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Abstract

Introduction: Inadequate flow enhancement on the one hand, and excessive flow enhancement on the other hand, remain
frequent complications of arteriovenous fistula (AVF) creation, and hamper hemodialysis therapy in patients with end-stage
renal disease. In an effort to reduce these, a patient-specific computational model, capable of predicting postoperative flow,
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.

Methods: Patient-specific pulse wave propagation models were created for 25 patients awaiting AVF creation. Model input
parameters were obtained from clinical measurements and literature. For every patient, a radiocephalic AVF, a
brachiocephalic AVF, and a brachiobasilic AVF configuration were simulated and analyzed for their postoperative flow. The
most distal configuration with a predicted flow between 400 and 1500 ml/min was considered the preferred location for
AVF surgery. The suggestion of the model was compared to the choice of an experienced vascular surgeon. Furthermore,
predicted flows were compared to measured postoperative flows.

Results: Taken into account the confidence interval (25th and 75th percentile interval), overlap between predicted and
measured postoperative flows was observed in 70% of the patients. Differentiation between upper and lower arm
configuration was similar in 76% of the patients, whereas discrimination between two upper arm AVF configurations was
more difficult. In 3 patients the surgeon created an upper arm AVF, while model based predictions allowed for lower arm
AVF creation, thereby preserving proximal vessels. In one patient early thrombosis in a radiocephalic AVF was observed
which might have been indicated by the low predicted postoperative flow.

Conclusions: Postoperative flow can be predicted relatively accurately for multiple AVF configurations by using
computational modeling. This model may therefore be considered a valuable additional tool in the preoperative work-up of
patients awaiting AVF creation.
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Introduction

Patients suffering from end-stage renal disease (ESRD) depend-

ing on hemodialysis (HD) therapy require a functional vascular

access (VA) [1], which can be provided by creation of an

arteriovenous fistula (AVF), creation of an arteriovenous graft

(AVG), or the insertion of a central venous catheter (CVC). Since

the use of prosthetic graft material (AVG and CVC) is associated

with reduced patency rates and higher mortality rates [2,3],

guidelines advocate the use of native vessels for VA creation [4].

As a result, the preferred option for VA creation consists of

surgically connecting an artery with a vein in either the lower arm

(e.g. by connecting the radial artery with the cephalic vein) or the

upper arm (e.g. by connecting the brachial artery with either the

cephalic or basilic vein at the level of the elbow), with a sequential

order of preference of 1) the radiocephalic fistula [RC-AVF], 2)
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the brachiocephalic fistula [BC-AVF], and 3) the brachiobasilic

fistula [BB-AVF] [5].

An important downside of AVF creation is the significant

probability of early thrombosis or nonmaturation (20–50%) due to

insufficient flow enhancement, particularly in lower arm AVF’s

[6,7], and excessive postoperative flow enhancement resulting in

steal syndrome and cardiac failure (up to 20%) in elbow AVF’s

[8,9]. In an effort to limit these complications, an extensive

preoperative duplex ultrasound (DUS) evaluation of the upper

extremity vascular tree is performed to select the most suitable site

for AVF creation [10]. Unfortunately, flow related complications

persist and additional interventions are often needed to make the

AVF suitable for HD treatment [11].

Following AVF surgery, flow enhancement is determined by

multiple factors and thus differs between patients. Geometrical

factors (e.g. vascular diameters and lengths), vessel topology (e.g.

number and caliber of venous sidebranches), the resistance of the

capillary beds (peripheral resistances), and structures such as

stenoses and the anastomosis, all influence the resistance to blood

flow, and are therefore believed to be accountable for the observed

flow increase. Hence, the currently performed discrete diameter

measurements of upper extremity vasculature only partially

represent the hemodynamic resistances that influence flow

enhancement.

Computational modeling allows to investigate patient-specific

hemodynamics by employing physical laws for quantitative

integration of the multiple prognostic factors, and has already

proved to be of assistance in aortic aneurysmal disease [12,13], in

cerebral disease [14,15], and coronary artery disease [16,17].

Although models have been used previously to gain insight in VA

hemodynamics and pathologies, or disease progression associated

with it [18,19,20,21], predictive models, aiming for a more

accurate risk-estimation regarding the development of flow related

complications, have not been used.

