia [12, 13]. As a result, AVF configurations resulting in a predicted postoperative flow between 400 and 1500 ml/min were
considered by the model as an option for VA creation. When more VA configurations
resulted in a flow exceeding 400 ml/min, the sequential order of preference was RCAVF,
BCAVF, and BBAVF. To objectivate the model’s capability to identify the optimal location for AVF creation, the suggested AVF configuration was compared with the choice
of a surgeon with ample experience in VA surgery (more than 1000 AVF creations). The
choice of the surgeon was based on clinical experience and preoperative mapping of upper extremity vasculature with DUS.
Subsequently, in order to quantitatively determine the accuracy of flow predictions, predicted flows of the created AVF configuration were compared with observed postoperative
flows as measured with DUS one week after surgery. In this perspective, the uncertainty
of the flow prediction resulting from input parameter uncertainty (summarized in the Appendix) is evaluated by means of Monte Carlo simulations as described by Huberts et al.
[148], and expressed through the 25th -75th percentile interval. The Monte Carlo simulations were also used for a global sensitivity analysis to examine the effect of assumptions
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that were made during the personalization of the model parameters.

7.3 Results
7.3.1 Vascular access configuration

Figure 7.3: The predicted postoperative flows for a RCAVF, BCAVF and BBAVF configuration.
The flows are presented as the median of all Monte Carlo simulations with their 25th and 75th
percentile interval. In 4 patients postoperative brachial artery flow could not be simulated for all
three AVF configurations because essential patient-specific data were missing due to thrombosis of
the cephalic vein (patient #19, #23, and #25) or because the computations did not converge for all
Monte Carlo simulations (patient #24).

In 4 of 25 patients postoperative brachial artery flow could not be simulated for all three
AVF configurations because essential patient-specific data were missing due to thrombosis of the cephalic vein (patient #19, #23, and #25) or because the computations did not
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converge for all Monte Carlo simulations (patient #24). As in these patients predicted
flows for the different AVF configurations could not be compared they were excluded
from the analysis.
In the remainder of patients, the model suggested an upper arm or lower arm AVF configuration in agreement with the choice of the surgeon for 16 patients (16/21: 76%). In
five patients the suggestion of the model and the choice of the surgeon were different
(Figure 7.3); in patients #6, #11, and #16 model predictions may have allowed for a lower
arm AVF, while the surgeon created upper arm AVFs. Conversely, in patient #8 the surgeon created a lower arm AVF, while the model suggests to create an upper arm AVF.
Also in patient #21 a lower arm AVF was created, whereas the model predicts a too low
postoperative flow for all configurations. These low flow predictions might have been
indicative for the early failure as observed in this patient.
When differentiating between RCAVF, BCAVF, and BBAVF, the model suggests the same
AVF configuration as the surgeon in 12 patients (12/20: 60%) (Figure 7.3). For this analysis, one additional patient (#15) was excluded, because during the surgical procedure immediate thrombosis occurred for the intended BBAVF configuration and prosthetic graft
material was used to create the VA. In addition to the five previously mentioned patients,
there is a discrepancy between the suggested configuration of the model and the choice of
the surgeon with respect to a BCAVF or BBAVF configuration in three patients (#1, #7,
and #22).

7.3.2 Absolute postoperative flow prediction
Postoperative flow predictions could be compared to clinically measured flows in 23 of
25 patients. One patient (#15) was excluded from the analysis because graft material was
used for creation of the VA conduit, which is not supported by the computational model.
A second patient (#21) was excluded because of immediate thrombosis and, as a result,
no postoperative flow measurements were available.
Figure 7.4 shows predicted flows versus measured flows one week after surgery. In addition, the flow measurement at six weeks is visualized to gain insight into flow enhancement during the maturation phase. At one week, predicted and measured flow show overlap in 16 patients (16/23: 70%). In patient #1, #6, #23, and #24 the predicted flow is
an overestimation of the measured flow, while in patient #7, #18, and #22 the predicted
flow is an underestimation of the measured flow. In patient #1 a significant hematoma
was identified during the immediate postoperative duplex control, whereas in patient #23
postoperative thrombosis was observed one week after surgery.
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Figure 7.4: Schematic visualization of predicted and measured postoperative flows for the AVF
configuration created by the vascular surgeon. The error bars in predicted flow are the result of
inaccuracies in input parameters, while the error bars in postoperative flow are the result of measurement inaccuracies [101]. For patient #15 prosthetic graft material was used for VA creation.
For patient #21 no postoperative flow measurements could be obtained due to immediate thrombosis. A green circle around the patient identification represents overlap between predicted and
measured postoperative flow (16 patients). A red square around the patient identification represents
a discrepancy between predicted and measured postoperative flow (7 patients).

