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Vascular Remodeling in Autogenous Arterio-Venous Fistulas by
MRI and CFD

Monica Sigovan1, Vitaliy Rayz1, Warren Gasper2, Hugh F. Alley2, Christopher D. Owens2,3,
and David Saloner1,4

1Department of Radiology and Biomedical Imaging, University of California, San Francisco, 4150
Clement Street, Box 411D, San Francisco 94121, CA, USA
2Department of Vascular Surgery, University of California, San Francisco, CA, USA
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Abstract
Hemodynamic parameters play an important role in regulating vascular remodeling in arterio-
venous fistula (AVF) maturation. Investigating the changes in hemodynamic parameters during
AVF maturation is expected to improve our understanding of fistula failure, but very little data on
actual temporal changes in human AVFs is available. The present study aimed to assess the
feasibility of using a noncontrast-enhanced MRI protocol combined with CFD modeling to relate
hemodynamic changes to vascular remodeling following native AVF placement. MR angiography
(MRA) and MR velocimetry (MRV) data was acquired peri-operatively, 1 month, and 3 months
later in three patients. Vascular geometries were obtained by segmentation of the MRA images.
Pulsatile flow simulations were performed in the patient specific vascular geometries with time-
dependent boundary conditions prescribed from MRV measurements. A principal result of the
study is the description of WSS changes over time in the same patients. The disturbed flow
observed in the venous segments resulted in a variability of the WSS distribution and could be
responsible for the non-uniform remodeling of the vessel. The artery did not show regions of
disturbed flow upstream from the anastomosis, which would be consistent with the uniform
remodeling. MRI use demonstrated the ability to provide a comprehensive evaluation of clinically
relevant information for the investigation of upper extremity AVFs. 3D geometry from MRA in
combination with MRV provides the opportunity to perform detailed CFD analysis of local
hemodynamics in order to determine flow descriptors affecting fistula maturation.

Keywords
Computational fluid dynamics; Magnetic resonance imaging; Vascular access; Hemodialysis
fistula; Vascular remodeling; WSS

INTRODUCTION
The incidence of kidney failure has increased dramatically due to the increasing prevalence
of diabetes and an increase in the aging population. These patients require permanent
vascular access for dialysis therapy. Although native arterio-venous fistulas (AVF) are
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recommended and widely used, given their superiority to grafts,13 they are very prone to
complications during maturation, with a high incidence of primary failure (or a failure to
mature).6,23,30 AVF maturation is an active process of vascular remodeling that is a response
to the altered biomechanical forces induced in the vascular system by placement of the
fistula. At the time of fistula placement, the venous segment is transposed into the arterial
circulation following which the vessel remodels adjusting to the increased flow and
pressure. Complications, such as impaired remodeling, stenosis development, and
insufficient flow, occur frequently during this remodeling process. These complications can
eventually lead to failure and the inability of the fistula to support dialysis. A number of
clinical studies have shown that in fistulas that fail to mature the most common anatomical
problem is stenosis,3,16 with intimal hyperplasia (IH) as the underlying cause.38

There is general consensus that hemodynamic parameters play an important role in
regulating vascular remodeling. Key in this process is the endothelium that senses and
responds to significant alterations in wall shear stress (WSS).10,21,37 Endothelial
mechanoreceptors sense the increase in WSS and, through a variety of activated signaling
cascades, induce vasodilatation and promote structural changes.1 Therefore, an investigation
of hemodynamics in AVFs, particularly of WSS distribution, and how that relates to
vascular remodeling could provide insight into the mechanisms of failure as these
mechanisms are still not fully understood.31

