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2 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 home-

ostasis, 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, ESRD-

patients need a renal replacement therapy. Due to a shortageof renal transplants, on

January1st 2010, 35% of all 14690 ESRD-patients in the Netherlands weretreated 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 During hemodialysis, the blood of the patient is withdrawn from the body using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 wasteproducts 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 (Figure1.1). To enable hemodia-

lysis a functioning vascular access is needed. The vascularaccess 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 mostsimple 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) orby 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 directionsof 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 andthe 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 postoperativeflow 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 anew vascular accesses

is needed. On the other hand, especially RCAVFs are hamperedby 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 isnot 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 hemo-

dynamics 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 hos-

pitalizations in the population of patients treated by hemodialysis [19].
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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 connectionbetween 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 preope-

rative 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-specificand play a role in postopera-

tive 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 intima-

media 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 formedby 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 sitefor 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 non-

maturation, cardiac failure and hand ischemia still occur.

From literature, it is known that a too low brachial artery flow measured directly af-

ter 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 arte-

ry 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 acomputational 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 meansof physical laws. Moreover,

the computational model can be used to examine the effect of different AVF configura-

tions before surgery. As a result, the surgeon obtains extrainformation that can help in

decision-making of AVF surgery.

1.2 Computational modeling

In cardiovascular research, computational modeling has extensively been used for diffe-

rent 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], thoraco-

thoraco 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 studylocal hemodynamics (e.g.

velocity fields, wall shear stresses, local pressures and flows). Disadvantages of 3D mo-

dels are the difficulties in defining proper patient-specificboundary conditions and, more-

over, the long CPU times for 3D model calculations. For thesereasons, 3D models are

less suitable to calculate pressure, flow and wall shear stress distributions over the com-

plete vascular system [51, 55].

The most simple models that are used to investigate the wholecardiovascular system are

two-, three- or four-element windkessel models in which arterial wall and blood proper-

ties 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 dis-

tributed 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 basedon the anatomical configura-

tion. For each segment, the relation between blood pressureand 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, approxi-

mations 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 de-

scribe vessel wall behavior. The resulting equations can besolved 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 seg-

ment 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 be-

cause they have lower computational costs than 3D models andbecause 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 ana-

stomosis is crucial.

Up till now, pulse wave propagation models have mostly been used to describe the hemo-

dynamics. 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 parameterXi.

to describe the hemodynamics and physiology of interest. However, increasing model

complexity will, in general, also increase the number of model input parameters. In prac-

tice, measuring all input parameters is impossible, and, inaddition, 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 thenumber 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 themodel can be derived
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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 canbe apportioned, qualita-

tively 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 inputXi around its reference valueXi,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 globalsensitivity 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 sensiti-

vity 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 sen-

sitivity 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 pre-

dictive models are used to make inferences, variance-basedglobal 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 pre-

dict hemodynamics after AVF creation. In addition, its applicability to support clinical-

decision making in vascular access surgery is examined. Forthis, 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 applicationof 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 shouldbe robust with regard to the

model input parameters to deal with a large variety in inputsand imperfect datasets com-

mon in clinical practice.

As second step, a global variance-based sensitivity analysis will be performed to deter-

mine 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 andfor which no measurements

are required (Chapter 5). The insight obtained in this second step will be used to perso-

nalize 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 un-

certainty (precision of the predictions).

In the third step, the pulse wave propagation model will firstly be corroborated with a one-

to-one silicone network model of the arm vasculature built in a mock loop inChapter 6
[76, 77]. The advantage of an experimental corroboration isthat 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 thuson 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 thelimits 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 capaci-

tor 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 evensuperior 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 cor-

rect 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 negli-

gible. However, a quantitative physical origin for a parallel configuration was not given.

Windkessel models fail to explain the phenomena of pulse wave propagation through-

out 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 thelocal blood (densityρ, kine-

matic viscosityν) and vessel wall (radiusa, complianceCv) properties. All segments

are connected based on the anatomical configuration to obtain a transmission line. These

lumped parameter pulse wave propagation models include themulti-branched configura-

tion 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 inductorL in series with a resistorR that represent

respectively the blood inertia and the viscous blood flow resistance (Figure 2.1). In addi-

tion, the complianceC 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
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viscous term, i.e. the Womersley numberα = a
√

ω
ν ≫ 1 with angular frequencyω. A

good approximation of the parameters of the lumped model (values forR andL) can be

derived from the vessel geometry and mechanical propertiesusing 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 forR andL can be derived using a quasi-static

Poiseuille profile. In Noordergraaf’s model a flat velocity profile is assumed in the calcu-

lation 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. How-

ever, this will lead to frequency dependent values for the inductorL and resistorR. 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 induc-

tors and resistors for every segment (Figure 2.1). At higherWomersley numbers, a higher

number of extra resistors and inductors were needed to accurately describe the longitudi-

nal 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 configurationis complex and totally based

on a mathematical derivation in which the physical origin ofthe pressure and flow waves

is not apparent.

Olufsen et al. [83] derived lumped models starting with the one-dimensional axisymme-

tric 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’snetwork. 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 confi-

guration 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
capacitorC can be added to obtain a compliant tube model.

We based this study on a wave propagation model with a time andfrequency dependent

approximate velocity profile function derived by Bessems etal. [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 onthe 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

[84] with respect to the nonlinear term∂∂z (
∫
v2zdΩ) and the friction termτw = η

∫
∂vz
∂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 vesselimpedance 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 Womers-

ley theory and our model. In addition, the limiting cases forthe 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 numbersα ≤
√
2 andα >

√
2. These

√
2-limits stem from the derivation of the

approximate velocity profile. Finally, the proposed lumpedmodel 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 wavepropagation model with

an approximate velocity profile function that was derived byBessems 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 modelcan 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 straighttubes driven by a given pres-

sure gradient:

ρ
∂vz
∂t

= −∂p
∂z

+ η
1

r

∂

∂r
(r
∂vz
∂r

) (2.1)
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in which vz is the axial velocity,∂p∂z the pressure gradient,ρ the blood density,η the

dynamic viscosity andr 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 transitionfrom 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 theWomersley numberα can be

given by:

ac
a

= max[0, 1−
√
2

α
] (2.2)

in which ac(α) is the Womersley number dependent radius of the central coreanda is

the vessel radius. The velocity profile function given by Bessems et al. is related to

ζc = (ac

a )2 according to the following equation:

vz = − ln ζ̂

1− ζc

q

A
− a2

4η
[1− ζ̂ +

1

2
(ζc + 1) ln ζ̂]

∂p

∂z
(2.3)

in which q is the flow,A the cross-sectional area, andζ̂ = max[( ra )
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

to the nonlinear term
∫
v2zdΩ and the friction termη

∫
∂vz
∂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 lengthR1 and an inertance per segment

lengthL1 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 resistorR2 is introduced in series with

the parallelly arrangedR1 andL1 (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 resistorsR1 and for

the inertanceL1 from the boundary layer model proposed by Bessems et al. [61]is de-

scribed. A mathematical expression for the resistorR2 follows directly from the definition

of a Poiseuille resistance. The other two parameters are derived by comparing the longitu-

dinal 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 andL1)

are obtained. From those two equations, the mathematical expressions forR1 andL1 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]:

−∂p
∂z

= [
cq

2− cp
]Rvq + [

1

2− cp
]L
∂q

∂t
(2.4)

in which p is the pressure,z is the longitudinal direction,Rv is the Poiseuille resistance

per segment length (8ηπa4 ), andL is the inertia per segment length (ρπa2 ). The functionscp
andcq are dependent on the squared radius of the vessel coreζc and thus on the Womersley

numberα according to [61]:

cp = 1 +
1

2
(1− ζc) and cq =

1

2
(1− ζc)

−1. (2.5)

For Womersley numbers smaller thanα ≤
√
2 the central core disappears, see (2.2),

resulting in Poiseuille flow. By using (2.5),cp andcq for α ≤
√
2 are given by:

cp = 3/2, 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 andcq are given by [61]:

cp = 1 +

√
2

α
(1−

√
2

2α
), cq =

α

4
√
2
(1 −

√
2

2α
)−1. (2.7)
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By introducing the harmonics

∂p

∂z
=
∂p̂

∂z
ejωt (2.8)

and

q = q̂ejωt (2.9)

the longitudinal impedance of the rigid vessel,Zb
l , can be derived to be:

Zb
l =

− ∂̂p
∂z

q̂
= [

cq − (2− cp)

2− cp
]Rv + jωL[

1

2− cp
] +Rv. (2.10)

The longitudinal impedance for the electrical analogZe
l in Figure 2.1 is given by:

Ze
l = j

ωR2
1L1

R2
1 + ω2L2

1

+
ω2L2

1R1

R2
1 + ω2L2

1

+R2. (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) = [
cq − (2 − cp)

2− cp
+

α4

64(cq − (2− cp))(2 − cp)
], (2.15)

and

g(α) = [64
(cq − (2− cp))

2

(2− cp)α4
+

1

2− cp
]. (2.16)

As can be seen in Figure 2.2, the functionf(α) is a smooth curve that goes to infinity

for both large and small Womersley numbers. Functiong(α) monotonically decreases to
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1 for α >
√
2 and has a constant value 2 forα ≤

√
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 functionsf(α) (top) andg(α) (bottom) as a function of the Womersley number.
The functionf(α) converges to infinity for bothα → ∞ andα → 0.

2.3 Results: Comparison between the lumped model, bound-

ary 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 impedanceI is

defined as the longitudinal impedance (Zl) normalized with the Poiseuille resistanceRv.

From the definition of the Womersley number it can be derived that:

ωL

Rv
=
α2

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:

Ie =
Ze
l

Rv
=

j α
2

8 g(α)

1 + j α
2

8
g(α)
f(α)

+ 1. (2.18)

The relative impedance for the boundary layer model is:

Ib =
Zb
l

Rv
=

cq
2− cp

+ j
α2

8

1

2− cp
, (2.19)

while the relative impedance for Womersley reads [84]:

Iw =
Zw
l

Rv
= j

α2

8

1

1− F10(α)
(2.20)

in whichF10 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 =
Zn
l

Rv
= j

α2

8
+ 1. (2.21)

In Figure 2.3 the relative impedance of the lumped model is compared with both boun-

dary 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 diffe-

rences 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 modelcq andcp 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 Wo-
mersley theory (solid line) as a function of the Womersley number.

(2.16) in (2.18):

Ie =
α4

4
√
2α3 − 12α2 + 8

√
2α− 4

+ j
α5

8α3 − 8
√
2α2 + 8α

(2.22)

which can be approximated by

Ie ≈ α

4
√
2
+ j

α2

8
for α ≫ 1. (2.23)

The relative impedance based on Womersley theory is given by(see appendix)

Iw ≈ α

4
√
2
+ j

α2

8
, 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 resistanceRv. By substituting (2.17) in (2.23) and (2.24), the longitudinal

impedances forα ≫ 1 for both the electrical analog and Womersley theory are after ne-

glecting 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)

Forα ≤
√
2 in the boundary layer modelcq andcp are defined as constants and respec-

tively 1
2 and 3

2 . Forg(α) this gives:

g(α ≤
√
2) = 2. (2.25)

As the denominator off(α) is 0 for all Womersley numbers smaller than
√
2, the reci-

procal off(α) for α ≤
√
2 is determined by

1

f(α)
=

(cq(α) − (2− cp(α)))(2 − cp(α))64

64(cq(α) − (2− cp(α)))2 + α4
=

0

α4
. (2.26)

After substitution of the equations (2.25) and (2.26) in (2.18), the relative impedance on

the domainα ∈ (0,
√
2] is given by

Ie = 1 + j
α2

4
. (2.27)

Forα ≪ 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 resistanceRv. 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 resistorR1 and the inertiaL1 in Figure 2.1 are only dependent on the Womersley

number as is derived in equation (2.12) and (2.13). It is thuspossible to derive simpli-

fied 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 numberα ≤
√
2

As was shown previously the functionf(α) for Womersley numbers smaller than
√
2 is

infinitely large and thus flow through resistorR1 is blocked. A simplified model then

consists of an inertance of2L 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 impedanceZe
l can be approximated by

Rv. The simplified electrical analog then consists of only a resistorRv.

Womersley numberα >
√
2

Functionsf(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 resistanceR1 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 forα >
√
2 the ratio between the impedances ofR1

andL1 needs to be studied more thoroughly. By using (2.17) this ratio is given by:

ZR1

ZL1

=
Rvf(α)

jωLg(α))
=

8f(α)

jα2g(α)
. (2.29)

The modulus and argument of equation (2.29) are given in Figure 2.4. The phase dif-

ference isπ2 radians which is expected as the impedanceZL1
is purely imaginary while

the impedance of the resistorZR1
is real. The modulus remains larger than one for all

Womersley numbers andZR1
is at least eleven times higher thanZL1

. Based on this ob-

servation the resistorR1 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 layermodel that was derived by
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Figure 2.4:The modulus (left) and phase angle (right) of the impedance ratio
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-momentumequation, 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 proposedmodel was consis-

tent with Womersley theory.

The model configuration proposed in this study was also foundby 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 wereL1 ≈ 4
3L,R1 ≈ 4 1

4Rv andR2 = Rv. In our analysis we

find aL1 that varies betweenL and2L depending on the Womersley number; forα = 5

holdsL1 = 4
3L. The resistorR1 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 highR1 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 firstresistor. 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 four-

element 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 seg-

ment.

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 arigid 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 arte-

rial 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 se-

ries and a capacitor. This because a comparison of the impedance moduliZL1
andZR1

showed thatZR1
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 induc-

tor 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 numberand 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 represen-

ting the vessel compliance in this rigid tube model, the element configuration resembles

the configuration of the four-element windkessel model. Forarbitrary Womersley num-

bers 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 impedanceI is defined as the longitudinal impedance (Zl) normalized with

the Poiseuille resistanceRv. From the definition of the Womersley number it can be

derived that:

ωL

Rv
=
α2

8
. (2.30)

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

Iw =
Zw
l

Rv
= j

α2

8

1

1− F10(α)
(2.31)

in whichF10 is the Womersley function.

The Womersley functionF10 is defined as [84]:

F10 =
2J1(j

3/2α)

j3/2αJ0(j3/2α)
(2.32)

in which J0 andJ1 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 impedanceIw 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 ≃ 2 j3/2α
2 [(1− α4

192 ) + j(α
2

8 − α6

9216 ) +O(α8)]

j3/2α[(1− α4

64 ) + j(α
2

4 − α6

2304 ) +O(α8)]
. (2.33)

From equation (2.33) it can be derived that

1

1− F10
≃ (1 − α4

64 ) + j(α
2

4 − α6

2304 ) +O(α8)

(−α4

91 ) + j(α
2

8 − α6

3072 ) +O(α8)
. (2.34)

Next, forα4 ≪ 64 and thusα ≪ 3, equation (2.34) can be written approximately as

1

1− F10
≃ 1 + j α

2

4

j α
2

8

. (2.35)

Substitution of (2.35) in (2.32) then gives the relative impedanceIw,(2.31), forα ≪ 3:

Iw = 1 + j
α2

4
. (2.36)

Large Womersley numbers

For large Womersley numbers the asymptotic expansions for the expressionsJ1(j3/2α)

andJ0(j3/2α) are used [85]. The Womersley function then reads forα≫ 1 [85]:

F10 ≃ 2

j3/2α

e
α√
2√

2πα
[cos ( α√

2
− π

8 + π
2 ) + j sin ( α√

2
− π

8 + π
2 )]

e
α√
2√

2πα
[cos ( α√

2
− π

8 ) + j sin ( α√
2
− π

8 )]
. (2.37)

Becausej3/2 = ej
3π
4 andj−1/2 = e−j π

4 = (1−j)√
2

the expression in (2.37) can be simpli-

fied to

F10 ≃ 2

α
e−j π

4 =
(1− j)

√
2

α
. (2.38)

Substituting (2.38) in (2.32) gives the relative impedanceIw, (2.31), forα ≫ 1:

Iw = j
α2

8

1

1− (1−j)
√
2

α

=
α4

4
√
2α3 − 16α2 + 16

√
2α

+j
α5 −

√
2α4

8α3 − 16
√
2α2 + 32α

. (2.39)
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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 hypothesizethat 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 appro-

ximated velocity profile was assumed based on boundary layertheory. 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 pro-

pagation 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 invascular 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 predictionsand 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 approxi-

mately 8% [4, 5]. During hemodialysis, the blood of the patient is withdrawn from the

body using a pump with a flow rate of at least300ml/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, theblood is pumped from the

dialyzer back into the body with the same flow rate (Figure 3.1). To enable hemodialy-

sis 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 armby permanently connec-

ting 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 suffi-

ciently 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 severallocations 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 for-

mer reasons, the AVF at wrist level is preferred over more proximal AVFs which involve

an anastomosis at the elbow level. In clinical practice, thesurgeon selects the AVF con-

figuration 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 arte-

ries 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 inup 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 postopera-

tive 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 connectionbetween 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 influ-

ence 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 rangingfrom 3D models [38, 53,

54], pulse wave propagation models (cited below), to lumpedparameter models [34, 46,

47, 56, 57] are used to study the (patho-)physiology of the cardiovascular system, de-

pending 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 com-

putational cost. Pulse wave propagation models are appropriate for predictive vascu-

lar 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 pa-

rameter 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 non-

linear 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 ourapplication, 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 predic-

tive 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 sys-

tem 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 pres-

sure and flow by several numerical techniques like the methodof 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. Pulsewave 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 pa-

rameter pulse wave propagation models.