7.3.3 Sensitivity analysis
The sensitivity analysis showed that the effect of assumptions made during model personalization (vessel length, arterial scaling for aortic diameter, determination of wall thickness and Young’s modulus), were negligible compared to the effect of the uncertainty in
measured input parameters (e.g. diameter of the upper extremity vasculature and the peripheral resistances), which was expected based on an earlier sensitivity analysis [148] of
the model and previous clinical studies [20, 21].
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7.4 Discussion
In this study we investigated the feasibility and accuracy of a pulse wave propagation
model to support decision-making in AVF surgery by predicting postoperative brachial
artery flow for multiple AVF configurations. By using the model described, postoperative
brachial artery flow can be estimated relatively accurate without subjecting the patient to
excessive additional preoperative measurements.
In clinical routine, preoperative mapping of upper extremity vasculature with DUS is
considered the method of choice to identify the most suitable site for VA creation, and
its clinical implementation has been associated with a significant reduction of postoperative failure rates [150, 151]. Nevertheless, complications related to either insufficient
flow enhancement, particularly in lower arm fistulas, and to excessive flow enhancement,
mainly in upper arm fistulas, remain responsible for VA failure in a significant number of
patients [6, 10, 12, 13]. Therefore, alternative modalities to decrease the incidence of flow
related complications have become of interest. Prior work of our group focused on the
development of a computational tool in which pressure and flow distributions in the upper
extremity vasculature can be simulated [101]. In this way, hemodynamic consequences
of AVF creation can be evaluated by taking multiple prognostic factors, as well as their
complex interplay into consideration, instead of focusing on diameter measurements on a
finite number of discrete locations.
Pulse wave propagation models have been shown in both experimental setup and in-vivo
to be able to simulate pressure and flow waveforms on multiple locations [63, 125]. Some
studies have reported the use of pulse wave propagation models for prediction of outcome
after vascular surgery [50, 51]. However, the application of predictive models is still in
its infancy and has, to our knowledge, not been examined for application in AVF surgery
planning.
By using a pulse wave propagation model in this study, overlap between predicted and
observed postoperative flow was observed in 70% of the patients. Predicted flows of 4 patients overestimate the flows measured with ultrasound at one week, while the predicted
flows of 3 patients underestimate the measured flow. Overestimation of flow in patient
#1 and #23 might be explained by the occurrence of a postoperative hematoma compressing the venous outflow trajectory, and by unexpected early thrombosis, respectively.
Other possible explanations for overestimation of postoperative flow might be stenotic
segments, curvature or kinking not detected with routine DUS examination. These vessels abnormalities are not included in the computational model but would increase the
resistance to blood flow in the VA conduit. A possible solution might be to perform a
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MRA of the upper extremity vasculature which allows for assessment of vascular diameter over the complete vascular trajectory, and for the identification of stenoses, curvature
and kinking [152]. In addition, MRA might be beneficial in patients in whom vascular
anatomy has been influenced by previous VA creation. The model can easily be adapted
to deal with resulting extra pressure drops and altered vascular geometries. Underestimation of postoperative flow might be caused by the lack of vascular adaptation laws in the
computational model. In patient #7 and #22 , this might be indicated by the large flow
enhancement from week one to week six after AVF creation. In addition, flow-mediated
dilatation and autoregulation are not yet incorporated in the model.
According to the observations in the current study, the suggestion of a patient-specific
wave propagation model for an upper or lower arm AVF configuration corresponds to the
selection of the surgeon in 76% of the patients. In three patients the surgeon decided to
create an upper arm AVF, whereas the model allowed for creation of a lower arm AVF.
When this additional information would have been available to the surgeon at the time of
VA planning, the surgeon might have considered to preserve proximal vessels for future
VA procedures by primary creation of a lower arm AVF. Conversely, upper arm AVF creation was suggested in two patients while a lower arm AVF procedure was performed. In
one of these patients, immediate thrombosis was observed, while in the other patient the
measured flow was slightly above the threshold of 400 ml/min, as was predicted by the
model. This additional information might also have changed the surgeon’s choice when
known in advance. In this perspective, computational modeling should be considered a
potential valuable tool in the preoperative work-up, in addition to the currently performed
diameter measurements. However, a randomized trial is required to establish the additional value of the model in routine clinical practice.
Considering the differentiation between BCAVF and BBAVF, a discrepancy between
model and surgeon was observed in three patients: two BCAVFs were created where the
model suggested a BBAVF configuration, and one BBAVF was created while a BCAVF
appeared to be feasible according to the model. Although the model might already be
able to differentiate between an upper and lower arm AVF, it appears to be more difficult
to distinguish between two upper arm AVF configurations. The most likely explanation
for these inconsistencies is the uncertainty in venous input parameters and, possibly, the
neglection of accessory veins and vascular adaptation in the model.
The study presented here has limitations. Firstly, a relatively small number of patients
was enrolled. However, for assessing the feasibility of the model as well as evaluating
the impact of model input uncertainties on the output, the number of enrolled patients
suffices. Nonetheless, to determine the predictive value, sensitivity and specificity of the
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model as additional tool in the preoperative work-up in patients awaiting VA creation, a
large randomized clinical trial needs to be initiated. As a further limitation, one might
consider the difficulty of model personalization, since in clinical practice not all input parameters can be obtained for each patient with sufficient accuracy (e.g. windkessels). The
reason for this is the limited availability of measurement modalities, and moreover, because the additional burden on the patient should be minimized. Fortunately, the previous
sensitivity analysis showed that some input parameters are more important than others
[148]. As a result, half of the input parameters could be derived from literature. To this
end assumptions had to be made, for which an additional sensitivity analysis in this study
showed, that these assumptions do not significantly alter outcome.
In conclusion, we have demonstrated that a patient-specific pulse wave propagation model
can be considered potentially beneficial in the preoperative work-up of patients awaiting
VA creation, since postoperative flow can be predicted relatively accurately for multiple
AVF configurations. Future effort should focus on acquiring a more detailed overview of
patient-specific vasculature to capture vascular pathology and geometry, and for simulation of the maturation process, adaptation laws should be incorporated in the model. To
establish the additional value of modeling in clinical decision-making, a large prospective
randomized clinical trial needs to be performed.
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Appendix: Uncertainty domains
Monte Carlo simulations (see Robert et al.[128] for details about Monte Carlo simulations) are used to determine the uncertainty in model predictions resulting from uncertainty in the input parameters assessed by measurements or from literature by applying
certain assumptions. The uncertainties in the model parameters and their motivation are
shown below.
Table 7.1: Measured and assumed parameters and their uncertainties.
Measurements
vessel diameters upper extremity
brachial distensibility
brachial pressure
axillary, radial and ulnar artery flow
mean aortic flow
Assumptions
vessel lengths
vessel diameter scaling factor
position of diameter measurements
wall thickness-radius ratio
generic arterial Young’s modulus
generic venous Young’s modulus
anastomosis position
anastomosis angle
time constants
intravenous pressure
generic mean windkessel flow

Uncertainty
±10%
± 20%
±10%
±15%
±10%

Based on
[72, 107]
[72]
[110]
[109]
[109]

±10%
±20%
±3 cm
±40%
±20%
±20%
±2 cm
±20%
±30%
±50%
±15%

Demographical data (http://www.cbs.nl)
Retrospective patient cohort
Clinical experience
[95]
[72]
Assumed equal to arterial Young’s modulus
Clinical experience
[30]
[72]
[1, 99]
[149]
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8.1 Motivation, aim and methodology
Adequate hemodialysis therapy is impossible without a well-functioning vascular access
that serves literally as lifeline for the patients [7, 8, 9]. An arteriovenous fistula (AVF),
which is a permanent surgically created connection between an artery and vein (anastomosis) in the upper extremity [7, 8, 9], is the preferred vascular access. The AVF can be
created at several locations and the most suitable site for AVF creation is a compromise
between complication rates, long-term patency and saving potential sites for future vascular acccess [11, 12, 13, 14]. To select the optimal site for AVF creation preoperatively,
the vascular surgeon gathers as much information as possible regarding vessel caliber and
continuity, possible stenoses and significant side-branches by using a physical examination, a duplex ultrasound examination and his clinical experience. AVFs are preferably
created at wrist level (RCAVF) because in that case proximal locations are preserved for
future vascular accesses. Moreover, in general, postoperative flows are smaller than in
upper arm AVFs (BCAVF, BBAVF) resulting in less long-term complications like cardiac
failure and distal ischemia [7, 12, 13, 14]. But lower arm AVFs are hampered by early
thrombosis or non-maturation which results in insufficient postoperative flow [6, 7, 8, 10].
Since all complications are associated with postoperative flow [10, 13, 14, 32], a preoperative quantitative measure of the postoperative flow would provide the surgeon with
additional information which might improve the clinical decision-making in AVF surgery
planning. In addition, distal ischemia is associated with a low systolic pressure distal to
the anastomosis [7, 8, 9] and also for this parameter a preoperative measure can be beneficial. Unfortunately, these hemodynamic parameters are affected by multiple factors
(e.g. vessel geometry, vessel mechanics, anastomosis resistance) and differ between patients. A patient-specific computational model combines the influencing factors by means
of physical laws and might have the potential to predict postoperative hemodynamics and,
more specifically, postoperative flow and distal systolic pressure.
Up till now computational models describing hemodynamics have mostly been used to
get insight into (patho-)physiological phenomena [25, 33, 34, 37, 55]. Using these models for predictive surgery is still in its infancy and requires that these models are fed by
patient-specific data to personalize them. However, the number of input parameters that
can be measured in clinical routine is limited. Patient data are thus compromised by uncertainty leading to uncertainties in model predictions. This implies that a balance must
be found between model complexity and uncertainty in the model parameters to minimize
the uncertainty in the predictions.
In this thesis, we developed a computational model that is able to predict postoperative
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flow and distal systolic pressure after AVF creation. In addition, its applicability to support clinical-decision making in vascular access surgery was examined. To this end, three
steps were executed: model development, model personalization and model corroboration. Model corroboration is here defined as the qualitative and quantitative validation of
the model.