Developing an understanding of the relationship between vascular remodeling and
hemodynamic forces requires accurate measurements of physiological parameters and a
detailed 3D analysis of the local blood flow field. Important insights can be obtained by
utilizing serial imaging to monitor the evolution of the maturation process over time. The
clinical imaging methods that are available have several drawbacks. Digital subtraction
angiography (DSA) is the gold standard for angiography as it provides very high spatial
resolution, however it is invasive and unsuited to serial 3D monitoring. For blood flow
velocity measurements, Doppler ultrasonography (DUS) is limited in its ability to provide a
full map of the 3D velocity field. MRI has the unique ability to provide blood flow velocity
measurements and 3D angiographic information with anatomical landmarks. This allows
straightforward co-registration between time points. A detailed analysis of the local blood
flow fields can be obtained in patient-specific geometries using computational fluid dynamic
(CFD) models, as demonstrated by numerous studies in intracranial and aortic
aneurysms,28,29 carotid bifurcations, 25,32 and other vascular territories.36 In AVF
investigations, CFD was shown to be a powerful tool for describing flow fields in both
idealized models and patient specific geometries.4,8,15 However, those analyses were
performed at single time points, and do not provide a comprehensive correlation of flow
factors to the vessel remodeling that is observed in longitudinal studies.

Temporal changes in luminal area, and WSS have been investigated in animal models of
graft placement. 26,27 However, very little data describing the changes in humans is
available. Description of changes in estimated WSS and vessel diameter at specific locations
was obtained by US studies,5 but no 3D analysis was provided.

The present study aimed to assess the feasibility of using a noncontrast-enhanced MRI
protocol combined with CFD modeling to relate hemodynamic changes to vascular
remodeling in the 3 months following native AVF placement in humans.
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MATERIALS AND METHODS
Patient Population

Three male patients (age range: 61–85 years, mean age 76 years) referred to vascular
surgery for fistula creation were recruited to this study under IRB approval. Patient
demographic data is presented in Table 1. Fistulas in the elbow region were created in all
patients as follows: two brachio-cephalic (Patient 1, right arm, and Patient 2, left arm), and
one brachiobasilic (Patient 3, left arm). All patients were scanned peri-operatively (within 5
days following surgery), 1 month, and 3 months later.

MR Imaging
All MR images were obtained on a 1.5T Siemens Avanto scanner (Erlangen Germany) using
a surface coil wrapped around the arm at the level of the region of interest. A 2D time of
flight (TOF) sequence was used for anastomosis localization. This was followed by a higher
resolution 3D TOF acquisition that covered a region of approximately 4 cm above the
anastomosis and 2 cm below. The acquisition parameters were as follows: TR/TE = 30/7 ms,
flip angle (FA) = 25°, field of view (FOV) = 130 × 113 × 60 mm3, voxel size = 0.25 × 0.25
× 0.6 mm3, receiver bandwidth = 158 Hz/pixel, and number of averages (NA) = 1. Through-
plane blood flow velocities in the feeding artery and draining vein were measured 3 cm
above the anastomosis. The sagittal and coronal projections (MIP) of the 2D TOF scan were
used to position the imaging slice transverse to the vessel of interest. A 2D phase contrast
sequence (PC-MRV) was used for the measurements (velocity encoding (VENC) = 150–250
cm/s, TR/TE = 29.5/4.11 ms, FA = 30°, FOV = 200 × 150 mm2, slice thickness = 5 mm,
voxel size = 0.78 × 0.78 mm2, receiver bandwidth = 391 Hz/pixel, NA = 3). 20–31 time
points were acquired through the cardiac cycle (Fig. 1). Total duration of the study did not
exceed 40 min.

Geometry and Flow Analysis
For each patient, semi-automated segmentation of the 3D TOF data was performed using
image analysis software (Amira, Visage Imaging GmbH) to obtain a 3D iso-surface defining
the intra-luminal volume of the fistula. Temporal changes in the vascular anatomy were
evaluated using this 3D iso-surface. The analysis was performed in Matlab (The MathWorks
Inc, Natick, MA). Vascular lumen cross-sections were obtained along the vessel centerline
at 0.3 mm intervals, and cross-sectional areas were calculated. The intersection of the
centerlines at the anastomosis was used as a landmark. A co-registration of the vascular
anatomy was then performed for each patient by applying a rigid transformation (translation
and rotation) to each of the lumen cross-sections in order to place them at the corresponding
distance from the landmark on the centerline at 3 months post surgery. This method assumes
that no changes occurred in the length of the vessels, a fair assumption based on extensive
clinical experience in AVF assessment. A direct evaluation of the changes in the length of
the vessels was not possible because no landmark points other than the anastomosis could be
identified on the TOF-MRA data to enable this analysis.