In the momentum equation, approximations for wall shear stress and the convective ac-

celeration 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 velocityprofiles [61, 62]. Bessems

et al. [61, 63] used an approximated velocity profile based onboundary layer theory and

solved the resulting set of equations in time domain by usingspectral 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, asin 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 cou-

pling equations are needed. Furthermore, the lumped parameter wave propagation model

simplifies coupling of other lumped segments (e.g. for windkessels or for nonlinear ele-

ments like the anastomosis) to wave propagation segments because they have the same

format and can be assembled together. In addition, the lumped parameter wave propa-

gation 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 VAsurgery 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 pulsewave 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 ele-

ments 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, seg-

ments 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 phy-

sical 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 pressurep and flowq for each vascular segment is derived from

conservation of mass and the momentum equation by assuming fully-developed incom-

pressible 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

complianceC0 per unit length, resulting in

C0
∂p

∂t
+
∂q

∂z
+Ψ = 0 (3.1)

with

C0 =
∂A

∂p

∣∣∣∣
p=p0

(3.2)

in which p0 is the mean pressure,A is the cross-sectional area andΨ the flow per unit

length distributed to small side-branches that are not separately modeled by vascular seg-

ments.
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The momentum equation is given by

∂q

∂t
+

∂

∂z
(

∫

A

vz
2dA) +

A

ρ

∂p

∂z
−Afz −

2πa0
ρ

τw = 0 (3.3)

in whichA is the cross-sectional area,vz the local axial velocity,a0 the vessel radius at

mean pressure,τw the wall shear stress andρ the blood density. In momentum equation

(3.3), the convection term (∂∂z (
∫
A
vz

2dA)) and the effect of body forces (Afz) are ne-

glected 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 asVc ≪ 1 in whichV is the blood velocity andc the

wave speed [55]. This holds in the arm vasculature and by approximation in the aorta.

An expression for wall shear stress as function ofp andq is derived from a time and fre-

quency 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

−∂p
∂z

= [
cq

2− cp
]R0q + [

1

2− cp
]L0

∂q

∂t
(3.4)

in whichR0 is the Poiseuille resistance per unit length (8η
πa4

0

) andL0 is the inertia per

unit length ( ρ
πa2

0

). Parameterscp and cq solely dependent on the Womersley number

(α = a0
√

ωρ
η with ω angular frequency) and are given by [61]

cp = 1 +

√
2

α
(1−

√
2

2α
), cq =

α

4
√
2
(1 −

√
2

2α
)−1 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 lengthR and a Womersley number dependent inductor per unit lengthL

in series representing the momentum equation (Figure 3.2, left). The capacitor per unit

lengthC and the resistorRL 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 evaluatingcp and cq only for the characteristic frequency, this serial configuration

fits Womersley theory better than the parallel configurationproposed 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 evaluatingcp andcq only for the characteristic

frequency, parametersL andR stem from momentum equation (3.4), which results in

−∂p
∂z

= Rq + L
∂q

∂t
(3.7)

with

R = [
cq(α0)

2− cp(α0)
]R0 and L = [

1

2− cp(α0)
]L0 (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 lumpedparameter segment with the

serial arrangement of the resistor and inductor is used. Foreach segment total resistance

and total inertance are obtained by integratingR andL 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 expressionsfor L0 andR0 in (3.8) are used

that apply to elliptical tubes. The Poiseuille resistance per segment length for an elliptical

tubeR0,v is than given by [88]

R0,v =
8η(a20 + b20)

2π(a30b
3
0)

(3.9)
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with a0 andb0 the major and minor radii at the mean pressurep = p0. Note that equation

(3.9) reduces toR0 = 8η
πa4

0

(Poiseuille resistor) in casea0 = b0. The venous inertance per

unit length,L0,v, is

L0,v =
ρ

πa0b0
. (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 thick-

walled linear elastic tube. The compliance per segment length is then given by [64]

C0 =
2πa20(

2a2

0
(1−µ2)

h2
0

+ (1 + µ)(2a0

h0
+ 1))

E0(
2a0

h0
+ 1)

(3.11)

with E0 the Young’s modulus,µ the Poisson ratio andh0 the wall thickness. Veins can

have an elliptical cross-sectional area, and therefore, instead ofa0 a weighted average

radius (̄a0 =
√
a0b0) 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,vh0
(3.12)

in whichE0,v is the venous Young’s modulus. Total compliance for each segment is de-

termined by integratingC0 orC0,v over the segment length.

The distributed flowΨ 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 profilecan 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 pressureloss relations for a T-junction

to model the anastomosis of a thoraco-thoraco aortic bypassgraft and a hemodialysis
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prosthetic graft, respectively. They both neglected the extra pressure drop due to un-

steadiness 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 arterypp mi-

nus pressure in the veinpv and pressure in the proximal arterypp minus pressure in distal

arterypd can be written as [51, 90]

pp − pv = Kv
1

2
ρv2p (3.13)

and

pp − pd = Kd
1

2
ρv2p (3.14)

respectively. Hereinvp is the cross-sectional averaged blood velocity in the proximal

artery, andKv the loss coefficient from the proximal artery to the proximalvein, andKd

the loss coefficient from the proximal artery to the distal artery.

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

Gardel et al. [91, 92] experimentally derived semi-empirical relations for the loss co-

efficientsKv andKd. The loss coefficients for an anastomosis are given by (dividing
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T-junction) [90, 91, 92]

Kv = k1(1−q∗)2+q∗2[k2cot
θ

2
−k3+

k4 − k5A
∗

A∗2 ]+k6q
∗(1−q∗)(1+ 1

A∗ )cot
θ

2
(3.15)

Kd = k7(1− q∗)2 + k8q
∗2 − k9q

∗(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 andθ is the angle between proximal artery and proximal vein (Figure

3.3). Empirical determined values for the constantsk1 to k9 are given in Table 3.1.

Table 3.1:Semi-empirical determined dimensionless constantsk1 to k9 for equation (3.15) and

(3.16) [91, 92].

k1 k2 k3 k4 k5 k6 k7 k8 k9

0.95 1.3 0.3 0.4 0.1 0.4 0.03 0.35 0.2

By introducing flowqp = vpAp with Ap the cross-sectional area of the proximal artery,

(3.13) and (3.14) can be rewritten to

pp − pv = Kv
1

2
ρ
q2p
q2v

1

A2
p

|qv|qv = Rv(q
∗, A∗, θ, qv, qp, Ap)qv (3.17)

and

pp − pd = Kd
1

2
ρ
q2p
q2d

1

A2
p

|qd|qd = Rd(q
∗, A∗, θ, qd, qp, Ap)qd. (3.18)

The pressure drop in the anastomosis from the proximal artery to proximal vein and to

distal artery is incorporated in the pulse wave propagationmodel by adding two resistors,

Rv andRd, that nonlinearly depend on flow.

Numerical scheme
After assembly of the segments and by using the (implicit) trapezoidal rule for time in-

tegration the following system of equations is derived (seethis chapter’s Appendix for

more details)

Kp
˜
n = q

˜
n
e + f

˜
n−1 (3.19)
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in whichK is the system matrix,p
˜
n is a column containing the nodal pressures that we

calculate in the current time stepn, q
˜
n
e denotes the external nodal flows containing zero

values for all nodes except the nodes on which external flow isprescribed, andf
˜
n−1 is

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 sys-

tem becomes nonlinear and is given by

Ki(qi
∗, A∗, θ, qvi , qdi, qpi , Ap)p

˜
i
n = q

˜
n
e + f

˜
n−1. (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 thusq
˜
e =

[qaorta, 0, .., 0]
T . The aorta is part of the modeling domain to be able to predictthe redis-

tribution 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 pressurepe and venous pressure at the

end of the venous branchpv and at the end of the windkessel modelpv,wk are prescribed.

Windkessel model.At arterial ends, arteries are terminated with a three-element Wind-

kessel 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 re-

flections from high frequencies (ωCwkRwk ≫ 1) are attenuated [57]. The pressure drop

over the characteristic impedance is then given by

p− ps = Zwkq with Zwk =

√
L

C0
(3.21)

in whichZwk is the characteristic impedance forωL ≫ R andps a standard reference

pressure.R, L andC0 are, respectively, the resistance, the inertance and the compliance

of the segment before the end-segment.
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The sum of the resistanceRwk and the characteristic impedanceZwk is the total resistance

Rp of the peripheral bed [57]:

Rp = Zwk +Rwk. (3.22)

Rp is defined as:

Rp =
p̄

βq̄
(3.23)

with β the fraction of the cardiac output flowing through the peripheral bed and̄p the

mean arterial pressure andq̄ the cardiac output.

The pressure wave decreases during diastole with a time constant that is equal to:

τ = RwkCwk. (3.24)

If τ andRwk are known, the complianceCwk can be derived from (3.24). The parameter

Rwk can be derived from equation (3.22) and (3.23), whileτ 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. Additio-

nally, 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 lowerarm 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 inthe next paragraph.



4
6

C
h

ap
ter

3
.

P
u

lse
w

ave
p

ro
p

ag
atio

n
m

o
d

el

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
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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Patient-specific input

Model geometry. All ten patients underwent a preoperative duplex ultrasound examina-

tion 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 thewrist joint), halfway

the lower arm, in the proximal lower arm (a few cm distal to theelbow joint), at the el-

bow 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 mea-

surement [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, datafrom 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 inthe 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 influ-

ences 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 clinicfor each individual patient.
#1 #2 #3 #4 #5 #6 #7 #8 #9 #10

Arterial diameters [mm]
Subclavian artery 6.6 9.0 7.3 6.9 7.7 6.3 8.0 6.3 8.4 6.2
Brachial artery proximal 4.4 5.1 4.5 5.2 5.7 5.5 4.8 2.8 5.2 4.2
Brachial artery in the middle 3.4 4.3 3.7 4.9 4.6 4.2 4.8 - 4.1 3.8
Brachial artery distal 3.8 4.2 4.1 5.9 5.4 4.6 6.1 4.2 4.6 3.9
Radial artery proximal 2.3 3.3 3.6 2.8 4.2 2.6 - - 2.6 3.0
Radial artery in the middle 2.2 2.7 2.5 2.3 2.2 2.4 - 2.6 2.0 2.0
Radial artery distal 1.5 1.7 2.1 2.2 2.5 2.4 2.6 2.4 2.2 2.1
Ulnar artery proximal 2.7 - 4.4 - 3.6 3.5 2.9 2.6 2.4 2.0
Ulnar artery in the middle 2.5 1.9 1.8 2.0 1.1 2.6 1.8 1.6 1.7 2.0
Ulnar artery distal 1.5 1.8 1.4 1.8 1.4 2.1 1.7 1.3 2.2 2.1
Minor axis venous diameters [mm]
Cephalic vein distal 1.4 3.4 1.3 2.0 2.5 1.7 2.9 2.0 2.1 1.7
Cephalic vein in the middle of the lower arm 2.0 3.9 2.3 4.3 2.0 2.3 2.7 3.2 1.8 3.2
Cephalic vein at the elbow 3.7 5.0 2.7 4.2 3.5 5.0 3.1 3.5 2.5 3.3
Cephalic vein in the middle of the upper arm - 3.1 2.3 3.4 2.4 4.9 - 3.2 3.1 4.0
Cephalic vein at shoulder level - 3.5 2.3 2.2 1.7 3.8 - 4.6 2.4 -
Basilic vein distal - 2.5 - 1.0 1.2 4.2 - 1.8 - 3.0
Basilic vein in the middle of the lower arm 1.3 3.3 1.1 0.7 1.8 3.5 1.5 2.5 - 3.7
Basilic vein at the elbow 3.4 3.8 2.0 3.1 4.0 - 2.0 2.4 2.7 4.4
Basilic vein in the middle of the upper arm 3.6 7.2 2.9 4.4 5.3 5.1 6.0 5.4 6.0 5.0
Basilic vein before entering the deep venous system - 6.4 2.9 - 6.8 4.2 6.4 6.8 5.8 3.5
Median cubital vein 2.2 5.9 4.2 3.5 5.5 4.7 5.6 7.2 2.0 4.9
Subclavian vein 9.0 9.0a - 6.9 7.7a 6.8 8.0 9.5 9.3 8.4
Major axis venous diameters [mm]
Cephalic vein distal 1.5 4.8 1.5 2.1 2.8 1.7 2.9 3.1 2.3 1.8
Cephalic vein in the middle of the lower arm 2.2 4.9 2.9 4.8 2.7 3.7 2.7 4.5 2.2 3.5
Cephalic vein at the elbow 4.6 6.2 3.4 4.6 3.5 5.9 3.3 4.1 2.8 4.0
Cephalic vein in the middle of the upper arm - 3.1 2.9 3.6 2.8 5.3 - 4.5 3.7 4.3
Cephalic vein at shoulder level - 3.5 4.1 2.4 2.0 4.0 - 4.8 2.5 -
Basilic vein distal - 2.6 - 1.4 1.4 4.7 - 2.6 - 3.7
Basilic vein in the middle of the lower arm 1.4 3.6 1.5 1.1 1.8 4.3 2.1 4.2 - 3.8
Basilic vein at the elbow 3.8 4.0 2.8 3.4 4.2 - 2.4 3.5 3.2 4.5
Basilic vein in the middle of the upper arm 4.0 8.2 3.4 5.3 6.1 5.3 6.1 2.8 6.5 5.3
Basilic vein before entering the deep venous system - 7.6 3.1 - 7.4 4.9 7.3 7.1 6.0 4.0
Median cubital vein 2.5 9.6 5.1 3.9 7.1 6.7 5.9 7.2 2.1 6.2
Subclavian vein 9.0 9.0a - 6.9 7.7a 6.8 8.0 9.5 9.4 9.4
Mean pressure [mmHg]
Brachial artery 102 115 124 104 88 105 64 113 98 76
Mean flow [ml/min]
Ascending aorta 5.3· 103 4.9· 103 6.4· 103 4.7· 103 4.8· 103 3.9· 103 4.9· 103 7.1· 103 4.9· 103 b 4.9· 103b

Axillary artery in the middle 20c 190 125 147 111 192 108 164 247 87c

Radial artery in the middle 8 20 7 31 24 50 41 79 79 44
Ulnar artery in the middle 8 28 8 32 11 44 31 18 57 39

Distensibility [10−6 Pa−1 ]
Brachial artery 6.8 4.6 6.4 4.5 4.5 6.1 6.7 3.4 7.0 6.7
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 lengthl, the proximal radiusap, the distal radiusad, the wall
thicknessh and the elastic Young’s modulusE.