8.2 Computational model development
A pulse wave propagation model was chosen to be the most appropriate computational
model for our application, because the distribution of pressure and flow throughout the
whole vascular system was of interest. Detailed information regarding local velocity
fields, which can be obtained by three-dimensional models, were not the primary aim
here. An advantage of this approach is that pressure and flow waveforms can be calculated within minutes which facilitates clinical application [50, 55]. Moreover, pulse
wave propagation models are easier to adapt to patient-specific conditions than threedimensional models [50, 55]. The computational domain of the pulse wave propagation
model consisted of the complete vascular access conduit including the major inflow arteries, outflow veins and the anastomosis.
We have chosen for a distributed lumped parameter implementation of the pulse wave
propagation model of Bessems [61] so that additional coupling equations for bifurcations
and merging vessels were not required as the coupling is implicitly done during model
assembly [153]. This also simplified the implementation of a nonlinear segment for the
anastomosis. Furthermore, the lumped parameter implementation showed to be robust
and able to deal with a large variety in inputs and imperfect clinical datasets.
The derived lumped parameter pulse wave propagation model consists of serially connected lumped segments that locally describe the relation between pressure and flow in
a tapered or untapered vessel segment. The lumped segments were derived in Chapter
2 and based on the 1D mass and momentum equations derived by Hughes and Lubliner
[59] after neglecting the convection term and assuming a Womersley number dependent
approximate velocity profile to get a proper estimate for the wall shear stress [61]. The
lumped segment consists of a Womersley number dependent resistor and an inductor arranged in parallel, respectively representing the flow impedance in respectively the vessel
core and the boundary layer, in series with a second Poiseuille resistor. Two capacitors
were added in a π-configuration, in analog to [36], to capture vessel compliance. The
proposed lumped segment simplified the electrical analog of Jager et al. [64] who added
extra constant inductors and resistors. It was shown that, for arbitrary Womersley num-
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bers, the relative impedance of Womersley theory [84] was accurately approximated by
the lumped segment. For small and large Womersley numbers, the relative impedances of
the lumped segment coincided with Womersley theory.
Since the resulting lumped segment is frequency dependent, it needs to be evaluated in
the frequency domain. However, for our application of AVF surgery nonlinear segments
are required, e.g. for the anastomosis. Hence a frequency domain analysis was no longer
possible and we chose for a time domain analysis in which the lumped segment was evaluated, in analog to [61], only for the Womersley number corresponding to the characteristic
frequency of a heartbeat. As a result, the arrangement of the elements in the lumped segment was slightly changed to better represent Womersley theory. These adapted lumped
segments were used in Chapter 3 to construct the lumped parameter pulse wave propagation model. Our lumped parameter implementation of the pulse wave propagation model
was benchmarked with the spectral element implementation of [61] and we observed
similar simulated pressure and flow waveforms, demonstrating a correct realization of the
numerical scheme.
The pulse wave propagation model that was developed was applied to AVF surgery planning and it was shown that the model was able to capture the pressure and flow changes
after AVF creation that are also observed in literature [99], i.e: a significant increase
in brachial artery flow, a drop in arterial pressure and disappearance of the preoperative
brachial artery backflow. These observations were more pronounced in upper arm AVFs
which is also in accordance with literature [99]. Furthermore, it was shown in Chapter
3 that the pulse wave propagation model has the potential to support decision-making in
AVF surgery planning by predicting postoperative flow.

8.3 Model personalization
To adapt the model to patient-specific conditions, the model parameters and boundary
conditions should be personalized. To deal with sparsity and uncertainty in patient datasets,
a sensitivity analysis was performed to identify input parameters for which more accurate
measurements would reduce output uncertainty (parameter prioritization) or that might be
fixed and based on literature (parameter fixing). The pulse wave propagation model developed is nonlinear and non-monotone relations between input parameters and output are
expected. Moreover, a large number of input parameters are involved, which increases the
probability of interactions between parameters as some parameters are mathematically related within the model (non-additive model). Therefore, a local sensitivity analysis taking
the local derivative of the output with respect to a single input parameter, is insufficient
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and a global sensitivity analysis is required. Therefore, a global variance-based sensitivity
analysis using Monte Carlo simulations was applied that apportioned the output variance
to input parameters and is considered to be the best current available practice with respect
to parameter prioritization and fixing [68, 69, 75].
This variance-based sensitivity analysis was used in Chapter 4 for factor prioritization.
It was found that the results of the sensitivity analysis depended on the output of interest
being either the mean brachial artery flow or the distal systolic pressure. In predictive
surgery, it is thus necessary to clearly define the output of interest prior to model personalization. With respect to the mean brachial flow, it was observed that the input parameters
associated with the smallest diameters in the inflow and outflow tract of the VA conduit
should be measured as accurate as possible. These input parameters are also in clinics
associated with flow enhancement and thus determined during the preoperative vessel assessment. In addition, the mean aortic flow, the peripheral resistance and compliance of
the radial artery, the aortic peripheral resistance, the intravenous pressure and the distributed flow were identified as parameters that should be more accurately estimated to
improve the precision of the model predictions. Clinically, the surgical strategy is mainly
based on vessel diameters, but it might be worthwhile to consider these other influential
parameters during the preoperative work-up of vascular access creation.
To identify input parameters that could be set to a generic value, a second variance-based
global sensitivity analysis was performed in Chapter 5. It showed that a significant number of input parameters (47 out of 73) could be fixed within their population spread.
Furthermore, we were able to determine generic values for 37 of the 47 fixable input parameters. A significant number of input parameters can thus be based on literature and,
as a result, no additional measurements are needed. This would significantly simplify the
personalization and thus increase the clinical applicability of the model.