Previously, within the 7th Framework Program of the

European Commission, a pulse wave propagation model has

been developed that is able to simulate pressure and flow

changes after AVF creation that are also observed in clinical

setting [22]. This pulse wave propagation model has been

validated against a silicone model of the aorta, arm arteries and

veins in which AVF procedures were mimicked [23]. It has been

shown that the main features of experimental flow and pressure

waveforms, both before and after AVF creation, were adequately

simulated. Subsequently, this model was adapted to patient-

specific conditions for 10 patients suffering from ESRD to show

its potential to support clinical decision-making [22]. It was

shown that the model was able to select the same AVF

configuration as an experienced surgeon in 9/10 patients.

However, predicted postoperative flows differed in 4/10 patients

when compared to Doppler ultrasound flow measurements

directly after surgery. These differences might be attributed to

1) neglecting vascular adaptation and autoregulation of the

capillary beds, 2) uncertainties in the postoperative flow

measurements, or 3) uncertainties in model input parameters

which might results in uncertainties in output. These latter

uncertainties in the model predictions were not considered

previously. The purpose of this study was to determine if the

pulse wave propagation model is able to predict the immediate

postoperative flow, and to examine its feasibility to support

decision-making while considering the uncertainties of the flow

predictions due to input parameter uncertainties.

Methods

Study population
Twenty-five consecutive patients suffering from ESRD awaiting

their first VA creation were enrolled in this prospective

observational study. The study was approved by the medical

ethical committee of the Maastricht University Medical Center,

and written informed consent was obtained from all individuals

prior to enrolment in the study. All clinical investigations have

been performed according to the principles expressed in the

Declaration of Helsinki.

Pulse wave propagation model
The pulse wave propagation model used here, has been

described in detail in previous work [22]. 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 [RC-

AVF], brachiocephalic AVF [BC-AVF], brachiobasilic AVF [BB-

AVF]), inflow arteries and outflow veins of interest were included

in the computational domain (Table 1, Figure 1). Each vessel of

the computational domain was divided into segments with a

maximum length of 5 cm, describing the local relation between

pressure and flow via a lumped parameter approach. Such a

lumped segment consists of a resistor R, representing the viscous

resistance to blood flow through the vessel segment, a resistor RL,

representing the resistance to blood flow through small side-

branches not modeled in detail, an inductor L, representing the

inertia of the blood and a capacitor C, representing the vascular

compliance (i.e. storage capacity of the vessel). For the anastomo-

sis, a segment was used 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 intrave-

nous pressure was prescribed at the subclavian vein, whereas

postoperative inflow was prescribed at the aorta. Since the latter is

preoperatively unknown, the aortic flow was measured preoper-

atively and iteratively updated by scaling the preoperative

waveform until the postoperative mean aortic pressure was

restored to the preoperative level (baroreflex). All other preoper-

ative model parameters (e.g. peripheral resistances) were kept

constant.

Personalization of the pulse wave propagation model
To personalize the input parameters of the pulse wave

propagation model, patient-specific anatomy (vessel length, vessel

diameters, vessel wall thickness) and mechanical characteristics of

the vessels (vascular compliance) were mandatory. Furthermore,

information on anastomosis configuration (location, angle), wind-

kessel parameters, blood properties (density and dynamic viscos-

ity), intravenous pressure and preoperative aortic flow waveform

were required. However in clinical practice, it is impossible to

assess all these parameters for every patient. Fortunately, not all

parameters are equally important for the prediction of postoper-

ative flow enhancement; model parameters that need to be

measured patient-specifically opposed to model parameters that

can be estimated from literature, were identified previously in a

sensitivity analysis [24].

Model parameters were, by considering the insights obtained

from the sensitivity analysis, chosen as follows. Arterial lengths

were based on a generic geometry taken from Stergiopulos et al

Computational Modeling of AVF Creation
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[25]. Venous lengths are considered equal to arterial lengths on

the same anatomical location. Upper extremity vascular diameter

measurements were obtained patient-specifically on discrete

locations by performing an extensive preoperative duplex

ultrasound examination which was already part of clinical routine

in our hospital. The diameter measurement locations are

schematically shown in Figure 2. The diameters of the veins in

the upper extremity are measured by using a tourniquet to

increase the reproducibility of the measurements [26]. Arteries

and veins exceeding a 2 mm threshold are considered vessels with

a proper caliber for AVF creation. For details about the duplex

examination, we refer to Bode et al [27]. Missing diameters of the

arm vasculature were obtained by linear inter-, or extrapolation.

Diameters of the aorta and its primary branches were based on

literature and scaled according to upper extremity arterial

diameters [25]. Vessel wall thicknesses were derived from wall

thickness-to-radius ratios: a ratio of 15% was used for the

subclavian, axillary and brachial artery, whereas a ratio of 20%

was used for the radial, ulnar and interosseus artery [28,29,30].