Analysis of the PC-MRV data was performed offline using Matlab (The MathWorks Inc,
Natick, MA). Eddy current induced background phase errors were determined from a linear
fit of the static tissue of the arm and subsequently subtracted from the velocity maps.19

When imaging off-center, strong gradient nonlinearities affect the nominal velocity
measurements performed at those locations. Thus, velocity maps were also corrected for
gradient field nonlinearity using a method described by Markl et al.24 Briefly, distortion
coefficients are calculated from a scanner specific theoretical field model. The coefficients
are then used to correct velocity data. Regions of interest (ROI) encompassing the vascular
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lumen were drawn by one observer, on the magnitude data and copied to the corrected
velocity maps for flow measurements.

Computational Model
The 3D iso-surface defining the intra-luminal volume of the fistula was transferred into
Rapidform (INUS Technology), a 3D modeling software, where a polygonal surface was
formed. In order to avoid flow entrance effects, a section of the arterial segment proximal to
the anastomosis was included in all CFD models. The computational mesh was generated in
Hypermesh (Altair Engineering, Troy, MI) software. An unstructured grid with a nominal
resolution of 0.3 mm was generated in all models. This resulted in approximately quarter
million cells in each model. For one of the models, a steady flow simulation was conducted
on subsequently refined grids. Averaged wall shear stress values computed on a grid with
roughly doubled number of cells were within 5% of the values obtained on the original grid.
It was therefore decided that the errors due to mesh resolution are sufficiently small and this
relatively crude mesh density was used in subsequent analysis, in order to save on
computational time in conducting transient simulations for 9 different geometries. Pulsatile
flow simulations were carried out at each imaging time point for each patient. A finite-
volume package, FLUENT (ANSYS, Inc., Canonsburg, PA) was used to solve the
governing Navier–Stokes equations. Time-dependent boundary conditions were prescribed
using through-plane PC-MRV measurements over the cardiac cycle. At each computational
time step, in addition to specifying the inlet velocity, a targeted flow rate was prescribed at
the venous outlet in order to match the flow division between the venous and the distal
arterial segments to that measured with MRV. In order to preserve continuity the outlet flow
rates were scaled to ensure their sum is equal to the inlet flow rate.

Newtonian flow was assumed in all simulations, with dynamic viscosity of 0.0035 Pa s and
density of 1060 kg/m3. Non-Newtonian blood behavior is important when the size of the
vessel is comparable to the size of red blood cells, or in regions with low shear stress, which
is not the case for the AVF vessels. For this study, intended as an initial investigation, the
arterial and venous walls were considered rigid. Second- order schemes were used for
numerical discretization in space and time. The iteration steps were repeated until
convergence was reached, as indicated by a four order magnitude reduction of the residuals.
The unsteady flow simulations were performed through three pulsatile cycles to eliminate
the influence of initial transients and results obtained in the last cycle were used for the
analysis of the flow fields.

WSS Analysis
The juxta-anastomotic venous segment (~5 cm) is the region most prone to stenosis
development. Therefore, the WSS analysis was focused on this segment. Geometries from
the follow-up points were displayed side by side. Two planes were prescribed transverse to
the venous segment, one at the level of the suture, and one in the proximal region at the end
of the swing segment. The WSS distribution was calculated as a function of covered area in
the venous segment contained between the two planes.

RESULTS
Temporal Changes of the Vascular Geometry

The angiograms had sufficient image quality to permit vessel segmentation although signal
diminution was noted in venous structures as is expected for 3D TOF-MRA. Figure 2
presents a rigid co-registration of the vascular geometries obtained for a brachiocephalic
AVF (Patient 1) at 5 days, 1 month, and 3 months after surgery. Note the sharp curvature of
the venous segment at 5 days, and the out of plane bends.
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The centerline based co-registration is presented in Fig. 3 (left) together with the plots of
luminal crosssectional areas of both the vein and the artery, calculated at each time point
(right). Arterial luminal cross-sectional areas increased homogeneously along the
investigated length. Venous luminal cross-sectional areas showed a more heterogeneous
variation along the investigated length. Regions closer to the anastomosis showed a
decrease, while regions in the distal vein showed an increase, leading to a greater
distribution of sizes at 3 months (Fig. 3). Interestingly, Patient 2 showed a very strong
increase in the venous cross-sectional areas at 1 month that was followed by a decrease in
most regions at 3 months.