8.4 Model corroboration
In Chapter 6, our pulse wave propagation was validated against a one-to-one silicone
model of the aorta, arm arteries and veins incorporated into a mock loop [76, 77]. Silicone models were previously also used in other validation studies [63, 126, 127, 130],
however, to our knowledge, it was the first time that the uncertainty of the simulations due
to input parameters uncertainties was considered. Moreover, the pulse wave propagation
model was not yet validated for predicting pressure and flow waveforms after inclusion of
veins and the anastomosis after AVF creation. The experimental setup used allowed for
model corroboration, because it was able to mimic flow enhancement after AVF creation
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and because the experimental pressure and flow waveforms were resembling waveforms
observed in clinical literature [99, 131].
It was shown that the pulse wave propagation was able to capture the main features of
the experimental pressure and flow waveforms both before and after AVF creation. More
specifically, the mean pressures and flows were similar in experiment and simulation,
whereas, experimentally, the waveforms were more attenuated which most likely results
from viscoelasticity of the silicone tubes [63, 130].
The final step was to examine the applicability of the pulse wave propagation model to
support decision-making in AVF surgery planning (Chapter 7). For this clinical corroboration the focus was on brachial artery flow. Insights obtained from the sensitivity analysis were used to create and personalize patient-specific wave propagation models for 25
ESRD patients awaiting their primary AVF creation. Input parameters were obtained from
measurements and literature. Preoperatively, three AVF configurations (RCAVF, BCAVF
and BBAVF) were simulated for each patient and the predicted postoperative flows were
used to select the most suitable site for AVF creation. It was found that the model was
capable to predict the correct postoperative flows at one week in 70% of all cases. When
comparing the choice of the model with the AVF created by an experienced surgeon, the
model and the surgeon fully coincided in 60%, whereas differentiation between upper
and lower arm AVF configuration coincided in 76% of the patients. In three patients
the model allowed for a lower arm AVF, whereas the surgeon decided to create an upper
arm AVF. With the additional information from the model, the surgeon might have had
decided to preserve proximal vessels for future VA procedures by creating a lower arm
AVF. In addition, the model predicted a too low access flow in one patient who received
a lower arm AVF which failed because of immediate thrombosis. In this perspective,
computational modeling can be considered as a valuable tool in the preoperative workup, in addition to the currently performed diameter measurements, although a clinical
randomized trial is required to determine the exact additional value of the model.

8.5 Future perspectives
Computational model
Although the computational model derived correctly describes the relevant hemodynamic
changes directly after AVF creation, some model improvements can be identified. The
experimental corroboration showed that the extra pressure drop resulting from complex
geometries like stenosis, anastomosis, and kinking or twisting vessels, should be captured
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in the model to adequately predict mean brachial flow. When a lumped parameter representation of these pressure drops is available, for example in the form of a pressure-flow
relationship, these complex geometries can easily be incorporated in the pulse wave propagation model. For a stenosis and anastomosis such descriptions are already available in
literature [25, 50, 51, 52, 55]. However, the description for the anastomosis stems from a
T-junction. The pressure-flow relation of a physiological anastomosis might be different.
A more physiological lumped model of the anastomosis can be obtained by analyzing
the anastomosis geometry in ESRD patients and defining, based on this analysis, parameterized three-dimensional computational models. Computational fluid dynamics can
be used to simulate the pressure drop over these anastomotic geometries as function of
the Reynolds and Strouhal number and as function of geometrical properties like the diameter ratio of the proximal artery and proximal vein. The pressure-flow relations of other
complex geometries can also be assessed by following this approach.
Besides, it is known from literature that the vasculature and heart are able to adapt to sustained alterations in hemodynamic loading. Previously, this was extensively studied by
means of computational models [154, 155, 156, 157, 158]. The pulse wave propagation
model can be further improved by incorporating vascular adaptation (e.g. flow-mediated
dilatation, regulation of peripheral bed), vascular remodeling (maturation) and remodeling of the heart, especially when the long-term outcome of AVF creation is subject of
study. The downside of these model improvements is the increase in input parameters and
thus more complex model personalization.

Model personalization
To optimize model personalization efforts to improve estimation of the influential model
parameters might be worthwhile. In the model diameters of the arm vasculature, and especially the smallest diameters, were identified as influential for the mean brachial flow.
During the preoperative work-up, these diameters are obtained from duplex ultrasound
measurements performed in clinical routine. As the diameters were measured at discrete locations, inter- and extrapolation was used to obtain intermediate diameters for the
model. The smallest diameter and kinking or twisting vessels might have been missed
during the ultrasound examination. As an alternative, magnetic resonance angiography
could be used, thus obtaining an overview of the complete vessel topology [152]. However, magnetic resonance angiography has a lower resolution than ultrasound. Therefore
for future studies, to fully use the advantages of both modalities, it would be beneficial
to develop a modality in which diameters measured with ultrasound can be mapped onto
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magnetic resonance images.
Since the peripheral impedance of the peripheral beds in the hand and aorta were also
identified as influential for the mean flow, future efforts should be put into obtaining better estimates of these model parameters. The impedance of the peripheral beds might be
obtained by the method proposed by Beulen et al. [77, 159, 160] that assesses pressure
and flow waveforms simultaneously in a perpendicular ultrasound measurement.
For model input parameters that are important but difficult to assess, it might be considered to apply data fitting or data assimilation techniques [45, 161, 162]. Future research
should investigate which of these techniques can be applied to our pulse wave propagation
model as the large number of input parameters in our model, thus the chance that more
than one combination of input parameters results in good fits, complicates direct application. Another possibility might be to determine this influential, but difficult accessible,
parameters, by using adaptation laws [163].

Model corroboration
Since the Doppler ultrasound flow is clinically used and the surgeon is used to deal with its
uncertainty, a model that predicts postoperative flows that coincide with these ultrasound
measurements might already be useful. However, to further optimize the clinical model
corroboration, efforts to obtain a more accurate estimate of the postoperative flow, which
serves as reference for flow validation, might be useful. First, inaccuracy in Doppler
flows results from assumptions in the estimation of the blood velocity over the crosssectional area which differ between ultrasound devices and between hospitals. In our
hospital, the mean blood velocity is obtained by time-averaging the outer envelope of
the Doppler spectrum and assuming a flat velocity profile. However, postoperatively, the
exact velocity profile is not known. In case of fully developed flow, the velocity profile
is likely parabolic [84]. But, the high mean Reynolds numbers resulting in large entrance
lengths and transitional flows advocate for more flat profiles. Second, the determination of
the cross-sectional area by means of B-mode ultrasound further increases the inaccuracy
on the flow measurements. Therefore, future efforts should be made to obtain better
estimates of the immediate postoperative flow. This can be achieved by either a velocity
correction method in case of fully developed flow [164, 165] or by using new ultrasound
techniques that measure the complete velocity profile over the cross-sectional area [159,
160].
However, despite the inaccuracies in flow predictions and flow measurements, the model
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was already able to differentiate between an upper and lower arm AVF in 76% of all
patients. Therefore, it might already be possible to use the model in a randomized clinical
trial in which the model is used as additional tool for decision-making in one group and
conventional decision-making is performed in the other.