The ratios of all other arteries were based on literature [25]. For

veins a ratio of 10% was chosen [31].

Mechanical properties of the upper extremity vessels were

characterized by vascular compliance. For this, in addition to wall

thickness and diameter, the Young’s modulus was required

[22,32]. The Young’s modulus of the brachial artery was

determined via arterial distensibility, which was assessed by a

Figure 1. Left arm vasculature divided into arterial, venous and anastomosis segments (middle). These segments locally describe the
relation between pressure p and flow q via a lumped parameter approach (right), and consists of a resistor R (viscous resistance to blood flow), a
resistor RL (viscous resistance of blood flow to small side-branches), an inductor L (blood inertia) and a capacitor C (vascular compliance). The
anastomosis is modeled with two nonlinear resistors Rv and Rd. The windkessels consist of two resistors, Zwk and Rwk (together the peripheral
resistance) and a capacitor Cwk (peripheral compliance). This figure is adapted from Huberts et al.
doi:10.1371/journal.pone.0034491.g001

Table 1. The names of all vessels included in the computational domains.

Number [-] Vessel name [-] Number [-] Vessel name [-]

1 Ascending aorta 11 Distal Ulnar artery

2 Aortic arch A1 12 Interosseus artery

3 Left Carotid artery 13 Left Subclavian artery

4 Aortic arch A2 14 Innominate artery

5 Thoracic aorta 15 Right carotid artery

6 Right subclavian artery 16 Distal cephalic vein

7 Vertebral artery 17 Median Cubital vein

8 Axillary and Brachial artery 18 Proximal Cephalic vein

9 Radial artery 19 Basilic vein

10 Proximal Ulnar artery 20 Axillary and Subclavian vein

doi:10.1371/journal.pone.0034491.t001
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Picus ultrasound machine equipped with ARTLAB software

(ESAOTE, Maastricht, The Netherlands). For each patient, vessel

wall distension over the cardiac cycle was measured using a wall-

tracking technique in combination with continuous, non-invasive

pressure registration (Nexfin, BMEye, Amsterdam, The Nether-

lands). The Young’s modulus of the brachial artery was applied for

the compliance of all arterial arm segments, whereas for the aorta

and veins Young’s moduli were based on literature [22,25].

The location of the anastomosis was set to 5 cm proximal to the

wrist in case of a lower arm AVF and 5 cm proximal to the elbow

bifurcation in case of an upper arm AVF, which are conventional

locations for AVF surgery. The angle of the AVF between the

proximal artery and vein cannot be influenced by the surgeon due

to anatomical restrictions. For simulations this angle was set to 45

degrees, because unpublished data of postoperative MR images

show that a typical angle varies between 30 and 60 degrees.

Windkessel parameters were personalized by using mean arterial

pressure and mean arterial flows in the aorta, brachial, radial, and

ulnar artery. Mean flows were obtained by preoperative MR flow

measurements (Philips Healthcare, Best, The Netherlands),

whereas mean arterial pressure was assessed by using the Nexfin.

Blood was considered to behave as an incompressible

Newtonian fluid with a density of 16103 kg/m3 and a dynamic

viscosity of 361023 Pa?s. Intravenous pressure at the subclavian

vein was set to 10 mmHg [33].

In Table 2 an overview of all the measurements performed on

each patient and their required examination time are presented.

The measurements consist of clinical routine advocated by

guidelines and additional measurements performed in the context

of this study.

Analysis
Absolute postoperative flow prediction. In order to

quantitatively determine the accuracy of flow predictions,

predicted flows of the created AVF configuration were

compared with observed postoperative flows as measured with

DUS one week after surgery. In this perspective, the uncertainty of

the flow prediction resulting from input parameter uncertainty is

evaluated by means of Monte Carlo simulations as described by

Huberts et al [24], and expressed through the 25th–75th percentile

interval; the large number of Monte Carlo runs made it difficult to

quantitatively determine normality. The uncertainties applied to

the model input parameters are shown in Appendix S1. For each

Monte Carlo simulation, a value is assigned to each model input

parameter by sampling the uncertainty domains (initial value 6

the applied uncertainty) by means of Latin Hypercube sampling so

that a full coverage of model parameter input space is guaranteed.