Temporal Changes of Hemodynamic Parameters
Flow Visualization—Flow patterns and WSS distribution for Patient 1 over time are
presented in Fig. 4. Streamlines show helical flow in the draining vein at 5 days post surgery
that changed into more unidirectional flow at the later time points. Regions of recirculating
flow were identified in the vein, at the proximal part of the swing segment at day five, and
distal to the anastomosis at 1 and 3 months. Very slow flow was observed in the artery
downstream of the anastomosis. Cross-sectional areas in the vein increased with time
accompanied by a decrease in blood flow velocities. WSS decreased with time in the entire
investigated volume. The WSS profiles also showed a decrease from the anastomosis to the
proximal vein [from more red (high WSS) to more blue (low WSS)]. Furthermore, a non-
uniform distribution of WSS was observed in the swing segment between the outer and
inner walls caused by the high-velocity jet propagating along the outer wall. Higher WSS
values were also observed on the outer wall of the proximal part of the swing segment.

Flow patterns and WSS distributions over time for Patient 2 are presented in Fig. 5.
Streamlines did not show helical flow in the swing segment at any time point. Regions of
recirculating flow were observed in the vein, specifically in the proximal part of the swing
segment at day one, in the swing segment at 1 month, and distal to the anastomosis at 3
months. Similar to Patient 1, very slow flow was observed in the artery downstream of the
anastomosis at all three time points. Opposite to the uniform increase observed for Patient 1,
venous cross-sectional areas in this case showed heterogeneous variation. Narrow regions at
1 day, such as the proximal part of the swing segment, presented a strong increase in vessel
diameter; while other regions in the swing segment presented a decrease in diameter at 1 and
3 months. Blood velocities increased during the first month after surgery and subsequently
decreased. WSS profiles showed a similar temporal and spatial decrease from the
anastomosis to the distal vein as observed for Patient 1. In addition, the heterogeneous
distribution of WSS between the outer and inner walls was also observed.

Conversely to the first two patients, with brachiocephalic AVFs, a brachio-basilic AVF was
created for Patient 3. Flow patterns and WSS distribution over time are presented in Fig. 6.
Streamlines showed helical flow in the vein at all three time points. In addition, blood
velocities increased with time. Furthermore, an increase in the cross-sectional area of the
anastomosis and the distal vein was observed over time.

The disturbed flow observed in the venous segments resulted in a variability of the WSS
distribution and could be responsible for the non-uniform remodeling of the vessel. On the
other hand, the artery did not show regions of disturbed flow above the anastomosis, which
would be consistent with uniform remodeling.

Quantitative Analysis—For each model, the Reynolds numbers based on the diameter
and peak systolic velocity at the anastomosis as well as the Womersley numbers are
presented in Table 2.
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Venous flow was not calculated at the first imaging point for Patient 3 due to aliasing in a
very narrow vein. It was estimated as 125% of the arterial flow based on data showing a
higher likelihood of retrograde flow in the distal arterial segment, that generally accounts for
25–30% of the venous flow.33 Furthermore, retrograde flow was actually observed in this
patient at one and at 3 months. Flow variation over time for each patient is presented in
Table 3. Both arterial and venous flow increased during the first month after surgery in all
three patients. Over the following 2 months arterial flow did not show a change for Patients
1 and 3, remaining above 500 mL/min, and decreased for Patient 2. Venous flow remained
the same for Patient 1, decreased below 500 mL/min for Patient 2, and increased for Patient
3.