Edge nr. Arterial edge name l [10−2 m] ap [10−2 m] ad [10−2 m] h [10−3 m] E [106 Pa]
1 ascending aorta 4.00 1.47 1.44 1.63 0.40
2 aortic arch A 1.00 1.12 1.12 1.26 0.40
3 aortic arch A 1.00 1.12 1.12 1.26 0.40
4 innominate 3.40 0.62 0.62 0.80 0.40
5 aortic arch B + thoracic aorta 9.10 1.07 0.999 1.13 0.40
6 left carotid 4.10 0.370 0.370 0.63 0.40
7 left subclavian A 3.40 0.423 0.423 0.66 0.40
8 left vertebral 4.90 0.188 0.186 0.45 0.80
9 left subclavian B + axillary + brachial 44.3 0.403 0.236 0.67 0.40
10 left radial 23.5 0.174 0.142 0.43 0.80
11 left ulnar proximal 6.70 0.215 0.215 0.46 0.80
12 left interosseus 7.90 0.091 0.091 0.28 1.60
13 left ulnar distal 1 5.70 0.203 0.188 0.46 0.80

Elastic properties. For each patient the distension (change in diameterd) of the brachial

artery was measured with ultrasound (Picus with ART.LAB functionality, ESAOTE B.V.

Europe). Simultaneously, the brachial pressurepb was assessed from real-time noninva-

sive finger pressure measurements (NexFin, BMEYE B.V., The Netherlands). From the

distension∆d and the brachial pulse pressure∆pb the distensibilityD can be assessed

from

D ≈ 1

πa20

∆A

∆pb
≈
a2sys − a2dia
a20∆pb

(3.25)

in whichasys andadia 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 of0.15,

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 be1.2 · 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 be1.05 · 103 kg/m3, 3 · 10−3 Pa · s, and0.5 [-] respectively [36].

Boundary conditions

Prescribed flows.As input the aortic flow waveform is used that is preoperatively de-

termined by means of phase-contrast PC-MRI for each patient. In Table 3.2 the time-

averaged 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 pressurepe 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 pressurepv,wk of 0

mmHg.

Windkessel parameters and distributed flow to small side-branches.The time constantτ

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 arteryq̄i can be determined by

q̄i = (
a0,i
a0,u

)3q̄u (3.26)

in which q̄u is the mean ulnar artery flow,a0,i the interosseus diameter anda0,u the dis-

tal ulnar diameter. Furthermore, it was assumed that 0.5% ofthe 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 appliedin 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 fromthe difference between the

time-averaged axillary artery flow and the sum of the time-averaged radial, ulnar and in-

terosseus 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 con-

vergence criteriumǫ=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 implementationto patient-specific vascular

access planning, we benchmarked our lumped parameter implementation with the spec-

tral 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 thearm. 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 todelineate 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 postope-

rative flow for the lower arm AVF are compared to a threshold of400 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 de-

termined 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 ima-

ging, 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 cal-

culated 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 com-

ponent 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 cur-

vature, 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 rea-

lization 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 pressureand flow waveforms pre-

operatively. Figure 3.5 shows simulated and measured (withMR) preoperative flow wave-

forms in the axillary, radial and ulnar artery for patient #2as 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 ver-

sus 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. How-

ever, 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 atten-

uated 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 geometricalproperties used as model in-

put 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 thebrachial 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 discussedby again using the simu-

lation 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 cre-

ation 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 simu-

lations. The negative peak (backflow), that is present in thebrachial 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 100mmHg). The systolic

and diastolic pressure also decrease postoperatively.

In the distal radial artery the mean flow decreases from 0.019l/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 armAVF, 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). Incor-

porating 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 ne-

gative 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 pa-
tients. The values are presented for an anastomosis angle of45 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) basedon 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 lowerarm 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 theten 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 otherAVFs 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.# AVF type Clinical remarks

1 upper arm AVF (BB) Fluid collection at anastomosis

2 lower arm AVF (RC) Young patient

3 upper arm AVF (BC) Significant side-branch

4 lower arm AVF (RC) -

5 lower arm AVF (RC) Arterial wall irregularities

6 upper arm AVF (BC) Small cannulation area

7 lower arm AVF (RC) Delayed maturation

8 lower arm AVF (RC) -

9 upper arm AVF (BC) -

10 upper arm AVF (BC) Cold hands/steal

Figure 3.9:The predicted brachial artery flows after the creation of theAVF 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 velocityprofile 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]. Pres-

sure 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 li-

terature [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 ex-

plained from input inaccuracies for geometrical and mechanical properties of the vessels

(for example by using generic values) inducing differencesin wave propagation.

The lumped parameter pulse wave propagation model selects the same AVF configura-

tion 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 forthis. 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 ac-

cepted as a proper AVF flow [9, 10, 13, 14]. In a lower arm AVF thedirect 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 powerof the model in a larger popu-

lation.

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 side-

branch significantly influenced the resulting AVF flow.

However, a comparison between measured and simulated flows is hampered by the inac-

curacy 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 rewardingto further decrease the in-

accuracy 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 inclinical practice potentially

also. The comparison between measurement and simulations is also hampered by the

accuracy of the measured mean brachial artery flow that is notexactly known. Next to

the assumption of the velocity profile, is the uncertainty ofDoppler 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 post-

operative 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 ana-

stomoses. An extra pressure drop due to unsteadiness in flow should possibly be included.

Incorporating these model improvements will result in lessuncertainty in the model de-

scription 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 notnecessarily result in better flow

predictions. Therefore, future research will first focus onthe 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. Addi-

tionally, we showed that a patient-specific model can be usedto simulate the hemodyna-

mical 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 nu-

merical scheme

Governing equations

Basic equations

Here we will derive the 1D wave propagation equations by using the 1D Reynolds trans-

port 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 de-

picted in Figure 3.10 as point of departure. The time-dependent volumeV (t) is bounded
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Figure 3.10:A vascular segment on which Reynolds transport theorem is applied.

by the total surfaceSt(t) that consists of two longitudinal surfacesA1 andA2 perpendi-

cular to the z-axis at fixed locationsz1 andz2 respectively, and the lateral surface ofV (t)

denoted bySl and allowed to move with velocityu. The outward normal to the surfaces

A1, A2 andSl is given byn. The Reynolds transport theorem can now be written as

d

dt
(

∫

V (t)

ψdV ) =

∫

V (t)

∂ψ

∂t
dV +

∫

St(t)

(ψu ·n)dSt (3.27)

in whichψ = ψ(x, t) is an arbitrary function dependent on location and time and in which

dV anddSt are infinitesimal volume and surface elements respectively. We know define

the luminal area mean̄ψ by

ψ̄ =
1

A

∫

A(z,t)

ψdA. (3.28)

Knowing thatz1 andz2 are fixed and independent on time, the left hand side of (3.27)can

be written as

d

dt
(

∫

V (t)

ψdV ) =
d

dt
(

∫ z2

z1

(

∫

A(z,t)

ψdA)dz) =
d

dt

∫ z2

z1

Aψ̄dz

=

∫ z2

z1

∂

∂t
(Aψ̄)dz. (3.29)

Now we introduce the relative velocity of the lateral vesselwall w = u− v and the as-

sumptions thatu = 0 at the longitudinal surfaces (A1 andA2) and that the flow is in-

compressible (i.e.∇ ·v = 0). The second term on the right hand side in (3.27) results
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in
∫

St(t)

(ψu ·n)dSt =

∫

Sl

(ψw ·n)dSl+

∫

V (t)

(v ·∇ψ)dV −
∫ z2

z1

∂

∂z
(Aψvz)dz (3.30)

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

(3.27) results in

∫ z2

z1

(
∂

∂t
(Aψ̄)+

∂

∂z
(Aψvz))dz =

∫

V (t)

(
∂ψ

∂t
+v · ∇ψ)dV +

∫

Sl

(ψw ·n)dSl (3.31)

or equivalently:

∫ z2

z1

(
∂

∂t
(Aψ̄) +

∂

∂z
(Aψvz))dz =

∫ z2

z1

(

∫

A

(
∂ψ

∂t
+ v · ∇ψ)dA)dz

+

∫ z2

z1

(

∮

l

ψw ·ndl)dz (3.32)

with dl an infinitesimal line element on the closed curvel boundingA. Finally, the local

form of the Reynolds transport theorem with respect to the axial coordinatez is given by

∂

∂t
(Aψ̄) +

∂

∂z
(Aψvz) =

∫

A(z,t)

(
∂ψ

∂t
+ v · ∇ψ)dA+

∮

l(z,t)

ψwndl (3.33)

with wn = w ·n is the normal component ofw on curvel. Equation (3.33) is used as

basis for the derivation of the mass and momentum equations.

1D Mass conservation equation

By takingψ = 1 in the local Reynolds transport theorem (3.33) and by introducing the

flow q = Av̄z, we arrive at the integrated continuity equation in (A, q):

∂A

∂t
+
∂q

∂z
+Ψ = 0 (3.34)

with Ψ = −
∮
l(z,t)

wndl the volumetric outflow per unit length. Substitution of the consti-

tutive relation, expressing the response of the vessel wallto pressure variations, according

to

∂A

∂t
=
∂A

∂p

∂p

∂t
≡ C

∂p

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

C
∂p

∂t
+
∂q

∂z
+Ψ = 0 (3.36)

with C = C(z, t) the area compliance of the vessel that can be obtained from experimen-

tal data or from a solid mechanical model of the arterial wall.

1D momentum equation

The momentum equation for the fluid inside volumeV (t) in three dimensions is given by

ρ(
∂v

∂t
+ v · ∇v) = ρf +∇ · τ (3.37)

with ρ blood density,f the body forces andτ 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 andD the rate of deformation tensor. If we define

the characteristic axial length scaleLz to be the minimum of the wavelengthλ of the

pressure and flow waves traveling through the arteries and ifwe associate the wavelength

(or curvature) with axial changes in the cross-sectional area (∂A∂z ), the following scaling

is introduced for the coordinates:(x
′
, y

′
) = (x,y)

a0
andz

′
= z

Lz
with a0 =

√
A0

π . The

velocity can be scaled according to:(vx
′, v

′
y) =

(vx,vy)
U andv

′
z = vz

V with U = a0

Lz
V . If

we now assume that all body forces are small (i.e.fz ≪ U2

Lz
and max(fx, fy)≪ V 2

a0
) or

work mainly in the axial direction (i.e.fz ≫ (Lz

a0
)2max(fx, fy)), or in the case of long

waves and gradual changes of cross-sectional area (i.eLz

a0
≫ 1), we can neglect all terms

that scale witha0

Lz
. The pressurep is in that case constant over the cross-sectional area

and only depends onz andt. The 3D momentum equation in thez-direction will then

reduce to

ρ
∂vz
∂t

+ ρ(vA · ∇Avz) +
∂p

∂z
= ρfz +∇A · τA (3.39)

with τA = η(∇AvA + (∇AvA)
T ), with the in-plane velocityvA = vxex + vyey and

gradient operator∇A = ex
∂
∂x + ey

∂
∂y . Integration of (3.39) over the cross-sectional area
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results in

ρ

∫

A

∂vz
∂t

dA++ρ

∫

A

(vA · ∇Avz)dA+A
∂p

∂z
= Aρfz +

∫

A

(∇A · τA)dA. (3.40)

By using the divergence theorem and after dividing byρ we obtain for a constant blood

viscosity

∫

A

∂vz
∂t

dA+

∫

A

(vA · ∇Avz)dA+
A

ρ

∂p

∂z
= Afz +

∮

l

(
η

ρ
∇Avz ·m)dl (3.41)

with m = (mx,my, 0) the outerward normal tol. The first term of (3.41) can now be

rewritten by using the local Reynolds transport theorem (3.27) forψ = vz . The momen-

tum equation in (3.41) now becomes

∂q

∂t
+

∫

A

(vA · ∇Avz)dA+
∂(Av2z)

∂z
+
A

ρ

∂p

∂z
= Afz+

∮

l

(
η

ρ
∇Avz ·m+vzwn)dl. (3.42)

For uniaxial flow
∫
A(vA ·∇Avz)dA = 0 becausevA = 0. Now we introduce the approx-

imation
∮
l
(ηρ∇Avz ·m)dl ≈ 2πa0

ρ τw in which τw is the wall shear stress defined here as

τw = η ∂vz
∂r |r=a0

with r the radial direction. After assuming longitudinal tethering of the

tube, we are allowed to takevz = 0 at the vessel wall and thus
∮
l vzwndl = 0. Note

further that∂(Av2
z)

∂z = ∂
∂z (
∫
A
v2zdA). By using the properties and assumptions above, the

momentum equation results in

∂q

∂t
+

∂

∂z
(

∫

A

v2zdA) +
A

ρ

∂p

∂z
= Afz +

2πa0
ρ

τw. (3.43)

To solve (3.43) with respect top andq together with the 1D mass equation and a con-

stitutive relation betweenA andp, assumptions on the shape of the velocity profile as

function ofp andq have to be made to be able to make at least proper approximations

of the convective term (
∫
A v

2
zdA) 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 ofp andq in the time domain was derived

by Bessems et al. [61]. The approximations for the wall shearstress and the convective

term are

τw ≈ −a0
2
[cq(α)R0q − (cp(α)− 1)

∂p

∂z
] (3.44)

and

∫

A

v2zdA ≈ δ1(α)
q2

A
(3.45)

respectively. Parametersδ1, cp andcq solely dependent on the Womersley number (α =

a0
√

ωρ
η with ω angular frequency). The parameterscp andcq are given by [61]

cp = 1 +

√
2

α
(1−

√
2

2α
), cq =

α

4
√
2
(1 −

√
2

2α
)−1 for α >

√
2 (3.46)

and

cp =
3

2
, cq =

1

2
for α ≤

√
2. (3.47)

Parameterδ1 is neglected in our study because the contribution of the convection is ex-

pected 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 lengthR1 and an inertance per unit lengthL1 in series with a Poiseuille

resistor per segment lengthR0 [86]. This arrangement of the electrical elements is based

on boundary layer theory withL1 depicting the inertia dominated core andR1 the viscous

dominated boundary layer. Mathematical expressions of these parameters,R1 andL1, are
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given by [86]

R1 = f(α)R0 and L1 = g(α)L0 (3.48)

with

f(α) = [
cq(α)− (2 − cp(α))

2− cp(α)
+

α4

64(cq(α)− (2− cp(α)))(2 − cp(α))
], (3.49)

and

g(α) = [64
(cq(α) − (2− cp(α)))

2

(2− cp(α))α4
+

1

2− cp(α)
]. (3.50)

It was also shown by Huberts et al. [86] that the relative impedance of this lumped pa-

rameter model corresponds to the relative impedance of Womersley theory [84]. Since

R1 andL1 are frequency dependent (due to the Womersley number), theyshould be eva-

luated 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 possi-

ble. Here, we thus chose for an analysis in the time domain, analogous to Bessems et al.