The actual postoperative brachial artery flow was assessed by

multiplying the time-averaged outer envelope of the Doppler

velocity spectrum with the local cross-sectional area, which is

obtained from a B-mode image (Figure 2). The velocity profile

throughout the vessel lumen is not exactly known but should lie

between a flat and a parabolic velocity profile. To correct for the

velocity profile, the measured brachial artery flow is presented in

this study between 0.5 (parabolic) and 1 (flat) times the assessed

flow.

Arteriovenous fistula configuration
To examine the model’s feasibility to support decision-making ,

three different AVF configurations (RC-AVF, BC-AVF, BB-AVF)

were considered for each patient, 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, whereas this is 90–100% in elbow

fistulas [34]. Furthermore, postoperative flows larger than 30% of

the cardiac output are associated with an increased risk for cardiac

failure and hand ischemia [8,9]. As a result, AVF configurations

resulting in a predicted postoperative flow between 400 and

Figure 2. Schematic picture of the locations of the diameter measurements in the preoperative DUS examination (left). At the right a
schematic picture of the postoperative flow determination is presented.
doi:10.1371/journal.pone.0034491.g002
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1500 ml/min were considered by the model as an option for AVF

creation. When more AVF configurations resulted in a flow

exceeding 400 ml/min, the sequential order of preference was

RC-AVF, BC-AVF, and BB-AVF. To objectivate the model’s

capability to identify the optimal location for AVF creation, the

suggested AVF configuration was compared with the choice of a

surgeon with ample experience in VA surgery (more than 1000

AVF creations).

Results

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 this analysis because graft material was used for

creation of the VA conduit, which is not supported by the

computational model. A second patient (#21) was excluded

because of immediate thrombosis and, as a result, no postoperative

flow measurement was available.

Figure 3 shows predicted flows versus measured flows one week

after surgery. In addition, the flow measurement at six weeks is

visualized to gain insight into flow enhancement during the

maturation phase. At one week, predicted and measured flow

show overlap in 16 patients (16/23: 70%). In patient #1, #6,

#23, and #24 the predicted flow is an overestimation of the

measured flow, while in patient #7, #18, and #22 the predicted

flow is an underestimation of the measured flow. In patient #1 a

significant hematoma was identified during the immediate

postoperative duplex control, whereas in patient #23 postopera-

tive thrombosis was observed one week after surgery.

Arteriovenous fistula configuration
In 4 of 25 patients postoperative brachial artery flow could not

be simulated for all three AVF configurations because the cephalic

vein could not be visualized preoperatively due to pre-existing

thrombosis (patient #19, #23, and #25) or because the

computations did not converge for all Monte Carlo simulations

(patient #24). As in these patients not all AVF configurations

could be simulated by the model, they were excluded on

beforehand regarding the AVF configuration analysis.

In the remainder of patients (N = 21), the model suggested an

upper arm or lower arm AVF configuration in agreement with the

choice of the surgeon for 16 patients (16/21: 76%). In five patients

the suggestion of the model and the choice of the surgeon were

different (Figure 4); in patients #6, #11, and #16 model

predictions may have allowed for a lower arm AVF, while the

surgeon created upper arm AVF’s. Conversely, in patient #8 the

surgeon created a lower arm AVF, while the model suggests to

create an upper arm AVF. Also in patient #21 a lower arm AVF

was created, whereas the model predicts a too low postoperative

flow for all configurations. These low flow predictions might have

been indicative for the early failure as observed in patient #21.

When differentiating between RC-AVF, BC-AVF, and BB-

AVF, the model suggests the same AVF configuration as the

surgeon in 12 patients (12/20: 60%) (Figure 4). For this analysis,

one additional patient (#15) was excluded, because during the

surgical procedure immediate thrombosis occurred for the

intended BB-AVF 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 BC-AVF or BB-AVF configuration in three patients

(#1, #7, and #22).

Discussion

In this study we investigated the accuracy and feasibility of a

pulse wave propagation model to support decision-making in AVF

surgery by predicting immediate postoperative brachial artery flow

for multiple AVF configurations, , while considering the

uncertainty in the flow predictions resulting from uncertainties

in the model input parameters. By using the described model,

postoperative brachial artery flow could be estimated in 70% of all

patients without subjecting the patient to excessive additional

preoperative measurements.

In clinical routine, preoperative mapping of upper extremity

vasculature with DUS is considered the method of choice to

identify the most suitable site for VA creation, and its clinical

implementation has been associated with a significant reduction of

postoperative failure rates [35,36]. 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 AVF failure in a

significant number of patients [6,7,8,9]. Therefore, alternative

modalities to decrease the incidence of flow related complications

have become of interest.