A decrease in mean WSS values of the venous segment from the initial point to 3 months
after surgery was observed for Patient 1 (from 31.4 to 9 Pa), and Patient 2 (from 51 to 11
Pa). Conversely, no appreciable change in mean WSS values was observed for Patient 3
(108.4 at 1 day and 110.3 Pa at 3 months). The temporal changes of the WSS distribution in
the venous segment as a function of area were calculated for each patient at each time point
(Fig. 7).

Clinical Outcomes—Long-term clinical follow-up was performed for each patient. By
clinical assessment, only one fistula was deemed mature and was used for dialysis at 2
months (Patient 1); at 8 months the patient underwent angioplasty to treat stenosis in the
vein. Patient 2 presented with a thrombosed fistula at 10 months but endovascular repair was
not attempted because of concern for contrast agent toxicity. No clinical data was available
for earlier points. Patient 3 was not started on dialysis because the kidney function was
maintained at a level at which dialysis treatment was not necessary. The patient underwent a
second stage intervention (venous transposition) after the third MRI study. Subsequently,
DSA with balloon angioplasty was performed at 8 months to treat stenoses in the vein, and
the fistula eventually failed at 10 months.

DISCUSSION
Knowledge of the changes in hemodynamic parameters during AVF maturation is expected
to improve our understanding of fistula failure, but very little data on actual temporal
changes in human AVFs is available in the scientific literature. The present study describes
the geometric and hemodynamic changes over time during AVF maturation in humans using
MRI/CFD. MRI use demonstrated the ability to provide a comprehensive evaluation of
clinically relevant information for the investigation of upper extremity AVFs created in
three patients. Using CFD in patient specific geometries, the 3D velocity fields were
simulated and WSS was calculated at three different time points during AVF maturation.

AVF maturation is a dynamic process characterized by increase in blood flow rates. The
acute pressure drop at the moment of fistula placement produces a tenfold increase in
arterial blood flow rate, as measured by duplex Doppler ultrasound. Subsequently, within
the first month, a continued strong increase in blood flow is observed, followed by a slower
increase at later points.7,23 The acute change in blood flow rates, from baseline to
immediately after fistula placement, was not studied here. However, the changes we
observed from immediately after surgery to the later time points (1 and 3 months), are in
agreement with previous findings, albeit for fistulas involving the radial artery. At 1 month,
blood flow increased in all three fistulas. At 3 months, similar blood flow values compared
to the previous point were obtained for two patients and a decrease was found for the third.
Because flow rates do not change significantly after 1 month, Robbin et al.30 suggested that
blood flow measurements obtained between 4 and 8 weeks can be used to predict fistula
outcome, and concluded that an average of 780 ± 401 mL/min relates to successful
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maturation and 418 ± 294 mL/min to unsuccessful outcomes. In the present study, arterial
blood flow rates at 1 month after surgery were above the average value, predicting a
successful outcome. However, only one fistula was considered mature and was used for
dialysis, and all three fistulas presented complications after 8 months.

At the moment of fistula placement, in addition to its introduction into the arterial
circulation, the venous segment undergoes significant geometrical changes. A segment,
called the swing segment, is freed from the surrounding tissue and mobilized toward the
artery. This results in ischemia/reperfusion and vessel trauma, possibly damaging the
endothelial cell layer. Subsequently, vessel remodeling occurs in three directions:
longitudinal, circumferential, and radial.6 Circumferential remodeling, investigated in our
study, was homogeneous in the arterial segment, with low variability of the cross-sectional
areas along the length. Conversely, the venous segment presented a heterogeneous
remodeling, with high variability of the cross-sectional areas along the investigated segment.
The heterogeneous venous remodeling we observed corresponded to disturbed flow patterns
in the swing segment, and presence of recirculation regions. Retrospective investigations
have shown that stenoses occur predominantly in the swing segment region, specifically at
the anastomosis floor, on the inner wall of this segment, and after the curved region
(proximal part of the swing segment) when the vein straightens out.2,34