8.6 Concluding remarks
In this thesis, a pulse wave propagation model was developed that was able to simulate the
hemodynamics after AVF surgery and was able to deal with a large variety in inputs and
imperfect patient datasets. An experimental setup was made that was able to mimic the
flow enhancement and hemodynamics observed after AVF creation and thus allowed for
model corroboration. Experimental corroboration showed that the physical phenomena
are well captured and the algorithm was implemented properly.
Prior to clinical corroboration, a sensitivity analysis was successfully performed and insight was gained into how the model should be made patient-specifically. These insights
were used in the personalization of pulse wave propagation models of 25 ESRD patients
awaiting their first vascular access creation. It was observed that the predicted postoperative flows corresponded to the measured flows one week after surgery in 70% of all
cases. In addition, it was shown that the model can support clinical decision-making in
AVF surgery planning.
The advantage of the pulse wave propagation model is that it combines multiple influencing factors (e.g. vessel geometry, vessel mechanics, resistance over the anastomosis) [99]
by means of physical laws. It is capable of capturing clinical knowledge in a quantitative
estimate for postoperative flow. Nevertheless, the mathematical relations used to describe
physical laws can be more or less complex depending on assumptions made during model
development. Simplification of the mathematical relations reduces the computational time
and the number of model parameters that are required for model personalized, which both
eases clinical application. However, at the same time the model is also a more simplified
representation of reality (model uncertainty) resulting in less accurate predictions. Since
both model parameter uncertainty and model uncertainty affect the uncertainty in model
predictions, a balance need to be found between model complexity and the uncertainty
in model output due to input uncertainties. A proper balance results in the most accurate
flow predictions but is difficult to find. Fortunately, the model can already be useful as
additional tool in clinical decision-making when decision-making with the model is better
than without the model. To determine this, a randomized trial is now advised.
Although it will be impossible to obtain a predictive value of the model of 100% due to
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limitations in the modeling and input measurements, an extensive collaboration between
a surgeon and (qualified medical) engineer might improve the predictions and the model’s
applicability. Clinical insights of the surgeon in, for example, the maturation process are
useful to further improve the model. In addition, improvements of the clinical measurement protocols can be achieved by a good collaboration between surgeon and medical engineer, since the surgeon has the required clinical knowledge while the medical engineer
has more expertise in the physical principles of measurements and the statistical analysis
of results. In addition, the engineer is able to translate the model results to improvements
in measurement protocols. Good collaboration should finally result in improved patient
care and reduced health care costs.
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Summary