Pulse wave propagation models have been shown in both

experimental setup and in vivo to be able to simulate pressure and

flow waveforms on multiple locations [37,38]. Some studies have

reported the use of pulse wave propagation models for prediction

of outcome after vascular surgery [39,40]. However, the

application of predictive models is still in its infancy. Regarding

AVF surgery, prior work of our group focused on the development

and experimental validation of a pulse wave propagation model in

which pressure and flow distributions in the upper extremity

vasculature can be simulated [22]. This way, hemodynamic

consequences of AVF creation can be evaluated by taking multiple

prognostic factors, as well as their complex interplay into

consideration, instead of focusing on discrete diameter measure-

ments. As already indicated by a previous pilot study, the pulse

wave propagation model showed potential to suggest the most

suitable AVF configuration by patient-specifically predicting

postoperative flow [22]. In this study, postoperative flow

predictions of the model were subject of clinical validation while

Table 2. Patient-specific measurements performed in the context of the study.

Examination Duration

Current clinical routine Vessel mapping with DUS 60 min

Postoperative flow measurements with DUS 10 min

Additional measurements Fingerpressure and distensibility measurements 15 min

Preoperative MR flow measurements 20 min

doi:10.1371/journal.pone.0034491.t002
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Figure 3. Schematic visualization of predicted and measured postoperative flows for the AVF configuration created by the vascular
surgeon. The error bars in predicted flow are the result of inaccuracies in input parameters, while the error bars in postoperative flow are the result
of measurement inaccuracies21. For patient #15 prosthetic graft material was used for VA creation. For patient #21 no postoperative flow
measurements could be obtained due to immediate thrombosis. A green circle around the patient identification represents overlap between
predicted and measured postoperative flow (16 patients). A red square around the patient identification represents a discrepancy between predicted
and measured postoperative flow (7 patients). Note that patient #24 received an alternative AVF configuration (cephalic vein was anastomosed with
the ulnar artery on the upper arm due to a high brachial artery bifurcation).
doi:10.1371/journal.pone.0034491.g003

Figure 4. The predicted postoperative flows for a RCAVF, BCAVF and BBAVF configuration. The flows are presented as the median of all
Monte Carlo simulations with their 25th and 75th percentile interval. In 4 patients postoperative brachial artery flow could not be simulated for all
three AVF configurations because essential patient-specific data were missing due to thrombosis of the cephalic vein (patient #19, #23, and #25) or
because the computations did not converge for all Monte Carlo simulations (patient #24). An asterix represents the fistula configuration chosen by
the surgeon.
doi:10.1371/journal.pone.0034491.g004
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considering the uncertainty of the model predictions due to input

parameter uncertainties.

By using the pulse wave propagation model, overlap between

predicted and observed postoperative flow was observed in 70% of

the patients. Predicted flows in 4 patients overestimate the flows

measured with ultrasound at one week, while the predicted flows

of 3 patients underestimate the measured flows. Overestimation of

flow in patient #1 and #23 might be explained by the occurrence

of a postoperative hematoma compressing the venous outflow

trajectory, and by unexpected early thrombosis, respectively.

Other possible explanations for overestimation of postoperative

flow might be stenotic segments, curvature or kinking not detected

with routine DUS examination. These vessels abnormalities are

not included in the computational model but would increase the

resistance to blood flow in the VA conduit. An improved depiction

of such structures might further improve absolute flow predictions.

A possible solution might be to perform a MRA of the upper

extremity vasculature which allows for assessment of vascular

diameter over the complete vascular trajectory, and for the

identification of stenoses, curvature and kinking [41,42]. In

addition, MRA might be beneficial in patients in whom vascular

anatomy has been influenced by previous VA creation. The model

can easily be adapted to deal with resulting extra pressure drops

and altered vascular geometries. Underestimation of postoperative

flow might be caused by the lack of vascular adaptation laws in the

computational model. In patient #7 and #22 , this might be

indicated by the large flow enhancement from week one to week

six. In addition, flow mediated dilatation and autoregulation are

not incorporated in the model. Although model improvements

may result in a better description of postoperative hemodynamics,

they also require more (advanced) patient-specific measurements

to acquire all input parameters, and increase the burden on the

patient.

According to the observations in the current study, the

suggestion of the patient-specific wave propagation model for an

upper or lower arm AVF configuration already corresponds to the

selection of an experienced surgeon in 76% of the patients. In

three patients the surgeon decided to create an upper arm AVF,

whereas the model allowed for creation of a lower arm AVF.