Furthermore, the velocity gradients that produce the friction forces sensed by the endothelial
cells, are responsible for inducing a variety of activated signaling cascades that result in
structural changes in the vessel wall.1 Understanding the role of the WSS in fistula
maturation requires hemodynamic studies during the maturation process itself. CFD
modeling is an accurate and comprehensive method that allows characterization of the 3D
velocity field and the WSS distribution. 14 A principal result of our study is the description
of WSS changes over time in the same patients. Our results are in line with previous CFD
investigations of AVFs both in idealized and patient specific models presented at only one
time instant.8,14,15 Flow patterns in the curved regions of the geometry resulted in higher
WSS values on the outer curvature and lower WSS on the inner curvature. The low WSS
areas corresponded to recirculation regions. Current theories relate stenosis development to
these regions of flow recirculation.9 However, other studies have related high flow rate,
rather than low with stenosis development in AVFs.11,12 It appears from these studies that
hemodynamic parameters have an influence on fistula outcome. In addition to these
parameters, AVF patency is also linked to the patient’s clinical condition and to individual
genetic factors involved in the biological responses to injury.20,22

Limitations
Conventional non contrast-enhanced MRA techniques, such as the one used here (TOF),
rely on inflow effects and are dependent on blood flow velocities. The variations in blood
flow velocities and the asymmetry of the vascular geometry in AVFs may result in spatial
variation in magnetization, thus affecting image quality. However, manual segmentation of
this data was performed on the source images using a 3 plane viewer, which helped obtain a
model as close to the real geometry as possible. We have recently shown that TOF is
outperformed by USPIO-enhanced MRA, which provides better luminal delimitation.
However, in the same study, diameter measurements correlated well between the two
sequences. We can thus assume that the patient specific geometries used were adequate for
the purposes of this study. Furthermore, feasibility of non contrast-enhanced MRA has been
demonstrated in studies performed on patients with mature failing fistulas, characterized by
slow flow.18,39

A comparison between baseline and follow-up geometries and flow fields is challenging due
to substantial remodeling of the entire venous segment of the AVF. Similarly, correlation
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between WSS distribution and the observed vessel remodeling is difficult to obtain. In order
to have an objective measure of the changes we used average WSS values over the
remodeling venous segment.

We also note that the numerical simulations presented in this study did not account for the
vessel wall compliance. The oscillatory motion of the walls due to pulsatile flow could have
a noticeable effect on the WSS distribution. This issue will be addressed in future studies by
conducting fluid–solid interaction analyses. Also, it is possible that increased flow rates and
stenotic constrictions may lead to transitional or turbulent flows in AV fistulas. A critical
Reynolds number was estimated for each of the models, based on the formula presented by
Stalder et al.35 Comparison of the Reynolds numbers based on the diameter and peak
systolic velocity at the anastomosis showed that in all cases the Reynolds numbers did not
reach the critical value and the therefore the laminar flow model was likely to be adequate.
Additional studies are required to determine whether a laminar solution is sufficiently
accurate. Nevertheless, this initial, image-based CFD data elucidates the hemodynamic
changes occurring in AV fistulas during maturation.

The specific causes of fistula failure remain unknown. When trying to address this, animal
studies are important because of the possibility of performing histological analysis, enabling
correlation of hemodynamic findings to the actual structural changes in the vessel wall. A
few recent studies have characterized WSS distributions in vascular accesses (grafts and
native AVFs) created in animal models and described correlations with vascular remodeling.
Two studies used contrast-enhanced MR angiography and 2D PC-MRV to investigate
temporal changes in the geometry, flow, and WSS in pigs following placement of PTFE
grafts.26,27 Krishnamoorthy et al.17 applied CFD to simulate complete WSS profiles in two
configurations of native AVFs created in pigs. They found an inverse correlation between
mean WSS at the time of AVF placement and the degree of luminal stenosis at 42 days post-
surgery.

CONCLUSION
MRI is the most suitable modality for studying the maturation of AV fistulas, as it provides
an angiographic map, velocity measurements, and, potentially, information on the vessel
wall morphology, all in one imaging session. 3D geometry offers a complete view of fistula
evolution over time, and in combination with MR velocity data, provides the opportunity to
perform detailed CFD analysis of local hemodynamics in order to determine flow
descriptors affecting fistula maturation.
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FIGURE 1.
MR images acquired at 3 months after surgery for Patient 2. Left: full thickness MIP image
of the brachio-cephalic fistula, and the approximate location of the imaging plane used for
velocity measurements. Right: magnitude and phase 2D PCMRV images (Top), time
resolved volumetric flowrate waveforms measured in the brachial artery and in the cephalic
vein (Bottom).