[61]. In time domain, we evaluateR1 andL1 only for the characteristic frequency of a

heartbeat (ω0), as it contains most of the signal’s power. However, in thatcase, 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 lengthR and Womersley number dependent inductor per unit lengthL in series
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(Figure 3.11, right panel), which fits Womersley theory better than the parallel configura-

tion, when evaluated only for the characteristic frequency. ParametersL andR stem from

momentum equation (3.4) whilecp andcq are evaluated for the characteristic frequency,

which results in

−∂p
∂z

= Rq + L
∂q

∂t
(3.51)

with

R = [
cq(α0)

2− cp(α0)
]R0 and L = [

1

2− cp(α0)
]L0. (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 de-

rived from the behavior of the constituting electrical elements, i.e. a resistorR, inductor

L and/or complianceC within each segment (either an arterial, venous, anastomosis or

windkessel segment). Withq
˜
e = [q1, q2]

T the column of locally defined nodal flows and

p
˜
e = [p1, p2]

T the column of locally defined nodal pressures, the pressure-flow relation

for the segment resistorR, the inductorL, and the complianceC are given by, respec-

tively,

q
˜
e = Re

rp
˜
e, q

˜
e = Le

r

∫ τ=τ

τ=0

p
˜
e(τ)dτ + q

˜
e(0), q

˜
e = Ceṗ

˜
e (3.53)

with

Re
r =

1

R

(
1 −1

−1 1

)
, Le

r =
1

L

(
1 −1

−1 1

)
, Ce = C

(
1 −1

−1 1

)

the electrical element matrices. Note thatR can representZ0, Rwk, R(α), Rp, Rd or

RL depending on the modeled segment, whereasC can represent bothCwk in the case

of a windkessel segment andC0/2 orC0,v/2 in the case of an arterial or venous segment
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respectively. The parameterL is only representingL(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 con-

servation and by using the property that coinciding local nodes have equal pressures, the

assembling process results in the following set of integral-differential equations

C
∂p
˜
∂t

+Rrp
˜
+ Lrh

˜
n + q

˜
(0) = q

˜
e (3.54)

with

h
˜
n =

∫ τ=t

τ=0

p
˜
(τ)dτ (3.55)

The matricesC, Rr andLr thus contain all compliances, reciprocal resistances and reci-

procal inertances respectively.q
˜
e is a column vector (N by 1) that only contains nonzero

values at nodes where flow is prescribed.p
˜
= [p1, p2, ..., pN ]T is a column vector (N by

1) containing global nodal pressure values.

The time derivative (
∂p

∂̃t ) and time integral (h
˜
n) in the set of integral-differential equations

(3.54) are approximated by using an (implicit) trapezoidalrule. The initial conditions are

q
˜
(0) = 0, p

˜
(0) = 0 and

∂p

∂̃t |τ=0 = 0. The final scheme is then given by

Kp
˜
n = q

˜
n
e + f

˜
n−1 (3.56)

with

K =
2

∆t
C +Rr +

∆t

2
Lr (3.57)

and

f
˜
n−1 =

2

∆t
Cp
˜
n−1 + C(

∂p

∂t
)n−1 − Lrh

˜
n−1 − ∆t

2
Lrp
˜
n−1. (3.58)

Parameter∆t is the time step, andn andn− 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

C
∂p
˜
∂t

+Rr(q∗, A∗, θ, qv, qd, qp, Ap)p
˜
+ Lrh

˜
n = q

˜
e. (3.59)
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To solve (3.59) an iterative procedure is used. In the first iteration stepi the system

matrices of the linear equations are used to arrive at the first approximationp
˜
i. By using

an analogue of Ohm’s law the flowsqvi andqdi through the resistances in (3.17) and

(3.18), next to the proximal flowqpi andq∗, are determined and used to update the system

matrix toRi
r. By insertingp

˜
i and the updated matrixRi

r in (3.59) an approximationq
˜
ei

for q
˜
e is derived. The approximatedq

˜
ei is compared with the prescribed column vector

q
˜
e leading to a residual column vectorr

˜
= q
˜
ei − q

˜
e. From this residual column vector the

∞-norm is calculated given by

||r
˜
||∞ = max

16k<N
|r
˜k

|. (3.60)

If the norm is larger than a predefined convergence criteriumǫ, the next iteration is ex-

ecuted, i.e. the approximationp
˜
i+1 is calculated with the updated matrixRi

r, until the

convergence criterium is reached. A schematic overview of the numerical solving strategy

is given in Figure 3.12.



Chapter 3. Pulse wave propagation model 69

Loop over h cardiac cycles

I Update cardiac cycleh = h+ 1

Incremental loop per cardiac cycle

a: update time stepn = n+ 1

b: use old solutions solutionsp
˜

n−1 andh
˜

n−1 as initial estimates

Iterative loop

1 assemble matrixK andf
˜

n−1

2 add external flow vectorq
˜

n
e to f

˜

n−1

3 solve system of equations to determinep
˜

n
i

4 in case of linear system: continue to c
else: calculateqvi , qdi , qpi by using an analog of Ohm’s
law

5 useA∗, Ap and the flow estimates for updatingRr

6 calculate an approximation for the prescribed flow vector
q
˜

ei by using the updatedRr
i andp

˜

n
i

7 calculate the residual vectorr
˜
= q

˜

ei − q
˜

e

8 compute the convergence norm:||r
˜
||∞ = max16k<N |r

˜
k|

9 in case of a convergence norm smaller than a prescribed
threshold: continue to c
else: updatei = i+ 1 and start at 1.

c: copy iterative solution to incremental solution,p
˜

n = p
˜

n
i and calculateq

˜

n by
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

II compute the convergence norm: max(
p̄

˜
h
−p̄

˜
h−1

p̄

˜
h

)

III in case that the convergence norm at II is smaller than10−5: stop the calculation else: continue
at step a

Figure 3.12:Schematic of the iterative scheme.
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A sensitivity analysis to improve

the measurement protocol

This Chapter is based on:
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Vosse, E.M.H. Bosboom,A sensitivity analysis to improve the measurement protocolto

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 decision-

making in vascular access surgery for hemodialysis. To adapt the wave propagation model to per-

sonalized 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 directionsfor input measurement improvement.

In this study, a computational framework has been developedto 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 sys-

tolic 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 im-

provements of the following parameters: the mean aortic flow, the aortic windkessel resistance, the

parameters associated with the smallest arterial or venousdiameters 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 additionto 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 wavepropagation model was pre-

sented that simulates the hemodynamical conditions directly after AVF creation [101]. In

order to make personalized predictions that might assist the surgeon during vascular ac-

cess 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 expe-

rienced 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 preliminaryresults 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 clini-

cal measurements. This uncertainty in input parameters will propagate to the pressure and

flow predictions and therefore it is necessary to analyse theuncertainty 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 usedto 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 influ-

ence 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 (parameterprioritization).

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 aglobal sensitivity analysis,

sensitivity measures are determined while all model parameters are changed simultane-

ously 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 directlywithin the governing equa-

tions, 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 apportioningthe 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 out-

put 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 be-

tween 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 atheroscle-

rotic 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 influ-

ential 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 parame-

ters should be determined more accurately to reduce output uncertainty, resulting in an

improved measurement protocol. Because the choice of whichparameters 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 systolicpressure 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 vas-

culature.

In this paper, we briefly describe the distributed lumped parameter pulse wave propa-

gation model, and, thereafter, present the variance-basedglobal sensitivity analysis. In

the description of the global sensitivity analysis, an overview of the model parameters

and their uncertainty intervals are given. In addition, thecomputational 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 pro-

pagation 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 5cm. 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 repre-

sent arteries, veins and the anastomosis are needed (Figure4.2). 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 com-

mon carotid arteries are also included and the arterial treeis extended with an anastomosis

segment and a venous outflow tract to mimic a lower arm AVF. Theoutflow 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 ofthe 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 prioriti-

zation and parameter fixing. Parameter prioritization aimsto identify the input parameter

Xi that results in the largest reduction in variance of the model output of interestY if the

true value of this parameter would be known. For parameter prioritization we need to de-

termine for each input parameter the varianceV (Y ) in the model output of interest if this

input parameter is fixed at its true valuex∗i , i.e. V (Y |Xi = x∗i ) (see this chapter’s Ap-

pendix 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 ofXi is not known and

thereforex∗i can have different values in the domain ofXi. For this reason, the expected

value ofV (Y |Xi = x∗i ) is determined by integrating this conditional variance, weighted

by the probability density function ofXi, over all possible valuesx∗i (i.e. the domainXi),

which results inE(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 effectE(V (Y |Xi)) of Xi onY . 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 showthe 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 armAVF (left). On
the right side the lumped parameter models representing thearterial 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 =
V (E(Y |Xi))

V (Y )
= 1− E(V (Y |Xi))

V (Y )
. (4.2)

The main sensitivity index has a value between 0 and 1 and represents the expected re-

duction 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 sen-

sitivity 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 pa-

rameters [68, 69, 105], i.e.
∑k

i=1 Si = 1.

For non-additive models, in which interactions between model parameters occur, deter-

mining the main sensitivity index is not sufficient to assesswhich parameter can be fixed

within its uncertainty range because it is possible that themain effect of a parameter is

small, while its contribution via the interaction with other terms is large. In that case∑k
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 deter-

mining the main sensitivity index for a group of parameters,e.g., for parameterXi 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 effectSij is the second-order or

interaction effect of the two parameters, i.e.:

Sij =
V (E(Y |Xi, Xj))

V (Y )
− V (E(Y |Xi))

V (Y )
− V (E(Y |Xj))

V (Y )
. (4.3)

Sobol [105] showed that fork independent input parameters there may be interaction

terms up to thekth order and that all interaction terms add up to thekth order, i.e.:

∑

i

Si +
∑

i

∑

i>j

Sij +
∑

i

∑

i>j

∑

l>j

Sijl + . . .+ S12...k = 1. (4.4)

Determining all
(
k
n

)
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 vari-

ance if all parameters butXi are fixed. V (E(Y |X−i)) includes all terms in (4.4) that
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do not contain parameterXi. Hence1 − V (E(Y |X−i))
V (Y ) equals the sum of all terms (first

and higher order) in (4.4) that do includeXi. 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 andX3) the total

sensitivity indices of these three input parameters are,ST1
= S1 + S12 + S13 + S123,

ST2
= S2 + S12 + S23 + S123 andST3

= S3 + S13 + S23 + S123 respectively. The total

sensitivity index of parameterXi is thus the sum of the main sensitivity index and the

higher-order sensitivity indices associated with parameterXi. The total sensitivity index

represents the expected variance that is left if all parameters butXi are exactly known and

made into model constants. Varying model parameters with the largest total sensitivity in-

dices 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 ex-

periment that explores the complete input space by randomlyselecting a large number of

input samples per input parameter (> 1000) [68, 69]. In this study, the main and total sen-

sitivity indices are estimated for each input parameter by the method described by Saltelli

et al. [103], which is summarized in this chapter’s Appendixand makes use of a Monte

Carlo experiment.

4.2.3 Global sensitivity analysis

The variance-based sensitivity analysis by means of a MonteCarlo experiment is per-

formed 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 brachialpressure, 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]. Vary-

ing 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 para-

meters of vessel tracts simultaneously. This results in theset 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.
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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
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.

# Parameters Uncertainty interval [%]
Arterial lengths

1 innominate, subclavian, axillary and brachial -10,10
2 radial -10,10
3 ulnar proximal and distal -10,10
4 interosseus -10,10
5 ascending aorta, aortic arch, thoracic aorta -10,10

Venous lengths
6 median cubital and basilic veina -10,10

7 cephalic, axillary and subclavianb -10,10
Arterial diameter tapering

8 innominate, subclavian, axillary and brachial -10,10
9 radial -10,10
10 ulnar proximal and distal -10,10
11 interosseus -10,10
12 ascending aorta, aortic arch, thoracic aorta -10,10

Venous diameter tapering
13 median cubital and basilica -10,10

14 cephalic, axillary and subclavianb -10,10
Arterial diameters

15 innominate, subclavian, axillary and brachial -10,10
16 radial -10,10
17 ulnar proximal and distal -10,10
18 interosseus -10,10
19 ascending aorta, aortic arch, thoracic aorta -10,10

Venous diameters
20 median cubital and basilica -10,10

21 cephalic, axillary and subclavianb -10,10
Change in arterial wall thickness

22 innominate, subclavian, axillary and brachial -40,40
23 radial -40,40
24 ulnar proximal and distal -40,40
25 interosseus -40,40
26 ascending aorta, aortic arch, thoracic aorta -40,40

Change in venous wall thickness
27 median cubital, basilica -40,40

28 cephalic, axillary and subclavianb -40,40
Arterial wall thickness

29 subclavian, axillary and brachial -40,40
30 radial artery -40,40
31 ulnar proximal and distal -40,40
32 interosseus -40,40
33 ascending aorta, aortic arch, thoracic aorta -40,40

Venous wall thickness
34 median cubital, basilica -40,40

35 cephalic, axillary and subclavianb -40,40

# Parameters Uncertainty interval [%]
Arterial Young’s moduli

36 innominate, subclavian, axillary, brachial -20-20
37 radial -20-20
38 ulnar -20,20
39 interosseus -20,20
40 ascending aorta, aortic arch, thoracic aorta -20,20

Venous Young’s moduli
41 median cubital, basilica -20,20

42 cephalic, axillary, subclavianb -20,20
Characteristic impedances

43 right carotid artery -20,20
44 left subclavian artery -20,20
45 radial artery -20,20
46 distal ulnar artery -20,20
47 interosseus artery -20,20
48 vertebral artery -20,20
49 thoracic aorta -20,20
50 left carotid artery -20,20

Windkessel resistances
51 right carotid artery -25,25
52 left subclavian artery -25,25
53 radial artery -25,25
54 distal ulnar artery -25,25
55 interosseus artery -25,25
56 vertebral artery -25,25
57 thoracic aorta -25,25
58 left carotid artery -25,25

Windkessel compliances
59 right carotid artery -50,50
60 left subclavian artery -50,50
61 radial artery -50,50
62 distal ulnar artery -50,50
63 interosseus artery -50,50
64 vertebral artery -50,50
65 thoracic aorta -50,50
66 left carotid artery -50,50

Other
67 intravenous pressure -50,50
68 eccentricity ratio of median cubital and basilic veina 1.3,1.9c

69 eccentricity ratio of cephalic, axillary and subclavian vein b 1.3,1.9c

70 anastomosis angle 15,90c

71 distributed flow -40,40
72 mean brachial pressure -10,10
73 mean aortic flow -10,10

a
For an upper arm AVF the basilic, axillary and subclavian vein are combined.

b
Not used in the model for an upper arm AVF.

c
The absolute value [-] is presented.
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Table 4.2:The edge numbers and their corresponding vessels.

# Vessel name [-]
1 Ascending aorta
2 Aortic arch A1
3 Left carotid artery
4 Aortic arch A2
5 Aortic arch A3 and Thoracic aorta
6 Subclavian artery and Axillary artery A
7 Vertebral artery
8 Axillary artery B and Brachial artery
9 Radial artery
10 Proximal ulnar artery

# Vessel name [-]
11 Distal ulnar artery
12 Interosseus artery
13 Left subclavian artery
14 Innominate artery
15 Right carotid artery
16 Distal cephalic vein
17 Median cubital vein
18 Proximal cephalic vein
19 Basilic vein and axillary vein B
20 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 distri-

butions are unknown. For this reason, we assumed an uniform uncertainty distribution for

each input parameter. This is a worst case scenario as it willresult 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 parame-

ters 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 vas-

cular 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 heightof 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 the175 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 150µm 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 taperingis investigated by changing

the smallest diameter of an edge while changing the largest diameter in the opposite direc-

tion. 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 thick-

ness (IMT) measurement errors in the carotid artery rangingfrom 10 to 150µm, depen-

ding on the segmentation method and the ultrasound scanner.In the brachial artery the

measurement error is expected to be larger because the imagequality is lower compared to

carotid artery images, which is a result from the anatomicallocation (depth) and size. The

brachial IMT is about 400µm [24, 95]. A measurement error of 150µm 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 measurementson

ten healthy male volunteers at different congestion pressures. This resulted in an average

venous eccentricity ratio between 1.3 and 1.9. This range isapplied in our sensitivity

study. For the arteries the eccentricity ratio is assumed tobe 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 con-

servation). 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 sum-

mation 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 (BM-

EYE 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 approxi-

mately 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 characteris-

tic impedance an uncertainty of 20% is used.
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Peripheral resistance. The peripheral resistance is determined from the quotient be-

tween 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 uncer-

tainty 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) andthe peripheral resistance. Ac-

cording 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 0mmHg 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 AVFcreation seldom exceeds 5

mmHg. The venous pressure is thus varied between 5-15 mmHg.