When this additional information would have been available to the

surgeon at the time of VA planning, the surgeon might have

considered to preserve proximal vessels for future VA procedures

by primary creation of a lower arm AVF. Conversely, upper arm

AVF creation was suggested in two patients while a lower arm

AVF procedure was performed. In one of these patients,

immediate thrombosis was observed, while in the other patient

the measured flow was slightly above the threshold of 400 ml/min,

as was predicted by the model. This additional information might

also have changed the surgeon’s choice when known in advance.

In this perspective, computational modeling might be considered a

potential valuable tool in the preoperative work-up, in addition to

the currently performed diameter measurements, especially for

surgeons that are less experienced in creating AVF’s. However, a

prospective randomized clinical trial is required to establish the

additional value of the model in routine clinical practice.

Considering the differentiation between BC-AVF and BB-AVF,

a discrepancy between model and surgeon was observed in three

patients: two BC-AVF’s were created where the model suggested a

BB-AVF configuration, and one BB-AVF was created while a BC-

AVF appeared to be feasible according to the model. Although the

model might already be able to differentiate between an upper and

lower arm AVF, it appears to be more difficult to distinguish

between two upper arm AVF configurations. This might be caused

by the fact that in the computational model the inflow and outflow

trajectories are geometrically similar except for venous diameters.

To improve the differentiation between these upper arm AVF’s,

more accurate venous diameter measurements are required.

Moreover, incorporation of accessory veins, the deep venous

system and local vascular adaptation might further improve the

differentiation.

The study presented here has limitations. Firstly, the number of

enrolled patients is not sufficient to determine the predictive value,

sensitivity and specificity of the model as an additional tool in the

preoperative work-up in patients awaiting AVF creation. For this,

a large prospective randomized clinical trial needs to be initiated.

However for the aims of this study, i.e. comparing the patient-

specific predictions with measurements and assessing the feasibility

of the model as potential valuable tool, the number of enrolled

patients suffices. In this study, it was more important to determine

the uncertainty in the predictions due to uncertainties in the input.

In addition, to ensure that conclusions hold for all AVF patients, it

was important to cover a whole range of postoperative flows and

AVF configurations which are representative for the possible flow

regimes after AVF surgery. Both were properly assessed in this

study. As a further limitation, one might consider the difficulty of

model personalization, since in clinical practice not all input

parameters can be obtained for each patient with sufficient

accuracy (e.g. windkessels). The reason for this is the limited

availability of measurement modalities, and moreover, because the

additional burden on the patient should be minimized. Fortu-

nately, the previous sensitivity analysis showed that some input

parameters are more important than others [24]. As a result, half

of all input parameters could be derived from literature. To this

end assumptions had to be made, for which additional sensitivity

analysis showed that these do not significantly alter outcome.

Another limitation is that the model in this study predicts the

immediate postoperative flow as indicator for successful matura-

tion, possible hand ischemia and/or cardiac failure. In this

perspective, the model can already be useful to support decision-

making in AVF surgery. However, to better predict these long-

term effects, long-term adaptation processes as described by e.g.

Roy-Chaudhury et al. [43] should be incorporated in the model.

Unfortunately, the process of maturation and cardiac adaptation is

not fully understood yet. Furthermore, increasing the complexity

of the model will not necessarily result in better flow predictions

because more patient-specific model input parameters are

required, which are all hampered by uncertainty. Finally, the

comparison between simulations and measurements is hampered

by the uncertainty in the flow measurements. In this study, the

postoperative flow measurements were presented with a correction

for the velocity profile but the uncertainty in the cross-sectional

area used in the calculation was neglected. To strengthen

comparison in future studies, it might be worthwhile to improve

the DUS flow measurements.

In conclusion, we have demonstrated that a patient-specific

pulse wave propagation model can be considered potentially

beneficial in the preoperative work-up of patients awaiting VA

creation, since postoperative flow can be predicted relatively

accurately for multiple AVF configurations. Future effort should

focus on acquiring a more detailed overview of patient-specific

vasculature to capture vascular pathology and geometry, and for

simulation of the maturation process, adaptation laws should be

incorporated. To establish the additional value of modeling in

clinical decision-making, a large prospective randomized clinical

trial needs to be performed.
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Supporting Information

Appendix S1 Monte Carlo simulations (see Robert et
al.1 for details about Monte Carlo simulations) are used
to determine the uncertainty in model predictions
resulting from uncertainty in the input parameters
assessed by measurements or from literature by
applying certain assumptions. The uncertainties in the

model parameters and their motivation are shown.
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