A vascular access serves as a lifeline for an end-stage renal disease (ESRD) patient since it
facilitates connection of the patient to an artificial kidney for hemodialysis treatment. For
efficient treatment the blood flow must be as high as 600 ml/min and because of repeated
cannulation, the vascular access should be easily accessible for repeated cannulation over
time. The preferred vascular access is an arteriovenous fistula (AVF) in the arm, which is
a surgically created connection between artery and vein, resulting in an significant flow
increase (five- to thirtyfold) and vessel dilatation and remodeling. However, AVFs are
compromised by early failure due to thrombosis and non-maturation (up to 50%), particularly in lower arm AVFs, and by long-term complications like cardiac failure and hand
ischemia (up to 20%) in upper arm AVFs. As a result, additional interventions are required to keep a vascular access suitable for hemodialysis.
The vascular surgeon tries to minimize the complications associated with an AVF by
choosing the optimal AVF configuration for a specific patient. But, optimizing the AVF
configuration is a difficult task, since postoperative flow enhancement differs between
patients, and is affected by multiple factors (e.g. geometry and topology of the vascular system, vessel mechanics and peripheral beds). In clinical practice, the surgeon aims
to collect as much information as possible regarding these influential factors before he
selects the optimal site for AVF creation. For this, an extensive preoperative vessel assessment is performed. Nevertheless, complications as non-maturation, cardiac failure
and hand ischemia remain predominant.
Early thrombosis and non-maturation are associated with a too low flow enhancement
after AVF creation, whereas cardiac failure and hand ischemia are associated with a too
high postoperative flow. A low distal systolic finger pressure is also indicative for hand
ischemia. Hence, a tool that preoperatively predicts the postoperative hemodynamics can
support in the selection of the optimal AVF configuration. A computational model fed by
patient-specific data can quantitatively integrate the influential factors by means of physical laws and can estimate the postoperative flow and distal systolic pressure. Moreover,
the effect of different AVF configurations can be examined with a computational model
prior to AVF surgery. Therefore, this thesis was aimed at developing a patient-specific
computational model that is able to predict the postoperative hemodynamics and examining its applicability to support decision-making in AVF surgery planning.
In Chapter 2 and 3 a 1D pulse wave propagation model was developed that is able to
simulate the changes in hemodynamics after AVF creation. Pressure and flows are calculated at specific locations distributed throughout the arterial and venous tree. The proposed pulse wave propagation model allows for the incorporation of nonlinear pressureflow relations for the anastomosis, i.e. the connection between artery and vein, without
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the need for additional coupling equations as coupling is implicitly captured in the model
assembly.
To adapt the computational model to patient-specific conditions, model input parameters
had to be personalized. In the strategy to deal with sparsity and uncertainty in patient
datasets, a global variance-based sensitivity analysis using Monte Carlo simulations was
applied. In this way input parameters were identified for which more accurate measurements would reduce uncertainty in the predictions (parameter prioritization, Chapter 4),
while other input parameters could be fixed and based on literature (parameter fixing,
Chapter 5). The results of this sensitivity analysis importantly simplified model personalization as it was found that for only 16 out of 73 input parameters it was rewarding
to improve measurement accuracy, whereas 47 out of 73 parameters could be based on
literature.
In Chapter 6 the pulse wave propagation model was successfully corroborated with an
experimental setup, mimicking pressure and flow changes following AVF creation. It was
shown that the model was able to correctly simulate the physical phenomena after AVF
creation, although the simulated pressure and flow waveforms were slightly less attenuated than the measured waveforms likely resulting from viscoelastic properties in the
experimental setup.
The insights obtained in the sensitivity analysis and the experimental corroboration, were
used in Chapter 7 to examine the clinical applicability of the pulse wave propagation
model. For 25 ESRD patients, simulation results were compared to clinical outcome. The
pulse wave propagation model was able to predict the brachial artery flow, measured with
Doppler ultrasound at one week, in 70% of 25 ESRD patients. Moreover, in 76% of the
patients, the pulse wave propagation model suggested the same AVF location, i.e. upper
or lower arm AVF, as a very experienced surgeon. The patient-specific pulse wave propagation model might thus be beneficial for decision-making in AVF surgery planning.
Future research should demonstrate the additional value of the pulse wave propagation
model.
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Een vaattoegang is voor patiënten die lijden aan nierfalen letterlijk hun levenslijn. De
vaattoegang wordt namelijk tijdens hemodialyse gebruikt om de patiënt aan te sluiten op
een kunstnier. Voor een efficiënte hemodialyse moet de bloedstroom door de vaattoegang ongeveer 600 ml per minuut zijn. Daarnaast moet de vaattoegang geschikt zijn om
gemakkelijk herhaaldelijk aan te prikken. De eerste keuze voor een vaattoegang is een
arterioveneuze fistel (AVF). Dit is een chirurgisch gemaakte verbinding tussen een arterie
en vene, meestal in de arm. Doordat deze verbinding wordt gemaakt neemt de bloedstroom in de betrokken bloedvaten sterk toe (vijf tot dertig keer), vindt er verwijding van
de vaten plaats en remodelleert de vaatwand. Een groot probleem bij AVFs is echter dat
AVFs, en in het bijzonder onderarmfistels, vaak dicht gaan zitten (thrombose) of onvoldoende matureren in de eerste zes weken na aanleg ( in 20 tot 50% van alle onderarmfistels). Bovenarmfistels geven juist vooral problemen op de lange termijn, zoals hartfalen
of slechte doorbloeding (ischemie) van de hand (bij 20% van de bovenarmfistels). Als
gevolg van deze complicaties zijn er extra interventies nodig om de vaattoegang geschikt
te maken en/of te houden voor hemodialyse. Voor de operatie kiest de vaatchirurg voor
elke individuele patiënt de optimale locatie voor de aanleg van de AVF. Daarbij moet hij
rekening houden met veel verschillende factoren die de bloedstroomtoename als gevolg
van aanleg van de AVF beïnvloeden, zoals de geometrie en topologie van de vaten en de
mechanische en hemodynamische eigenschappen van de vaten en het perifere vaatbed. In
de huidige klinische praktijk, probeert de chirurg zoveel mogelijk informatie te verzamelen met betrekking tot deze factoren, alvorens hij bepaalt waar de AVF het beste gemaakt
kan worden. Hiervoor wordt er een uitgebreid onderzoek gedaan naar het vaatbed met behulp van palpatie en ultrageluid. Echter, ondanks het preoperatieve vaatonderzoek komen
complicaties, zoals non-maturatie, hartfalen en hand-ischemie nog steeds veel voor. Een
te lage bloedstroom na aanleg van de de AVF gaat gepaard met directe thrombose en
non-maturatie van de AVF, terwijl een hoge bloedstroom gepaard gaat met hand-ischemie
en hartfalen. Ook een lage systolische vingerdruk is indicatief voor hand-ischemie. Een
methode waarmee de postoperatieve bloedstroom en systolische vingerdruk voor de operatie voorspeld kunnen worden, zou de chirurg kunnen ondersteunen bij het selecteren
van de optimale locatie voor de AVF. Met een computermodel dat is gebaseerd op fysische wetten en waarvan de parameters patiëntspecifiek gemaakt zijn kunnen de factoren,
die van invloed zijn op de postoperatieve bloedstroom en vingerdruk, en hun onderlinge
samenhang bestudeerd worden. Een dergelijk computermodel kan daarnaast ook ingezet