Monte Carlo experiment

To calculate all sensitivity indicesN(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) determinedN 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 eachpatient-specific model. For

each run the uncertainty domains of all input parameters aresampled, 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 homoge-

neously 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 re-

sult 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 re-

sorted to Grid computing. A framework is developed by using the BigGrid central facility

(www.biggrid.nl) at Philips Research B.V. (Eindhoven, TheNetherlands). 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 sensi-

tivity 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 calcu-

lates 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 parametersxi, that are

assumed to be identically and uniformly distributed in the unit hypercube

{Ik = 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 benchmar-

king we refer to this chapter’s Appendix.

Thereafter, the Monte Carlo experiment on the distributed lumped parameter wave pro-

pagation 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 impor-

tant 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 ofthe 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.
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Table 4.3:The expected reduction in output variance (in %, thus hundred times the main sensitivity index) for all model parametersfor which

the main sensitivity index with respect to the mean brachialflow or the distal systolic pressure is larger than 0.05 for atleast one of the six patients

(P1 to P6). If the parameter is significantly influencing bothbrachial flow and distal systolic pressure in both configurations, the parameter is

highlighted in bold.
Mean brachial flow Systolic radial artery pressure

model parameter lower arm AVF upper arm AVF lower arm AVF upper arm AVF

P1 P2 P3 P4 P5 P6 P1 P2 P3 P4 P5 P6 P1 P2 P3 P4 P5 P6 P1 P2 P3 P4 P5 P6

diameter tapering of the basilic, axillary and subclavian vein (#13) 6 10 9 5

diameter tapering of the cephalic, axillary and subclavianvein (#14) 8

diameter of the innominate, subclavian, axillary and brachial artery (#15) 8 6 8 7 7

diameter of the radial artery (#16) 7 7 22 5 12 14 6

aortic diameter(#19) 5

diameter of the basilic, axillary and subclavian vein (#20) 7 11 10 6

diameter of the cephalic, axillary and subclavian vein (#21) 14 9 7 6 6

aortic characteristic impedance (#49) 6 19 6 16 8 18 9

radial artery windkessel resistance (#53) 5 6

aortic windkessel resistance (#57) 13 17 33 22 24 35 7 15 20 12 16 23 11 12 26 10 7 21 7 16 17 9 5 19

radial artery windkessel compliance (#61) 9 18 6 11 6 13 14 6 30 23 13 15 5 13 25 23 19 6

intravenous pressure (#67) 7 6 5

eccentricity ratio of the basilic, axillary and subclavianvein (#68) 32 26 18 29 26 25 6 7 13 6 5 10

eccentricity ratio of the cephalic, axillary and subclavian vein (#69) 26 8 13 7 11 6 7 9

distributed flow (#71) 5 12

mean aortic flow (#73) 6 10 11 12 13 16 7 8 13 7 9 14 12 12 13 16 26 22 25 17 26 21 27 32
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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
at least one of the six patients (P1 to P6). The residual variances are given in percentages (%). If the parameter cannot befixed for both brachial
flow and distal systolic pressure in both AVF configurations,the parameter is highlighted in bold.

Mean brachial flow Systolic radial artery pressure
model parameter lower arm AVF upper arm AVF lower arm AVF upper arm AVF

P1 P2 P3 P4 P5 P6 P1 P2 P3 P4 P5 P6 P1 P2 P3 P4 P5 P6 P1 P2 P3 P4 P5 P6
length of the basilic, axillary and subclavian vein (#6) 12 15
diameter tapering of the radial artery (#9) 5
diameter tapering of the basilic, axillary and subclavian vein (#13) 11 7 11 10 6 9
diameter tapering of the cephalic, axillary and subclavianvein (#14) 10 6 5
diameter of the innominate, subclavian, axillary and brachial artery (#15) 8 10 6 8 7 6 8
diameter of the radial artery (#16) 9 10 22 5 5 6 7 13 14 7
aortic diameter (#19) 5 6
diameter of the basilic, axillary and subclavian vein (#20) 10 9 13 11 7 9 6
diameter of the cephalic, axillary and subclavian vein (#21) 16 8 11 8 7 7 6
change in wall thickness of the basilic and subclavian vein (#27) 8 9
wall thickness of the basilic, axillary and subclavian vein(#34) 6 7
radial artery characteristic impedance (#45) 5 5
aortic characteristic impedance (#49) 6 8 22 7 19 6 6 11 20 11
radial artery windkessel resistance (#53) 9 22 16 13 9 10 13 12 9 7 13 23 17 9 14 16 10 10
aortic windkessel resistance (#57) 19 30 39 28 29 36 15 20 25 17 20 24 19 26 34 15 9 23 17 23 22 15 7 20
radial artery windkessel compliance (#61) 19 37 14 20 13 16 25 23 16 11 43 43 24 22 9 26 37 28 28 8 5
aortic windkessel compliance (#65) 8 12 7 8 7 14 9 8 7 6 13 12 12 7 14 15 9 8
intravenous pressure (#67) 20 7 10 6 8 6 7 15
eccentricity ratio of the basilic, axillary and subclavianvein (#68) 43 31 24 34 30 29 14 10 15 8 6 10
eccentricity ratio of the cephalic, axillary and subclavian vein (#69) 29 6 12 14 8 11 5 7 10 8 9
distributed flow (#71) 6 13
mean aortic flow (#73) 7 13 13 12 13 16 9 9 14 8 9 15 13 16 15 16 26 22 25 19 24 21 27 32
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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
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 (%).

Mean brachial flow Systolic radial artery pressure
model parameter lower arm AVF upper arm AVF lower arm AVF upper arm AVF

P1 P2 P3 P4 P5 P6 P1 P2 P3 P4 P5 P6 P1 P2 P3 P4 P5 P6 P1 P2 P3 P4 P5 P6
length of the basilic, axillary and subclavian vein (#6) 11 14
diameter tapering of the basilic, axillary and subclavian vein (#13) 8 9
diameter of the basilic, axillary and subclavian vein (#20) 6 8
change in wall thickness of the basilic, axillary and subclavian vein (#27) 7 8
wall thickness of the basilic, axillary and subclavian vein(#34) 6 6
radial artery characteristic impedance (#45) 5
radial artery windkessel resistance (#53) 8 17 11 10 7 8 11 8 8 5 11 18 12 8 12 12 7 10
aortic windkessel resistance (#57) 6 13 6 6 5 8 5 5 8 13 8 10 7 6
radial artery windkessel compliance (#61) 10 19 8 9 7 12 11 8 10 7 13 20 11 7 12 11 8
aortic windkessel compliance (#65) 8 11 7 8 7 10 9 8 7 6 11 12 10 6 13 12 8 8
intravenous pressure (#67) 14 5 15
eccentricity ratio of the basilic, axillary and subclavianvein (#68) 12 6 5 8
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4.3.1 Mean brachial flow

Lower arm AVF

The uncertainty (coefficient of variation) in the predictedmean 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 sen-

sitivity 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 signi-

ficant 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 sensitivityindices 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 othermodel 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 differencefor 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 7-

23%) , 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 sub-

clavian 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 re-

sistance (#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 signifi-

cant 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), thelength (#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 ta-

pering (#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 differencefor 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 sixpatients the aortic wind-

kessel resistance (#57) and the mean aortic flow (#73) have significant main sensitivity.

Knowing this parameters could reduce the output variance by7-26% and by 12-26%,

respectively. The radial artery windkessel compliance (#61, expected reduction in out-

put 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 theinnominate, 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 wind-

kessel 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 sen-

sitivity 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 totalsensitivity indices are observed

for the radial artery radius (#16, 0-14%), the radial arterywindkessel compliance (#61,

0-43%) and the eccentricity ratio of the cephalic, axillaryand subclavian vein (#69, 0-

10%) 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 compli-

ance (#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 diametertapering of the radial artery

(#9), the diameter tapering of the cephalic, axillary and subclavian vein (#14), the radial

artery characteristic impedance (#45) and the intravenouspressure (#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 wind-

kessel 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 differencefor 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 resis-

tance (#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, 17-

32%) have significant main sensitivity indices. The radial artery windkessel compliance

(#61, 0-25%) has significant main sensitivity indices in fiveout 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 sig-

nificant total sensitivity indices for all six patients. These are the aortic characteristic

impedance (#49, residual variance of 6-20%), the aortic windkessel resistance (#57, 7-

23%), 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, 19-

32%). 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 com-

pliance (#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 differencefor 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 theexecution of the sensitivity

analysis and the management of all data. The framework allows to generate input sam-

ples 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 in-

dices 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 ob-

tained. After including the wave propagation model into theframework, 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 windkesselresistance and the mean aor-

tic 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 mea-

sure 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 thesmallest 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 sensiti-

vity 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, intravenouspressure and distributed flow



Chapter 4. A sensitivity analysis to improve the measurement protocol 101

(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 abovecan 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 in-

volved in interactions. This likely results from the definition of the windkessel elements,

where the compliance and resistance occur as product in the associated differential equa-

tion.

The mean aortic flow and the aortic windkessel resistance arealso significant model pa-

rameters 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 cha-

racteristic impedance and the radial artery windkessel compliance had significant main

sensitivity indices for the distal systolic pressure. The identification of these model pa-

rameters can physically be explained as follows; a change insystolic aortic flow which

might propagate to the systolic radial artery pressure, while the aortic windkessel resis-

tances determines the mean arterial pressure. The aortic characteristic impedance influ-

ences the pressure and flow wave reflections, whereas the radial artery windkessel com-

pliance influences wave reflections from the radial artery periphery. Other model parame-

ters that also had significant main sensitivity indices werethe diameters of the AVF inflow

tract and eccentricity ratios in the outflow tract. These parameters effect the vessel com-

pliances of the inflow and outflow tract but also the pressure drop over the anastomosis

and as a result, the systolic radial artery pressure. For thedistal systolic pressure 59 (lower

arm AVF) or 51 (upper arm AVF) model parameters can be fixed within their measure-

ment 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 para-

meters should be measured as accurate as possible in order toreduce outcome uncertainty.

These and six additional parameters could not be fixed, whereas 51 out of 73 input pa-
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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 po-

pulation. In this new sensitivity analysis the spread observed in the population as a whole

should be used to define the uncertainty distributions of themodel parameters. The in-

sight 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 propagationon 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 themodel is applicable in a clinical

setting as it is.

In this sensitivity analysis study, uniform uncertainty distributions were used to select in-

put 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 dis-

tribution 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 insteadof a uniform ones. Therefore,

we think that the results of our sensitivity study will not besignificantly 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 parametersin our sensitivity analysis, cor-

relations 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 in-

tegrals 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 pa-

rameters 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 calcu-

late 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 pro-

pagation 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 identifiedwhich are rewarding to be

measured as accurate as possible in order to reduce the uncertainty in the output predic-

tions. 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 im-

plementation

Variance-based method

The main and total sensitivity indices in equation (4.2) and(4.5) consist of multi-dimen-

sional 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 modelY = f(X1, X2, . . . , Xk) with

all independent random input parametersXi which are defined on the domainΩ = Ω1 ×
Ω2 × . . .× Ωk with {Ωi = [a1, a2]|a1 < a2 ∈ ℜ}, can be calculated by [103]

E(Y ) =

∫

Ω

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

k∏

i=1

(pi(xi)dxi)), (4.6)

and

V (Y ) =

∫

Ω

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

k∏

i=1

(pi(xi)dxi))− E2(Y ) (4.7)

respectively. Hereinpi(xi) is the marginal probability function of input parameterXi.

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 valuex∗i the conditional variance is

defined by

V (Y |Xi = x∗i ) =

∫

Ω\Ωi

(f(x1, x2, . . . , x
∗
i , . . . xk)

2
k∏

j=1
j 6=i

(pj(xj)dxj))

− E2(Y |Xi = x∗i ) (4.8)

in whichΩ\Ωi indicates the domainΩ except the domain ofXi. The expectation value of

the conditional varianceE(V (Y |Xi = x∗i )) = E(V (Y |Xi)) (residual effect) results by

integrating the conditional variance, weighted by the probability density function ofXi,

over all possible values of parameterx∗i , i.e. over the domainΩi. And is given by

E(V (Y |Xi) =

∫

Ω

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

k∏

j=1

(pj(xj)dxj))

−
∫

Ωi

(E2(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 effectV (E(Y |Xi)) can be derived. This gives

V (Y )− E(V (Y |Xi) = V (E(Y |Xi)) =

∫

Ωi

(E2(Y |Xi = x∗i )pi(x
∗
i )dx

∗
i )

− E2(Y ) ≡ Ui − E2(Y ). (4.10)

The main sensitivity indexSi =
V (E(Y |Xi))

V (Y ) can now be expressed by dividing equation

(4.10) by (4.7) which results in

Si =
Ui − E2(Y )

V (Y )
. (4.11)

Following an analog derivation as for the main sensitivity index but know by fixing

all parameters exceptXi similar expressions can be derived for the total sensitivity in-

dex. The main effect is in this caseV (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)) =

∫

Ω\Ωi

(E2(Y |X−i)
k∏

j=1
j 6=i

(pj(xj)dxj))−E2(Y ) ≡ U−i−E2(Y ). (4.12)

From equation (4.1) we know thatE(V (Y |X−i)) = V (Y )− V (E(Y |X−i)) = V (Y )−
(U−i−E2(Y )). From this and equation (4.12) an expression for the total sensitivity index

STi =
E(V (Y |X−i))

V (Y ) can be derived, i.e.:

STi = 1− (U−i − E2(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 usingE2(Y |Xi) = (E(Y |Xi))
2 that the multi-dimensi-

onal integralUi =
∫
Ωi
(E2(Y |Xi = x∗i )pi(x

∗
i )dx

∗
i ) can be rewritten as

Ui =

∫

Ω

(f(x1, x2, . . . , xi, . . . , xk)f(x
′
1, x

′
2, . . . , xi, . . . , x

′
k) ·

k∏

j=1

(pj(xj)dxj)

k∏

j=1
j 6=i

(pj(x
′
j)dx

′
j)). (4.14)

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, . . . , x
′
1, . . . , x

′
i−1, x

′
i+1, . . . , x

′
k)

= f(x1, . . . , xk)f(x
′
1, . . . , x

′
i−1, xi, x

′
i+1, . . . , x

′
k)

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 forU−i resulting in

U−i =

∫

Ω

(f(x1, x2, . . . , xi, . . . , xk)f(x1, x2, . . . , x
′
i, . . . , xk) ·

k∏

j=1

(pj(xj)dxj)(pj(x
′
j)dx

′
j)) (4.15)

which is the expectation value of the function

K(x1, . . . , xk, x
′
i) = f(x1, . . . , xi, . . . , xk)f(x1, . . . , x

′
i, . . . , xk)

with k + 1 model parameters.

To estimate the main and total sensitivity indices in (4.11)and (4.13) estimates forUi,

U−i, V (Y ) andE2(Y ) are required resulting in

Ŝi =
V (E(Y |Xi))

V (Y )
≈ Ûi − Ê2(Y )

V̂ (Y )
(4.16)
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and

ŜTi =
E(V (Y |X−i))

V (Y )
≈ 1− Û−i − Ê2(Y )

V̂ (Y )
(4.17)

respectively. To compute these estimates, two Monte Carlo input sample matrices with

dimensionN × k are generated:

M1 =




x1
(1) . . . xk

(1)

x1
(2) . . . xk

(2)

...
...

...

x1
(N−1) . . . xk

(N−1)

x1
(N) . . . xk

(N)




, M2 =




x
′
1

(1)
. . . x

′
k

(1)

x
′
1

(2)
. . . x

′
k

(2)

...
...