Sigovan et al. Page 11

Ann Biomed Eng. Author manuscript; available in PMC 2014 April 01.

N
IH

-PA Author M
anuscript

N
IH

-PA Author M
anuscript

N
IH

-PA Author M
anuscript



FIGURE 2.
Rigid co-registration of vascular geometries from 5 days (blue), 1 month (green) and 3
months (red) after placement of a brachio-cephalic fistula for Patient 1. Lateral (a), side (b)
and top (c) views. Note the sharp curvature of the venous segment, particularly at 5 days (a),
and the out of plane bend (b).
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FIGURE 3.
Center-line based co-registration of luminal geometries for Patient 1, Patient 2, and Patient 3
(left). Venous and arterial cross-sectional area change over time (right). Note the strong
increase in cross-sectional area in several regions of the vein at 1 month post surgery for
Patient 2 followed by a decrease at 3 months.
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FIGURE 4.
Comparison of the velocity fields (left) and WSS distributions (right) in a patient specific
geometry of a brachiocephalic AVF (Patient 1) from top to bottom: at 5 days, 1 month and 3
months following fistula placement surgery. Cross-sectional images at each time point
present the velocity magnitude at the anastomosis (a), in the swing segment (b), and the
proximal part of the swing segment (c).
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FIGURE 5.
Comparison of the velocity fields (left) and WSS distributions (right) in a patient specific
geometry of a brachiocephalic AVF (Patient 2) from top to bottom: at 1 day, 1 month and 3
months following fistula placement surgery. Cross-sectional images at each time point
present the velocity magnitude at the anastomosis (a), in the swing segment (b), and the
proximal part of the swing segment (c).
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FIGURE 6.
Comparison of the velocity fields (left) and WSS distributions (right) in a patient specific
geometry of a brachio-basilic AVF (Patient 3) from top to bottom: at 1 day, 1 month and 3
months following fistula placement surgery. Cross-sectional images at each time point
present the velocity magnitude at the anastomosis (a), in the swing segment (b), and the
proximal part of the swing segment (c).
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FIGURE 7.
Plots showing the distribution of WSS values obtained at peak systole in the venous segment
at each time point. Note that WSS values decrease with time for Patients 1 and 2, and remain
relatively unchanged for Patient 3.
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TABLE 1

Patient demographic data (n = 3).

Characteristic Number

Age, average (range) 76 (61–85)

Male sex 3/3

Race

 White 1/3

 Black 2/3

Hypertension 3/3

Coronary artery disease (CAD) 1/3

Diabetes mellitus (DM) 1/3

Hyperlipidemia 2/3

On dialysis at study enrollment 2/3

eGFR if not on dialysis, average ml/min/1.73 m2 13

Causes of renal failure

 Ischemic nephropathy 1/3

 Diabetes and hypertension 1/3

 Hypertension 1/3
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TABLE 2

Reynolds number based on the diameter and peak systolic velocity at the anastomosis, and Womersley number
for each patient and the three follow-up points.

Reynolds number (anastomosis) Womersley number

Patient 1

 Point 1 1274 3.97

 Point 2 1359 3.43

 Point 3 969 3.64

Patient 2

 Point 1 1314 2.57

 Point 2 1899 3.29

 Point 3 834 3.46

Patient 3

 Point 1 – 2.75

 Point 2 1599 2.81

 Point 3 2130 3.39
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TABLE 3

Temporal variation of the volume flow in both the artery and the vein.

<5 days 1 month 3 months

Patient 1

 Artery 520 906 814

 Vein 513 718 700

Patient 2

 Artery 1078.5 1217 658

 Vein 776 971 430

Patient 3

 Artery 436 1104 1180

 Vein – 1160 1363
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