worden om voor de operatie de effecten te vergelijken van aanleg van AVFs op verschillende locaties. Het doel van dit proefschrift is derhalve om een patiëntspecifiek computermodel te ontwikkelen dat in staat is om de postoperatieve hemodynamica te beschrij-
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ven en om te onderzoeken of een computermodel een chirurg kan ondersteunen bij het
selecteren van de meeste geschikte locatie voor aanleg van de AVF. In hoofdstuk 2 en 3
van dit proefschrift wordt het 1D golfvoortplantingsmodel beschreven dat in staat is om
de hemodynamische veranderingen na aanleg van een AVF te simuleren. Met dit model
worden de bloeddruk en bloedstroom berekend op verschillende locaties in de arteriële en
veneuze vaatboom. Voor het modelleren van de anastomose, de verbinding tussen arterie
en vene, is er gebruik gemaakt van een niet-lineaire relatie tussen de bloeddruk en bloedstroom. Hiervoor zijn geen extra koppelingsvergelijken nodig, door op een slimme manier
het stelsel vergelijkingen te assembleren. Om het computer model te personifiëren moeten
de input parameters patiëntspecifiek gemaakt worden. Klinische data hebben echter vaak
een grote meetonzekerheid en datasets zijn vaak incompleet. Om inzicht te verkrijgen in
hoe hiermee omgegaan moet worden is er een globale gevoeligheidsanalyse uitgevoerd
op het model, waarbij verschillende variantie indices zijn bepaald. Hiermee zijn de modelparameters geïdentificeerd die je het meest nauwkeurig zou moeten meten, omdat een
nauwkeurige bepaling van deze parameters zal leiden tot de grootste afname van onzekerheid in de modelvoorspellingen (parameter prioritering, hoofdstuk 4). Daarnaast zijn er
parameters geïdentificeerd die gebaseerd kunnen worden op literatuur en dus niet gemeten hoeven te worden (parameter fixing, hoofdstuk 5). Door de gevoeligheidsanalyse
is dus het patiëntspecifiek maken van het golfvoortplantingsmodel behoorlijk vereenvoudigd; slechts 16 van de 73 inputparameters moeten nauwkeuriger worden gemeten,
terwijl voor 47 inputparameters waarden uit de literatuur kunnen worden gekozen. In
hoofdstuk 6 is de fysische beschrijving van het golfvoortplantingsmodel gevalideerd met
behulp van een experimentele opstelling, waarin de veranderingen in bloeddruk en bloedstroom als gevolg van de aanleg van een AVF werden nagebootst. Hiermee is aangetoond
dat het golfvoortplantingsmodel in staat is om de fysische verschijnselen na aanleg van
een AVF te beschrijven. Echter, de gesimuleerde bloeddruk- en bloedstroomcurve zijn
minder gedempt dan de gemeten bloeddruk- en bloedstroomcurve. Dit is hoogstwaarschijnlijk een gevolg van het niet mee modelleren van de viscoelastische eigenschappen
van de experimentele opstelling. Het inzicht verkregen met de gevoeligheidsanalyse en de
validatie experimenten, zijn gebruikt in hoofdstuk 7 om de klinische toepasbaarheid van
het golfvoortplantingsmodel te onderzoeken. Het model is gebruikt voor 25 patiënten,
die lijden aan terminale nierinsufficiëntie, en de simulatieresultaten zijn vergeleken met
de klinische uitkomst. Voor 70% van de patiënten komt de gesimuleerde bloedstroom in
de arm overeen met de bloedstroom gemeten 1 week na de operatie. Voor 76% van de
patiënten werd met het golfvoortplantingsmodel dezelfde AVF locatie (boven- of onderarm) gekozen als door een zeer ervaren vaatchirurg. Het ontwikkelde model zou dus een
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extra hulpmiddel kunnen zijn bij de preoperatieve planning van een AVF aanleg. De exacte toegevoegde waarde van het model zal in toekomstig onderzoek aangetoond moeten
worden.
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Met het afronden van mijn proefschrift bereik ik een nieuwe mijlpaal in mijn leven, die
hopelijk na mijn verdediging zal leiden tot de graad van doctor (dr.). Dit vervult mijn
(groot)ouders en mijzelf met trots. Helaas kan mijn opa Jelle, die nog wel bij mijn afstuderen was en waar ik een speciale band mee had, dit niet meer meemaken. Poe, ik
mis onder andere de discussies over tectonische platen en Ajax en wil je bedanken voor
alles! Ook ontbreekt een van mijn beste vrienden en misschien wel de beste, Koen Buijs
(24 jaar, 19 augustus 2003). Zijn plotselinge dood heeft diepe indruk op mij gemaakt en
mij ontzettend veel verdriet gedaan. Koen, ik vergeet ons laatste gesprek kort voor jouw
fatale ongeluk nooit meer! Ook wil ik je bedanken voor de fantastische tijd die wij samen
met de rest van de vriendengroep gehad hebben tijdens onze vakanties, kroegentochten,
voetbal, oud- en nieuwfeesten etc. In dit kader: prof.dr.ir. Fons Sauren ook erg bedankt
voor de goede gesprekken die wij in die periode gehad hebben en die hebben bijgedragen
aan de verwerking hiervan.
Verder wil ik mijn eerste promotor Frans bedanken, de fysicus! Frans, ik zeg bewust
de fysicus, enerzijds omdat jij mij geleerd hebt dat veel technische problemen (bv. numerieke problemen) vaak veroorzaakt worden door een incomplete beschrijving van de
fysica. Maar vooral omdat jij voor mij schijnbaar onoplosbare problemen vaak met logisch nadenken en gebruikmakend van fysische wetten tot een abc-tje kon reduceren.
Deze aanpak spreekt mij ontzettend aan en ik heb hier dan ook ontzettend veel van geleerd
maar ook bewondering voor! Ook bedankt voor de relaxte manier waarop jij je studenten
helpt en benadert. Jouw toegankelijkheid en behulpzaamheid, vind ik persoonlijk heel
prettig werken. Ik ben dan ook heel blij dat we deze samenwerking de komende tijd gaan
voortzetten. Frans, bedankt!
Mariëlle, de coach, bedankt dat je mijn directe begeleider wilde zijn zowel tijdens mijn
promotietijd als tijdens mijn afstuderen. Dit heeft geleid tot de totstandkoming van dit
proefschrift maar zeker ook tot mijn persoonlijke ontwikkeling. Talloze keren heb jij conceptversies van artikelen, abstracts en dit proefschrift kritisch gereviseerd en met name
gereduceerd. Maar met name heb je mij geleerd op een opbouwend kritische manier naar
onderzoeksresultaten te kijken en resultaten in een breder perspectief te plaatsen. Dit is
mijn inziens cruciaal voor een onderzoeker en als voetbaltrainer denk ik dat het geven van
opbouwende kritiek de manier is om mensen verder te helpen. Ik ben je echter het meest
dankbaar voor het feit dat ik altijd bij jou terecht kon als ik vastliep met mijn onderzoek,
ik vragen had of als ik een politiekere formulering nodig had voor het presenteren van
mijn werk. Mariëlle, bedankt en heel veel geluk met je gezin in Atlanta!
Mijn tweede co-promotor, Jan, de vaatchirurg, bedankt voor het feit dat jij mij de mogelijkheid hebt gegeven om als ingenieur onderzoek te doen in een klinische omgeving
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en dat wij gebruik mochten maken van jouw klinische expertise. Je hebt mij toegelaten
tot operaties, andere medische afdelingen zoals het vaatlab en de dialyseafdeling maar
ook tot patiëntbesprekingen. Dit heeft mijn kijk op de klinische praktijk verbreed en dit
waren voor mij unieke ervaringen die voor een ingenieur die met artsen wil samen werken
onmisbaar is. Een ziekenhuisomgeving is namelijk niet te vergelijken met de omgeving
die ik gewend was op de technische universiteit. Jan, bedankt!
Mijn 2e promotor, dr. Tammo Delhaas, met jou heb ik slechts een korte periode samengewerkt nadat jij werd aangesteld als het nieuwe hoofd van de vakgroep Biomedische Technologie en ik wil jou bedanken voor het feit dat je vanaf het eerste moment van de verhuizing van de BMT-AzM groep naar de nieuwe afdeling in de universiteit, de voor mij
benodigde faciliteiten fantastisch op orde had. Knap dat de verhuizing zo soepel verliep.
Ook wil ik je natuurlijk bedanken dat je bereid bent om mijn 2e promotor te zijn. Tammo,
bedankt!
Naast het promotieteam, wil ik ook graag de leden van de beoordelingscommissie bedanken. Prof.dr. Schurink bedankt dat u voorzitter van de beoordelingscommissie wilde
zijn en dat u bereid was om mijn toch redelijk technisch georienteerde proefschrift kritisch te beoordelen. Prof.dr. Leunissen, prof.dr.ir. Cottaar, prof.dr.ir. Hoeks en prof.dr.ir.
Verdonck ook jullie wil ik hier bedanken voor het doornemen van mijn proefschrift. Prof.
Hoeks wil ik bovendien bedanken voor de interessante onderwerpen die tijdens de lunch
in Maastricht besproken werden en prof. Cottaar voor soortgelijke discussies tijdens de