...

x
′
1

(N−1)
. . . x

′
k

(N−1)

x
′
1

(N)
. . . x

′
k

(N)




whereN is the sample size used for the sensitivity estimates andk is the number of

parameters. MatrixM1 is called the sample matrix and matrixM2 the re-sample matrix.

Next, two matrices are determined for each parameterXi. The first matrixMSi
is the

re-sample matrix in which theith-column is replaced by theith-column of the sample

matrix. Thus compared to the sample matrix all samples of theinput parameters are

changed except the samples of parameterXi which is fixed. MatrixMSi
will be used

to estimate the main sensitivity index. The second matrixMST
i

is the sample matrix in

which only theith-column is replaced by theith-column of the re-sample matrix, i.e. all

input parameters exceptXi are fixed. MatrixMST
i

will be used to estimate the total

sensitivity index. MatricesM1, M2, MSi
andMST

i
are now used to run our modelY =

f(xl1, . . . , x
l
k) with l = 1, 2, . . . , N−1, N . This results in estimates for the output vectors

Y1 = f(M1), Y2 = f(M2), YSi
= f(MSi

) andYTi
= f(MST

i
). The parameters

Ûi andÛ−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]:

Ûi =
1

N − 1

N∑

j=1

yj1y
j
Si

and Û−i =
1

N − 1

N∑

j=1

yj1y
j
STi

(4.18)

in whichj represents the output of thejth model run for each output vector. The estimated

total varianceV̂ (Y ) can be obtained from eitherY1 or Y2. In our framework, it is

calculated fromY1 = f(M1) for both the estimations of the main and total sensitivity
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index [103]:

V̂ (Y ) =
1

N

N∑

j=1

yj1y
j
1 − (

1

N

N∑

j=1

yj1)
2. (4.19)

For the main sensitivity index̂E2(Y ) is estimated by [103]:

Ê2(Y ) ≈ 1

N

N∑

j=1

yj1y
j
2 (4.20)

whereas in the case of the total sensitivity indexÊ2(Y ) is approximated by

Ê2(Y ) ≈ (
1

N

N∑

j=1

y1)
2. (4.21)

These choices for̂E2(Y ) result in better estimates of the main and total sensitivityindex

as is given by [103, 106].

The95%-confidence interval of the main and total sensitivity indices are determined by

applying bootstrapping [112]. In bootstrapping, the output vectorsYSi
andYTi

are

changed by permutation. Every permutation the sensitivityindices are calculated by u-

sing 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 the95%-confidence interval.

Convergence check

In this appendix the procedure is described to determine thenumber 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 the95%-confidence interval.
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Results and conclusion

As an example Figure 4.9 shows the total sensitivity indicesfor 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 parame-

ters. Increasing the number of runs per parameter reduces the 95%-confidence interval

resulting in more precise estimates. Furthermore, it can beseen 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 the95%-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 areneeded 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 para-
meter 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 frame-

work, sensitivity indices were calculated in a benchmark model for which these indices

are known from analytical theory: the Sobol G-function. TheSobol G-function is a

strongly non-monotonic, non-additive function ofk parametersxi, that are assumed to

be identically and uniformly distributed in the unit hypercube

{Ik = 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]. TheSobol G-function is given by

[75]

G(x1, . . . , xk, a1, . . . , ak) =

k∏

i=1

gi(xi, ai) with gi(xi, ai) =
|4xi − 2|+ ai

1 + ai
. (4.22)

For each of thegi(xi, ai) functions
∫ 1

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

of the function is

1− 1

1 + ai
≤ gi(xi, ai) ≤ 1 +

1

1 + ai
. (4.23)

The importance of each parameterxi is thus determined by the coefficientai 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. Coefficientsai 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 (100permutations) is applied

to determine the95%-confidence interval.

The main sensitivity indices can be obtained analytically from [75]

Si =
Vi

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

V (Y )
=

1

V (Y )3(1 + ai)2
with V (Y ) =

k∏

i=1

(1+Vi)−1,

(4.24)

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

STi =
E(V (Y |X−i))

V (Y )
=

Vi
V (Y )

∏

j 6=i

(1+Vj) with V (Y ) =

k∏

i=1

(1+Vi)−1. (4.25)
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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 pa-

rameters a very small difference (maximum 0.05) between theanalytical solution and the

estimated indices can be observed, whereas for the least influential parameters the sen-

sitivity 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 thebenchmark 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 cho-

sen. 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 uncer-

tainty 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 deter-

mine this constant is presented. For the pulse wave propagation model applied to vascular access

surgery, six patient-specific datasets were analyzed and 47out of 73 parameters can be fixed on a

generic value. These model parameters are less important when personalizing the wave propaga-

tion 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 bymeans of hemodialysis the-

rapy, 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 ea-

sily 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 asurgically created per-

manent 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- tothirtyfold 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 quan-

titative 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 individu-

alized 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 measure-

ments on patients are needed. However, in clinical practice, measurements are associated

with relatively large measurement uncertainties comparedto in-vitro measurements re-

sulting from measurement time, limited facilities and available modalities. Very often
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only one measurement is performed. In addition, biologicalvariations are large, which

adds up to the measurement uncertainty. Hence, it is impossible to access all model in-

put 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 out-

put 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 methodo-

logy 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. How-

ever, 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 dif-

ferences 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 byusing 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 co-

vered. 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 cre-

ation 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 andmomentum equations.

The anastomosis segment is modeled with a nonlinear resistor that amongst others de-

pends 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 dif-

ferential 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 armAVF configuration and

consists of the main arteries of the right arm, i.e. the brachiocephalic, subclavian, ax-

illary, brachial, interosseus, radial and ulnar artery. Inaddition, 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 ve-

nous 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 thesubclavian vein. The se-

cond topology represents an upper arm AVF. The outflow tract now consists of the basilic,

axillary and subclavian vein.
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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 connectionbetween 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. Theedge 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.

# Vessel name [-]
1 Ascending aorta

2 Aortic arch A1

3 Left carotid artery

4 Aortic arch A2

5 Aortic arch and Thoracic aorta

6 Subclavian artery and Axillary artery A

7 Vertebral artery

8 Axillary artery B and the Brachial artery

9 Radial artery

10 Proximal ulnar artery

# Vessel name [-]
11 Distal ulnar artery

12 Interosseus artery

13 Left subclavian artery

14 Innominate artery

15 Right carotid artery

16 Distal cephalic vein

17 Median cubitic vein

18 Proximal cephalic vein

19 Basilic vein and axillary vein B

20 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 pre-

viously 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 varianceV (Y ) is appor-

tioned to the input parameters. Sobol [105] showed that fork independent input parame-

ters the relative output variance can be decomposed to

∑

i

Si +
∑

i

∑

i>j

Sij +
∑

i

∑

i>j

∑

l>j

Sijl + . . .+ S12...k = 1 (5.1)

in which Si ∈ [0, 1] represents the fraction of the total output variance resulting from

parameterXi (main sensitivity index), whereas the other indices describe the fractions of

the total variance resulting from interactions between parameters. The main sensitivity

index is defined asSi = V (E|Y=Xi))
V (Y ) in which (E|Y = Xi) represents the conditional

expected value of the outputY andV (E|Y = Xi) the variance of this conditional ex-

pected value. This sensitivity index can be interpreted as the expected reduction of output

variance if the true value of parameterXi 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 onlyconsists of main effects of

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 itscontribution 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 un-

less (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 sensi-

tivity index if all parameters exceptXi are fixed, i.e.:

S−i =
VX−i (EXi(Y |X−i))

V (Y )
, (5.2)

in which the indexX−i represents everything exceptXi. For notational simplicity, we

will neglect from this point the indices that define the domain over which the integrals for

E andV are evaluated. Note that the main sensitivity index in (5.2)includes all terms in

the development (5.1) that do not contain parameterXi. Hence1 − V (E(Y |X−i))
V (Y ) equals

the sum of all terms (both first order and higher order interactions terms) in (5.1) that do

includeXi. By usingV (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 parameterXi 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 butXi, 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 experimentN 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 allN

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 elaboratedin Huberts et al. [121].

5.2.3 Input parameters and analysis

In this subsection, we describe the model parameters and their uncertainty domains. In ad-

dition, 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 disconti-

nuities 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 parametersat each arterial end, i.e. the pe-

ripheral 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, theuncertainty 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 areno 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 atotal 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 givenin 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 theseparameters 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 measure-

ments 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 fixedwithin 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% wasused based on the assump-

tion 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 uncertaintydomain 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 maxi-

mum 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 mea-

surement uncertainty [121]. Within OpenClinica, population spreads for the diameters of

the subclavian, axillary, brachial, ulnar artery and aortaof, respectively, 20% (N=29 pa-

tients), 20% (N=94), 30% (N=90) and 9% (N=9) were found. These population spreads

were used as the maximum variations for diameter tapering inthis 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 theinterosseus 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 approxi-

mately 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 signi-

ficantly 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 mea-

surements 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 ap-

proximately 15% was observed in twenty-six ESRD patients ofour 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 parame-

ters 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 ver-

tebral artery. The maximum variation of the characteristicimpedances 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 ofthe brain [1]. It is there-

fore 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 volun-

teers. 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 ofapproximately 50%. We

decided to use 50% as maximum variation in windkessel resistance, thus neglecting po-

pulation spread in mean pressure for this parameter, as thiswould 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 demon-

strated 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 diffe-

rent 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 consideredto be non-influential and are

therefore identified as fixable parameters.

After identifying the fixable model parameters, it is examined if all the uncertainty do-

mains for the six patients overlap. This overlapping regiondefines the values that can be

used as generic value for that parameter.



126 Chapter 5. A sensitivity analysis to reduce the number ofpatient-specific inputs

5.3 Results

Figure 5.2:The total sensitivity indices for all input parameters withrespect 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 sixpatients and two AVF con-

figurations (upper and lower arm AVF) of all input parameterswith respect to the mean

brachial flow and the systolic pressure in the distal radial artery (Figure 5.2 and 5.3 respec-

tively). 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 over-

lapping regions of the uncertainty domains are presented todefine 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 ra-

dial 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, di-

ameter tapering can be fixed. The wall thicknesses, changes in wall thickness, the Young’s

moduli, the mean brachial pressure (#72) and the windkesselcharacteristic 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 addi-

tion, 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 arenot fixable in one patient (Fi-

gure 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, 0-

10%, #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 subcla-

vian vein cannot be fixed in one patient, whereas for all othervessels 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-
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tients (#57, 16-23%). All other windkessel parameters can be fixed for all patients. The

anastomosis angle (#70) and the distributed flow (#71) of allvessels can be fixed for all

patients, while the intravenous pressure (#67, 0-7%) can befixed 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 donot 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 char-

acteristic 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 oneand three out of six pa-

tients, 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 arecalculated for the distal sys-

tolic 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 ta-

pering (#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 withrespect to the systolic pressure
in the distal radial artery for the lower arm AVF and upper armAVF 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 re-

spectively 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 pres-

sure (#72) and all characteristic impedances, except the aortic characteristic impedance

(#49, 0-17%), can be fixed for all patients. The radial arterywindkessel 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 fixedexcept 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 domainsof the six patients for a fix-

able 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 ofthese three categories are

shown in Figure 5.4.
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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 themodel and therefore the related parameters are by definitionnon-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.

# Parameters ∆Xi Fixable ranges
Arterial lengths

1 innominate, subclavian, axillary and brachial 20%
2 radial 20%
3 ulnar proximal and distal 20% 5.4-8.0, 14-21 [cm]
4 interosseus 20% 6.3-9.5 [cm]
5 ascending aorta, aortic arch, thoracic aorta 20% 3.2-4.8, 0.8-1.2, 7.3-11 [cm]

Venous lengths
6 median cubital and basilic veina 10%

7 cephalic, axillary and subclavianb 20%
Arterial diameter tapering

8 innominate, subclavian, axillary and brachial 20%
9 radial 10% X

10 ulnar proximal and distal 30% -4.4-6.8,1.7-6.8 [10−4 ]

11 interosseus 30% -3.4-3.4 [10−4 ]

12 ascending aorta, aortic arch, thoracic aorta 15% -2.5-2.9,-2.1-2.1,-1.4-2.3 [10−3 ]
Venous diameter tapering

13 median cubital and basilica 10%

14 cephalic, axillary and subclavianb 10%
Arterial diameters

15 innominate, subclavian, axillary and brachial 10%
16 radial 10%
17 ulnar proximal and distal 30% 2.4-2.8, 1.9-2.0 [mm]
18 interosseus 30% 1.0-1.5 [mm]
19 ascending aorta, aortic arch, thoracic aorta 10%

Venous diameters
20 median cubital and basilica 10%

21 cephalic, axillary and subclavianb 10%
Change in arterial wall thickness

22 innominate, subclavian, axillary and brachial 40% -6.4-6.4,-3.1-3.4, 0.8-3.6 [10−4 ]

23 radial 40% -0.3-1.6 [10−4 ]

24 ulnar proximal and distal 40% -1.3-1.8,0.1-1.7 [10−4 ]

25 interosseus 40% -2.2-2.2 [10−4 ]

26 ascending aorta, aortic arch, thoracic aorta 40% -13-13,-10-10,-9.0-9.0 [10−4 ]
Change in venous wall thickness

27 median cubital, basilica 40%

28 cephalic, axillary and subclavianb 40% X,0.2-0.9,-2.8-0.3 [10−4 ]
Arterial wall thickness

29 innominate, subclavian, axillary and brachial 40% 4.8-11, 3.6-5.7, 3.2-4.3 [10−4m]

30 radial artery 40% 1.2-2.0 [10−4m]

31 ulnar proximal and distal 40% 2.1-3.0,1.7-2.1 [10−4m]

32 interosseus 40% 1.7-3.9 [10−4m]

33 ascending aorta, aortic arch, thoracic aorta 40% 9.8-23,7.6-18,6.8-16 [10−4m]
Venous wall thickness

34 median cubital, basilica 40%

35 cephalic, axillary and subclavianb 40% 1.4-1.5,1.6-2.0,2.7-3.7 [10−4m]

# Parameters ∆Xi Fixable ranges
Arterial Young’s moduli

36 innominate, subclavian, axillary, brachial 40%
37 radial 40% 2.2-2.5 [MPa]
38 ulnar proximal and distal 40% 2.2-2.5, 2.2-2.5 [MPa]
39 interosseus 40% 1.0-2.2 [MPa]
40 ascending aorta, aortic arch, thoracic aorta 40%

Venous Young’s moduli
41 median cubital, basilica 20% 0.096-0.14,0.096-0.14 [MPa]

42 cephalic, axillary, subclavianb 20% 0.096-0.14,0.096-0.14,0.096-0.14 [MPa]
Characteristic impedances

43 right carotid artery 40% 2.6-3.9 [108Pa · s/m3 ]

44 left subclavian artery 40% 2.0-2.9 [108Pa · s/m3 ]
45 radial artery 20% X
46 distal ulnar artery 60% X

47 interosseus artery 60% 100-160 [108Pa · s/m3 ]

48 vertebral artery 40% 17-25 [108Pa · s/m3 ]
49 thoracic aorta 20%

50 left carotid artery 40% 2.6-3.9 [108Pa · s/m3 ]
Windkessel resistances

51 right carotid artery 50% 1.4-1.8 [109Pa · s/m3 ]
52 left subclavian artery 50% X
53 radial artery 25%
54 distal ulnar artery 50% X
55 interosseus artery 50% X

56 vertebral artery 50% 21-29 [109Pa · s/m3 ]
57 thoracic aorta 25%

58 left carotid artery 50% 1.4-1.8 [109Pa · s/m3 ]
Windkessel compliances

59 right carotid artery 80% 18-70 [10−11Pa/m3]
60 left subclavian artery 80% X
61 radial artery 50%
62 distal ulnar artery 80% X
63 interosseus artery 80% X

64 vertebral artery 80% 1.2-4.7[10−11Pa/m3 ]
65 thoracic aorta 50%

66 left carotid artery 80% 18-70 [10−11Pa/m3]
Other

67 intravenous pressure 50%
68 eccentricity ratio of median cubital and basilic veina 1.3-1.9c

69 eccentricity ratio of cephalic, axillary and subclavian vein b 1.3-1.9c

70 anastomosis angle 15-90c 15-90
71 distributed flow 40%
72 mean brachial pressure 15% X
73 mean aortic flow 10%

a
For an upper arm AVF the basilic, axillary and subclavian vein are combined.

b
Not used in the model for an upper arm AVF.

c
The absolute value [-] is presented.
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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 con-

ditions 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 in-

put data will result in model output uncertainty. Thereforein a previous study [121], a

framework was developed that was used to analyze the propagation of measurement un-

certainties 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. How-

ever, 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 genericvalue.