lunch in Eindhoven bij de School of Medical Physics and Engineering (SMPE/e). Prof.
Verdonck wil ik nog specifiek bedanken voor de enorme gastvrijheid waarmee ik ontvangen werd als ik een bezoek bracht aan zijn onderzoeksgroep aan de universiteit van Gent.
Leden van de beoordelingscommissie, bedankt!
Mijn hele promotieonderzoek is initieel gefinancierd door het profileringsfonds van het
azM. Bij het schrijven van de aanvraag heb ik naast Frans, Marielle en Jan ook veel hulp
gehad van dr. Nils Planken. Nils, ik wil je dan ook bedanken voor het conceptueel meedenken tijdens de opzet van het onderzoek en voor jouw inbreng, die breder was dan een
louter klinische inbreng. Nils, bedankt!
In de loop van het eerste jaar van mijn promotieonderzoek is het onderzoek een onderdeel
geworden van een groot Europees project, i.e. het ARCH-project. Ik heb met veel plezier
meegewerkt aan dit project and therefore I would like to thank all participants of this
project for their contribution, the discussion and the hospitality during visits at their sites.
Because it will be very time-consuming to mention all participants individually, I will
thank the whole consortium at once. All ARCH-participants, thank you! Specifiek wil ik
wel Aron bedanken voor het verzamelen van de klinische data en Koen voor de samen-
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werking tijdens de experimentele validatie van het model. Ook Wilco en Maarten wil ik
bedanken die ik als zeer waardevolle collega’s binnen het ARCH-project beschouw maar
daarnaast ook als collega’s BMT-ers. Mensen, bedankt!
Voor de gevoeligheidsanalyse ben ik dank verschuldigd aan Henk Obbink, Ronald van
Driel, Wim van der Linden, Cees de Jonge en Marcia Inda die het mogelijk maakte om
drie maanden bij Philips te werken. Wim, Marcia and Cees, you were the persons I
worked with directly. The critical views of the mathematicians Wim and Marcia, and the
practical skills of Cees significantly contributed to this thesis and therefore I would gratefully acknowledge you for this. All Philips people, thanks!
Parallel aan mijn promotieonderzoek liep de traineeship tot qualified medical engineer.
Van deze opleiding wil ik specifiek prof.dr. Herman Beijerinck, dr.ir. Ivonne Lammerts,
Ineke Fondse en Karlijn Hillekens bedanken. Herman, dankzij jouw kritische kijk en je
ervaring in het opleiden van professionals, heb ik me ontwikkeld tot een healthcare professional die in staat is om te werken in een medisch team en begrijpt dat in een klinische
praktijk een ietwat pragmatischere aanpak tot betere resultaten kan leiden. Ivonne, jou wil
ik bedanken voor het feit dat je mij begeleid hebt tijdens het hele proces en voor je hulp
bij het controleren en opzetten van mijn opleidingsplan. Ineke en Karlijn wil ik bedanken
omdat zij als office-managers onmisbare schakels zijn binnen de opleiding maar vooral
ook omdat ze altijd voor ons klaar stonden als er iets geregeld moest worden of als we
even over iets anders wilden praten dan medische technologie. Mensen van de SMPE/e,
bedankt!
Natuurlijk was ik er nooit in geslaagd een proefschrift te schrijven als de werksfeer niet
goed was. Ik wil dan ook alle mensen van de azM-BMT groep, de nieuwe BMT groep in
Maastricht en de mensen bij de SMPE/e bedanken voor de fijne werkomgeving die jullie
gecreëerd hebben. Van de collega’s die ik nog niet genoemd hebben wil ik specifiek nog
Esther, Carole, Maurice, Els, Lambert, Erik, Ellen en Ralf bedanken voor de gezelligheid
maar ook de wetenschappelijke discussies tijdens de lunch met de azM-BMT groep. Van
de nieuwe BMT-groep wil ik specifiek nog Nico bedanken voor de leuke gesprekken die
wij voerden in de trein van Eindhoven naar Maastricht, maar ook Claire die mij hielp bij
het invullen van alle papieren die nodig waren om te kunnen promoveren. Bij de SMPE/e
wil ik mijn kamergenoot Beatrijs nog bedanken voor de discussies over ons werk maar
ook over talloze allerdaagse beslommeringen. Allen, bedankt!
Aangezien ik tijdens mijn promotieonderzoek met talloze mensen heb samengewerkt en
om niet iemand per ongeluk te vergeten, wil ik hier zeggen dat ik ieders inbreng ontzettend
waardeer. Bedankt!
Naast het werk is mijn grootste passie natuurlijk voetbaltraining geven. Omdat ik er echt
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niet aan ga beginnen om al mijn collega’s en spelers waar ik mee samengewerkt heb individueel te bedanken zal ik hen gezamenlijk bedanken voor de fijne samenwerking en de
ontspanning die ik krijg door het voetballen. Collega’s, spelers en oud-spelers bedankt
voor de kampioenschappen, de periodekampioenschappen, de succesvolle samenwerking
en de steun!
Verder wil ik mijn familie en vrienden bedanken. Zij waren en zijn er voor mij op momenten dat het tegenzit. Opa en oma Huberts, Poe, Omi, bedankt voor alles! Ook mijn
ouders kan ik natuurlijk niet vergeten hier. Pap en Mam, door mij vaker Michael en Sonja
genoemd, bedankt voor alles! En Sanne, bedankt dat je mijn zus bent, een betere kan ik
me niet wensen. Bedankt ook, dat je paranimf wil zijn. Ook mijn jongste neefje, of moet
ik zeggen halfbroertje, Renier, bedankt voor alles en voor het feit dat je ook paranimf wil
zijn! Ome Uco, bedankt voor het ontwerpen van de omslag van mijn boekje! Tenslotte
wil ik mijn vrienden bedanken die altijd voor me klaar stonden en nog steeds staan. Zonder jullie was het naast mijn werk een stuk saaier geweest. Bedankt, dat jullie het ook
konden opbrengen om soms naar het gezeur van de Sonse Sheldon te luisteren.
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Wouter Huberts was born on the 1st of November, 1979, in Son en Breugel (The Netherlands).
After primary school, Wouter went to Gymnasium
Beekvliet in Sint-Michielsgestel and succesfully
graduated in 1998. Wouter was interested in both
physics and medicine but decided to study physics
at Eindhoven University of Technology. Although
Wouter did like all physics courses, he did not like
the experimental part of the study. After one year
of physics, Wouter discovered that he preferred to
apply physics and engineering to (bio)medical problems. As a logical result, Wouter moved to the
study Biomedical Engineering at the same university. After the bachelor phase, Wouter
attended the master tract ’Medical Engineering’ for which the training programme was
mainly organized in Maastricht University Medical Center (The Netherlands). During this
master programme Wouter discovered the large differences between a university of technology and a hospital with respect to problem solving, way of thinking, measurements
accuracies and hierarchy. Moreover, he gained additional skills mandatory to function
within a multidisciplinary medical team. This resulted in a master thesis about the same
topic as this PhD thesis. Thereafter, Wouter further developed to a healthcare professional
by attending the post academical programme to Qualified Medical Engineer (QME) at
the School of Medical Physics and Engineering, Eindhoven University of Technology.
During this programme, Wouter did a three month internship at Philips Research Laboratories Eindhoven (The Netherlands). This two-years in-service programme to QME was
successfully completed at Maastricht University Medical Center under supervision of dr.
J.H.M. Tordoir (vascular surgeon). This was combined with a four-years PhD research
programme, from which the result is this PhD thesis.
His major research interests are the development of numerical modeling tools and their application in patient-specific situations, aiming to support decision-making in clinics. Currently, Wouter is appointed as Postdoc at Eindhoven University of Technology, Department of Biomedical Engineering in the Cardiovascular Biomechanics group of Prof.Dr.Ir.
F.N. van de Vosse. The research project Wouter is involved now, is closely related to his
research interests since Wouter is aiming to develop uncertainty and sensitivity analysis
techniques to determine the uncertainty envelope in patient-specific computational models
that are developed for cardiovascular, orthopaedic, and disease progression applications
and will be used for clinical diagnosis and/or surgery planning.
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