The methodology was demonstrated using six patient-specific datasets. For the 51 model

parameters that were previously [121] identified as non-influential, the uncertainty do-

main were extended and based on a population spread. Resultsshowed 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 sen-

sitivity 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 sensitivityindices are exactly at the used

threshold for identifying influential parameters. Moreover, five input parameters were

identified in the present study as significant for the outputsin one or both AVF configu-

rations (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 aor-

tic 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 resis-

tance, whereas the aortic Young’s modulus might affect wavepropagation 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 pa-
tients 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 intotal 11 model parame-

ters 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 par-

tially overlapping uncertainty domains for which the size of the intersection depends on

the size of the uncertainty domain relative to the size of thepopulation 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 smallerthan the population spread

in the six patient datasets. However, to avoid non-physiological combinations of input pa-

rameters, 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 forthe 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 powerof the sensitivity analysis.

For future application, we suggest to iteratively redo the sensitivity analysis after inclu-

sion 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 im-

provements, this study indicates which parameters can be fixed. We propose to estimate

these fixable model parameters based on literature and reduce the number of measure-

ments 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 uncer-

tainty in the assumptions is taken into account.

Note that the sensitivity analysis in this study assumes that all input parameters are in-

dependent. 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 thereforethis method fails if all para-

meters or most of them are correlated. Other quantitative methods to deal with correlated



Chapter 5. A sensitivity analysis to reduce the number of patient-specific inputs 135

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 computatio-

nally 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. Fur-

thermore, 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 po-

pulation spread in the six patient datasets. Therefore, it can be concluded that our pro-

posed methodology can be used to determine generic values for the fixable model para-

meters 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 there-

fore, to set parameters, more patients should be included toget better estimates for the

population spread and the uncertainty domains.
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Abstract

End-stage renal disease (ESRD) patients treated with hemodialysis therapy, require a vascular ac-

cess. Preferably, a vascular access is created in the arm, bysurgically 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 com-

putational 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 in-

accuracies 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 mechani-

cal 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 pres-

sures 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 surgicallycreated connection between

an artery and vein (anastomosis), resulting in a significantflow increase (five- to thirty-

fold) and vessel remodeling [6, 7, 8, 9, 10].

The AVF can be created both at wrist level (lower arm AVF) or atelbow 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 isnot 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, pre-

operatively, a quantitative patient-specific estimate forthe immediate postoperative flow.

Previously, a pulse wave propagation model was developed that is able to simulate pres-

sure and flow waveforms after upper and lower arm AVF surgery [101]. This compu-

tational model that is fed by patient-specific data was used to predict immediate posto-

perative flow in ten ESRD patients. It was shown that the modelselected 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 mea-

sured flows, input data and boundary conditions might limit the correspondence between

the simulated and measured flows. Second, the model neglectsvascular 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 pos-

sibility to determine a larger number and more accurate mechanical, geometrical and

hemodynamic (pressure and flow waveforms) data than would bepossible in an in-vivo

situation [125, 126]. In addition, vascular adaptation andregulation 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 increaseafter AVF surgery. More-

over, 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 ge-

neralized 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 pa-

rameter 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 theexperimental setup and how

mechanical, geometrical and hemodynamic properties are determined. Next, how the

model was adapted to the experimental conditions and how themodel 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 amaximum length of 5 cm.

Each segment describes the local relation between pressureand 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 assu-

ming a complianceC0 per unit length linearized around the mean pressurep0, resulting

in

C0
∂p

∂t
+
∂q

∂z
+Ψ = 0 (6.1)

in which p is pressure,q is flow andΨ the flow per unit length distributed to small

side-branches that are not separately modeled by vascular segments. By assuming fully-

developed incompressible Newtonian flow in a straight vessel and by using a time and fre-

quency dependent approximated velocity profile to obtain anestimate for the wall shear

stress, the momentum equation was reduced to:

−∂p
∂z

= R(α0)q + L(α0)
∂q

∂t
. (6.2)

Herein,R(α0) andL(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 semi-

empirical loss coefficients,Kv andKd, that describe the loss from the proximal artery to,

respectively, the proximal vein and the distal artery and are defined by [91, 92]:

Kv = k1(1−q∗)2+q∗2[k2cot
θ

2
−k3+

k4 − k5A
∗

A∗2 ]+k6q
∗(1−q∗)(1+ 1

A∗ )cot
θ

2
, (6.3)

Kd = k7(1− q∗)2 + k8q
∗2 − k9q

∗(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 andθ is the angle between proximal artery and proximal vein.

Empirically determined values for the constantsk1 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

pp − pv = Kv
1

2
ρ
q2p
q2v

1

A2
p

|qv|qv = Rv(q
∗, A∗, θ, qv, qp, Ap)qv, (6.5)

whereas the pressure drop from the proximal artery to the distal artery,pp − pd, was

expressed by

pp − pd = Kd
1

2
ρ
q2p
q2d

1

A2
p

|qd|qd = Rd(q
∗, A∗, θ, qd, qp, Ap)qd. (6.6)

Herein,Ap is the cross-sectional area of the proximal artery,ρ the fluid density andqp, qv
andqd 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. As-

sembling 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 flowwaveforms. The input para-

meters (e.g.R(α0),L(α0) andC0) of the pulse wave propagation model should therefore

be adapted to the experimental setup. For this, geometrical(vessel length, vessel diame-

ters) and mechanical characteristics of the vessels (vascular compliance) were mandatory.

Furthermore, information on anastomosis configuration (location, angle), windkessel pa-

rameters, 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 constantsk1 to k9 for equation (6.3) and

(6.4) [91, 92].

k1 k2 k3 k4 k5 k6 k7 k8 k9

0.95 1.3 0.3 0.4 0.1 0.4 0.03 0.35 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 pre-

vious study [101]. The arterial geometrical data, obtainedfrom magnetic resonance (MR)

and ultrasound (US) examinations, were used to generate a three-dimensional (3D) CAD-

model 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 measurementsof 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 toresult in lower wall thick-

nesses 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 in-

plane angle of 30◦ [28]. The resulting silicone network model consisted of thebrachial,

radial, ulnar and interosseus artery (arterial tract) and of the cephalic, basilic, median cu-

bital, axillary and subclavian vein (venous tract).

This network model was built in a mock loop [76, 77] includinga 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 ina 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; Of-

fenburg, 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 hadthree outflows in the arterial
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part (at radial, ulnar and interosseus artery) and one in thevenous 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 pre-

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

.

The computational domain for the simulations consisted of atruncated 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 deter-

mined 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 sam-

pled 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, thetime-averaged outflows were

measured volumetrically.

Pressure measurements.Pressure waveforms were measured, using pressure transdu-

cers (P10EZ-1, Becton Dickinson Critical Care Systems; Singapore) connected to a multi-

channel compact amplifier system (PICAS; Peekel Instruments, Rotterdam, The Nether-

lands). 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 arte-

ries 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 ≈ 1

A0

∆A

∆p
=

2dd∆d+ (∆d)2

d0
2∆p

(6.7)

in whichA0 andd0 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 u-

sing 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 to10−7 Pa−1 otherwise.

Pressure drop over the anastomosis.The extra pressure drop over the anastomosis

was captured via a minor loss coefficient, defined asKloss = ∆p
1

2
ρv2

, in which∆p is the

pressure drop from the inflow artery to the outflow vein,ρ is the density, andv 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 prop-
agation model

Model parameters for the pulse wave propagation model

The input parameters for the pulse wave propagation model were derived from the mea-

surements 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 mea-

surement 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 theuncertainty
analysis are indicated by the same letters, i.e.:c, d, e or f .

Vessel name Vessel number Length [mm] Diameter [mm] Distensibility [Pa−1 ] Mean flow [ml/min] Mean pressure [mmHg] Time constant [s]
begin end pre post pre post

rigid connecting element 1 50 (5%) 28.9 (10%) 28.9 (10%) 10−7 (-) a

proximal aortac 2 150 (5%) 28.9 (10%) 28.9 (10%) 2.1 · 10−5 (15%)

distal aortac 3 310 (5%) 28.9 (10%) 28.9 (10%) 2.1 · 10−5 (15%) 4650 (10%) 4375 (10%) 98 (10%) 90 (10%) 5.4 (20%)

subclavian artery 4 100 (5%) 8.0 (10%) 8.0 (10%) 7.7 · 10−6 (20%)b

rigid (tapered) connecting tube 5 60 (5%) 8.0 (10%) 10 (10%) 10−7(-) a

compliant connecting tube 6 130 (5%) 10 (10%) 10 (10%) 1.1 · 10−6 (20%)b

rigid connecting tube 7 80 (5%) 10 (10%) 10 (10%) 10−7 (-) a

compliant (tapered) connecting tube 8 20 (5%) 10 (10%) 6.0 (10%) 1.1 · 10−6 (20%)b

rigid connecting tube 9 55 (5%) 6.0 (10%) 6.0 (10%) 10−7(-) a

brachial artery 10 215 (5%) 6.0 (10%) 4.5 (10%) 1.7 · 10−5 (15%)

proximal ulnar arteryd 11 67 (5%) 3.6 (10%) 3.6 (10%) 1.1 · 10−5 (15%)

distal ulnar arteryd 12 173 (5%) 2.7 (10%) 1.9 (10%) 1.7 · 10−5 (15%) 46 (10%) 42 (10%) 96 (10%) 88 (10%) 0.4 (20%)

interosseus artery 13 110 (5%) 1.3 (10%) 1.3 (10%) 1.1 · 10−5 (15%) 5 (10%) 5 (10%) 98 (10%) 88 (10%) 0.4 (20%)

radial artery 14 240 (5%) 3.4 (10%) 3.2 (10%) 1.5 · 10−5 (15%) 50 (10%) 46 (10%) 96 (10%) 84 (10%) 0.4 (20%)

cephalic vein lower arme 15 210 (5%) 2.9 (10%) 3.0 (10%) 1.4 · 10−5 (15%)

cephalic vein upper arme 16 180 (5%) 4.3 (10%) 4.3 (10%) 2.4 · 10−5 (15%)

subclavian veine 17 32 (5%) 5.6 (10%) 5.6 (10%) 8.4 · 10−6 (15%) 5.7(10%) 5.7(10%)

median cubital veinf 18 30 (5%) 4.5 (10%) 4.5 (10%) 8.4 · 10−6 (15%)

basilic vein and distal axillary veinf 19 180 (5%) 4.5 (10%) 4.6 (10%) 8.4 · 10−6 (15%)
a Assumed value for the rigid tubes.
b Estimated from static volume compliance measurements.
c,d,e,fIndices to show which vessels are changed simultaneously.
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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 disten-

sibility in Table 6.2 by the local cross-sectional area, thus assuming a constant distensibi-

lity within each vessel. For the distensibilities obtainedwith ultrasound, the measurement

uncertainty domain was±15%, whereas for the distensibilities derived by volume com-

pliance measurements, the measurement uncertainty domainwas±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

Kv = k2cot
θ

2
− k3 + k4 − k5 = k2cot

θ

2
and Kd = k8. (6.8)

This relationship forKv 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 anglewas

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 tempera-

ture (20◦C), a density of103 kg
m3 and a dynamic viscosity of10−3Pa · s. These model

parameters would hardly vary during the experiment and therefore the uncertainty do-

mains were set to±1% and±5%, respectively.

Boundary conditions. The peripheral resistance,Rp, of each windkessel was deter-

mined 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 time-

averaging the measured local pressure waveforms. The characteristic impedance,Z0, was

assessed by using
√

ρ
DA0

2 [57] in whichρ is the blood density,D the local distensibility

andA0 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 re-

sistance 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 localperipheral resistance with the

compliance of the outflow tube. For the ulnar and interosseusarteries, the radial artery

time constant was assumed. As a result, the time constant was5.4 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 aortaflow), 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 pre-

and postoperative configuration. To examine the propagation of input uncertainty to the

output, Monte Carlo simulations were performed. Varying all input parameters indepen-

dently 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 simultane-

ously (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 in-

put space [111]. The sampling and calculations were performed within a computational

framework that was developed earlier in collaboration withPhilips Research (Eindhoven,

The Netherlands) [121].

For the preoperative configuration, the simulated pressurewaveforms 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 aconfidence 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 aresimilar (Table 6.3). The

shapes of the simulated pressure waveforms (Figure 6.4) correspond to the measured pres-

sure waveforms, although the simulated pressures are less attenuated resulting in a more

pronounced second peak, which is clearer in distal pressurewaveforms. 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 dis-

tal 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 mmHgfrom 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 hassignificant 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 un-

derestimated 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 mea-

sured 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. aphase 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 thesimulations 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 signi-

ficantly 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] Mean flow [ml/min]

measureda simulatedb measureda simulatedb

proximal aorta 95 93 (88,99) 4750 4747 (4682,4813)
subclavian artery 101 98 (36,161)
proximal brachial artery 98 93 (88,99)
distal brachial artery 98 93 (87,99)
proximal ulnar artery 98 93 (87,99) 46 44 (35,53)
proximal radial artery 98 93 (87,99) 50 48 (34,63)
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.



154 Chapter 6. Model corroboration: An experimental study

Table 6.4:Measured postoperative mean pressures and flows and their simulated
values.

Mean pressure [mmHg] Mean flow [ml/min]

measureda simulatedb simulated measureda simulatedb simulated

with extra Rb with extra Rb

proximal aorta 90 83 (79,88) 86 (81,91) 4750 4748 (4676,4821) 4740 (4667,4812)
subclavian artery 378 508 (422,594) 362 (302,424)
proximal brachial artery 90 83 (78,87) 85 (80,91)
distal brachial artery 90 81 (76,87) 85 (79,90)
proximal ulnar artery 88 81 (76,87) 84 (79,90) 42 38 (31,46) 40 (32,47)
proximal radial artery 86 80 (75,86) 84 (78,89) - - -
distal radial artery 84 76 (71,82) 81 (76,86) 46 42 (30,53) 44 (34,55)
distal cephalic vein 31 8.3 (7.5,9.2) 28 (25,32) 285c 420 (352,490) 270 (239,305)
proximal cephalic vein 7.0 6.0 (5.8,6.2) 5.9 (5.8,6.0)
basilic vein 6.0 6.0 (5.8,6.2) 5.9 (5.8,6.0)

subclavian vein 5.7d 5.7d 5.7d

a Measured value without uncertainty interval.
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.
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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 simu-

lations with additional resistance.
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Figure 6.8:The postoperative pressure and flow waveforms on several venous locations for simu-

lations 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 ex-

perimental 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. Bessemset al. [63] have corro-

borated their pulse wave propagation model with both a straight and tapered viscoelastic

silicone tube. Swillens et al. [127] used a silicone setup tocorroborate 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 re-

sulting 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 patient-

specific 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 areusually 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 theulnar 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 factthat the flow waveform

oscillates around 0 which means that a small deviation in thewaveform 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 treat-

ment.

When simulating the postoperative situation, at first instance, it was observed that the

subclavian artery flow waveforms had similar shapes but thatthe mean flow significantly

differed between measurement and simulation. Furthermore, the simulated mean pres-

sure in the distal cephalic vein was significantly smaller than the measured mean pres-

sure. 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 pro-

pagation 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 physicalphenomena. 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 simu-

lations [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. Cli-

nically, it is difficult to determine these parameters accurately due to limitations in mea-

surement modalities or because the burden on the patient should be minimized. For-

tunately, a sensitivity analysis can be applied to the modelto 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 meanflows 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 pres-

sures 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 uncertaintiesin model input parameters sig-
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nificantly influenced the output and should thus be taken intoconsideration 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 predictedflow 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 performeddue to sparse clinical data (3), or com-

putational 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, whereasdiscrimination 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 radiocephalicAVF was observed which might have

been indicated by the low predicted postoperative flow.

Postoperative flow can be predicted relatively accurate andallows preoperative evaluation for multi-

ple AVF configurations by using the described computationalmodel. 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 inser-

tion of a central venous catheter (CVC). Since the use of prosthetic graft material (AVG

and CVC) is associated with reduced patency rates and highermortality rates [137, 138],

guidelines advocate the use of native vessels for VA creation [9]. However, an impor-

tant downside of AVF creation is the significant probabilityof early thrombosis or non-

maturation (20-50%) due to insufficient flow enhancement, particularly in lower arm fis-

tulas [6, 10], and excessive postoperative flow enhancementresulting in steal syndrome

and cardiac failure (up to 20%) in elbow fistulas [12, 13]. In an effort to limit these com-

plications, 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 post-

operative VA flow would be beneficial. Patient-specific computational modeling has the

potential to predict this postoperative VA flow by using physical laws for quantitative inte-

gration of multiple prognostic factors (e.g. vascular diameters, arterial compliance). Be-

sides, 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 inVA 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 ARCHICT-

224390 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 predictingpostoperative flow [101].

However, to personalize the model, a considerable number ofinput 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 wavepropagation 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. Thestudy 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

resistorR, representing the viscous resistance to blood flow through the vessel segment,

a resistorRL, representing the resistance to blood flow through small side-branches not

modeled in detail, an inductorL, 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
pressurep and flowq via a lumped parameter approach (right) and consists of a resistorR (viscous
resistance to blood flow), a resistorRL (viscous resistance of blood flow to small side-branches),
an inductorL (blood inertia) and a capacitorC (vascular compliance). The anastomosis is modeled
with two nonlinear resistorsRv andRd. The windkessels consist of two resistors,Zwk andRwk

(together the peripheral resistance) and a capacitorCwk (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.
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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 charac-

teristics of the vessels (vascular compliance) were mandatory. Furthermore, information

on anastomosis configuration (location, angle), windkessel parameters, blood properties

(density and dynamic viscosity), intravenous pressure andaortic flow waveform were re-

quired. However in clinical practice, it is impossible to assess all these parameters for

every patient. Fortunately, not all parameters are equallyimportant for the prediction of

postoperative flow enhancement; model parameters that needto 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 dia-

meter measurements were obtained patient-specifically on discrete locations by perfor-

ming 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. Dia-

meters of the aorta and its primary branches were based on literature and scaled accor-

ding to upper extremity arterial diameters [25]. Vessel wall thicknesses were derived from

wall thickness-to-radius ratios: a ratio of 15% was used forthe 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 com-

pliance. 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 ar-

terial 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, Am-

sterdam, The Netherlands). The Young’s modulus of the brachial artery was applied for

the compliance of all arterial arm segments, whereas for theaorta and veins Young’s mo-

duli were based on literature [25, 101].
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The location of the anastomosis was set to 5 cm proximal to thewrist in case of a lower

arm AVF and 5 cm proximal to the elbow bifurcation in case of anupper 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 arte-

rial 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

103 kg
m3 and a dynamic viscosity of3 · 10−3Pa · s. Intravenous pressure at the subclavian

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 config-

urations 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 orderof preference was RCAVF,

BCAVF, and BBAVF. To objectivate the model’s capability to identify the optimal loca-

tion 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 up-

per extremity vasculature with DUS.

Subsequently, in order to quantitatively determine the accuracy of flow predictions, pre-

dicted 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 Ap-

pendix) 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 simula-

tions 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 brachialartery 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 datawere missing due to thrombo-

sis 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 con-

figuration 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 thesurgeon were different

(Figure 7.3); in patients #6, #11, and #16 model predictionsmay have allowed for a lower

arm AVF, while the surgeon created upper arm AVFs. Conversely, in patient #8 the sur-

geon 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 analy-

sis, one additional patient (#15) was excluded, because during the surgical procedure im-

mediate 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 bythe 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 addi-

tion, the flow measurement at six weeks is visualized to gain insight into flow enhance-

ment during the maturation phase. At one week, predicted andmeasured flow show over-

lap 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 asignificant 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 mea-
surement 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 throm-
bosis. 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 perso-

nalization (vessel length, arterial scaling for aortic diameter, determination of wall thick-

ness 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 pe-

ripheral 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 postope-

rative 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 focusingon 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 multiplelocations [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 pa-

tients 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 com-

pressing 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 ves-

sels 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 diame-

ter 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. Underestima-

tion 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 availableto 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 cre-

ation 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 changedthe 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 addi-

tional value of the model in routine clinical practice.

Considering the differentiation between BCAVF and BBAVF, adiscrepancy between

model and surgeon was observed in three patients: two BCAVFswere 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 themodel 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. Themost 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 themodel 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 pa-

rameters 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, be-

cause the additional burden on the patient should be minimized. Fortunately, the previous

sensitivity analysis showed that some input parameters aremore 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-specificpulse 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 acquiringa more detailed overview of

patient-specific vasculature to capture vascular pathology and geometry, and for simula-

tion 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.



Chapter 7. Model corroboration: A clinical feasibility study 175

Appendix: Uncertainty domains

Monte Carlo simulations (see Robert et al.[128] for detailsabout Monte Carlo simula-

tions) are used to determine the uncertainty in model predictions resulting from uncer-

tainty 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 Uncertainty Based on

vessel diameters upper extremity ±10% [72, 107]

brachial distensibility ± 20% [72]

brachial pressure ±10% [110]

axillary, radial and ulnar artery flow ±15% [109]

mean aortic flow ±10% [109]

Assumptions
vessel lengths ±10% Demographical data (http://www.cbs.nl)

vessel diameter scaling factor ±20% Retrospective patient cohort

position of diameter measurements ±3 cm Clinical experience

wall thickness-radius ratio ±40% [95]

generic arterial Young’s modulus ±20% [72]

generic venous Young’s modulus ±20% Assumed equal to arterial Young’s modulus

anastomosis position ±2 cm Clinical experience

anastomosis angle ±20% [30]

time constants ±30% [72]

intravenous pressure ±50% [1, 99]

generic mean windkessel flow ±15% [149]
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General discussion
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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 betweenan artery and vein (anasto-

mosis) 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 vas-

cular acccess [11, 12, 13, 14]. To select the optimal site forAVF 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 examina-

tion, a duplex ultrasound examination and his clinical experience. AVFs are preferably

created at wrist level (RCAVF) because in that case proximallocations 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 insufficientpostoperative flow [6, 7, 8, 10].

Since all complications are associated with postoperativeflow [10, 13, 14, 32], a preo-

perative 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 alow systolic pressure distal to

the anastomosis [7, 8, 9] and also for this parameter a preoperative measure can be be-

neficial. Unfortunately, these hemodynamic parameters areaffected by multiple factors

(e.g. vessel geometry, vessel mechanics, anastomosis resistance) and differ between pa-

tients. 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 mo-

dels 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 dataare thus compromised by un-

certainty 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 sup-

port clinical-decision making in vascular access surgery was examined. To this end, three

steps were executed: model development, model personalization and model corrobora-

tion. Model corroboration is here defined as the qualitativeand 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 cal-

culated within minutes which facilitates clinical application [50, 55]. Moreover, pulse

wave propagation models are easier to adapt to patient-specific conditions than three-

dimensional models [50, 55]. The computational domain of the pulse wave propagation

model consisted of the complete vascular access conduit including the major inflow arte-

ries, 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 anonlinear 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 con-

nected lumped segments that locally describe the relation between pressure and flow in

a tapered or untapered vessel segment. The lumped segments were derived inChapter
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 thewall shear stress [61]. The

lumped segment consists of a Womersley number dependent resistor and an inductor ar-

ranged 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 aπ-configuration, in analog to [36], to capture vessel compliance. The

proposed lumped segment simplified the electrical analog ofJager 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 evalu-

ated, in analog to [61], only for the Womersley number corresponding to the characteristic

frequency of a heartbeat. As a result, the arrangement of theelements in the lumped seg-

ment was slightly changed to better represent Womersley theory. These adapted lumped

segments were used inChapter 3 to construct the lumped parameter pulse wave propaga-

tion 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 plan-

ning 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 inChapter

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 modelparameters 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 de-

veloped 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 re-

lated 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, aglobal 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 inChapter 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 persona-

lization. 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 duringthe preoperative vessel as-

sessment. In addition, the mean aortic flow, the peripheral resistance and compliance of

the radial artery, the aortic peripheral resistance, the intravenous pressure and the dis-

tributed 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 inChapter 5. It showed that a significant num-

ber of input parameters (47 out of 73) could be fixed within their population spread.

Furthermore, we were able to determine generic values for 37of the 47 fixable input pa-

rameters. 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 intoa mock loop [76, 77]. Si-

licone models were previously also used in other validationstudies [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 andafter 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 corro-

boration the focus was on brachial artery flow. Insights obtained from the sensitivity ana-

lysis 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 predictedpostoperative flows were

used to select the most suitable site for AVF creation. It wasfound 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, thesurgeon 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 toolin the preoperative work-

up, 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 pressuredrop 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 repre-

sentation of these pressure drops is available, for examplein the form of a pressure-flow

relationship, these complex geometries can easily be incorporated in the pulse wave pro-

pagation 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, para-

meterized three-dimensional computational models. Computational fluid dynamics can

be used to simulate the pressure drop over these anastomoticgeometries as function of

the Reynolds and Strouhal number and as function of geometrical properties like the dia-

meter 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 sus-

tained alterations in hemodynamic loading. Previously, this was extensively studied by

means of computational models [154, 155, 156, 157, 158]. Thepulse wave propagation

model can be further improved by incorporating vascular adaptation (e.g. flow-mediated

dilatation, regulation of peripheral bed), vascular remodeling (maturation) and remodel-

ing 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 es-

pecially 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 dis-

crete 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]. How-

ever, 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 thehand and aorta were also

identified as influential for the mean flow, future efforts should be put into obtaining bet-

ter 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 consi-

dered to apply data fitting or data assimilation techniques [45, 161, 162]. Future research

should investigate which of these techniques can be appliedto 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 appli-

cation. 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 thatcoincide 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 bloodvelocity over the cross-

sectional area which differ between ultrasound devices andbetween 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 lowerarm AVF in 76% of all

patients. Therefore, it might already be possible to use themodel 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 developedthat 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 madethat 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 in-

sight 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 posto-

perative 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 influen-

cing 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 relationsreduces 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 balanceresults 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 thepredictions 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 measure-

ment protocols can be achieved by a good collaboration between surgeon and medical en-

gineer, 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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A vascular access serves as a lifeline for an end-stage renaldisease (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/minand 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%), parti-

cularly 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 re-

quired 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 vascu-

lar 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 as-

sessment 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 phy-

sical laws and can estimate the postoperative flow and distalsystolic 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 exami-

ning 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 cal-

culated at specific locations distributed throughout the arterial and venous tree. The pro-

posed pulse wave propagation model allows for the incorporation of nonlinear pressure-

flow 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 sparsityand 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 measure-

ments 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 perso-

nalization 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 atte-

nuated 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 inChapter 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 pro-

pagation model might thus be beneficial for decision-makingin AVF surgery planning.

Future research should demonstrate the additional value ofthe 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 vaattoe-

gang 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 bloed-

stroom in de betrokken bloedvaten sterk toe (vijf tot dertigkeer), 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 onvol-

doende matureren in de eerste zes weken na aanleg ( in 20 tot 50% van alle onderarmfis-

tels). 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 aanlegvan 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 verzame-

len 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 be-

hulp 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 o-

peratie 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 fysi-

sche 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 computermodelkan daarnaast ook ingezet

worden om voor de operatie de effecten te vergelijken van aanleg van AVFs op verschil-

lende locaties. Het doel van dit proefschrift is derhalve omeen patiëntspecifiek compu-

termodel te ontwikkelen dat in staat is om de postoperatievehemodynamica te beschrij-
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ven en om te onderzoeken of een computermodel een chirurg kanondersteunen bij het

selecteren van de meeste geschikte locatie voor aanleg van de AVF. In hoofdstuk 2 en3
van dit proefschrift wordt het 1D golfvoortplantingsmodelbeschreven 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, deverbinding tussen arterie

en vene, is er gebruik gemaakt van een niet-lineaire relatietussen de bloeddruk en bloed-

stroom. Hiervoor zijn geen extra koppelingsvergelijkennodig, door op een slimme manier

het stelsel vergelijkingen te assembleren. Om het computermodel 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 zijnbepaald. Hiermee zijn de mo-

delparameters geïdentificeerd die je het meest nauwkeurig zou moeten meten, omdat een

nauwkeurige bepaling van deze parameters zal leiden tot de grootste afname van onzeker-

heid in de modelvoorspellingen (parameter prioritering,hoofdstuk 4). Daarnaast zijn er

parameters geïdentificeerd die gebaseerd kunnen worden op literatuur en dus niet geme-

ten hoeven te worden (parameter fixing,hoofdstuk 5). Door de gevoeligheidsanalyse

is dus het patiëntspecifiek maken van het golfvoortplantingsmodel behoorlijk vereen-

voudigd; 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 bloed-

stroom 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 hoogstwaar-

schijnlijk een gevolg van het niet mee modelleren van de viscoelastische eigenschappen

van de experimentele opstelling. Het inzicht verkregen metde gevoeligheidsanalyse en de

validatie experimenten, zijn gebruikt inhoofdstuk 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 onder-

arm) gekozen als door een zeer ervaren vaatchirurg. Het ontwikkelde model zou dus een
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extra hulpmiddel kunnen zijn bij de preoperatieve planningvan een AVF aanleg. De ex-

acte toegevoegde waarde van het model zal in toekomstig onderzoek aangetoond moeten

worden.
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proefschrift maar zeker ook tot mijn persoonlijke ontwikkeling. Talloze keren heb jij con-

ceptversies 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 brederperspectief te plaatsen. Dit is
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en dat wij gebruik mochten maken van jouw klinische expertise. Je hebt mij toegelaten
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ook tot patiëntbesprekingen. Dit heeft mijn kijk op de klinische praktijk verbreed en dit
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die ik gewend was op de technische universiteit. Jan, bedankt!

Mijn 2e promotor, dr. Tammo Delhaas, met jou heb ik slechts een korte periode samenge-

werkt nadat jij werd aangesteld als het nieuwe hoofd van de vakgroep Biomedische Tech-

nologie en ik wil jou bedanken voor het feit dat je vanaf het eerste moment van de ver-
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benodigde faciliteiten fantastisch op orde had. Knap dat deverhuizing zo soepel verliep.

Ook wil ik je natuurlijk bedanken dat je bereid bent om mijn 2epromotor te zijn. Tammo,

bedankt!

Naast het promotieteam, wil ik ook graag de leden van de beoordelingscommissie be-
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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
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lunch in Eindhoven bij de School of Medical Physics and Engineering (SMPE/e). Prof.
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practical skills of Cees significantly contributed to this thesis and therefore I would grate-
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bedankt!
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Maastricht en de mensen bij de SMPE/e bedanken voor de fijne werkomgeving die jullie
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Aangezien ik tijdens mijn promotieonderzoek met talloze mensen heb samengewerkt en
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waardeer. Bedankt!
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