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Introduction: The dramatic hemodynamic disturbances induced by
arteriovenous fistula (AVF) creation are universally acknowledged as the
triggering factors for AVF dysfunction. The postoperative blood redistribution
is greatly relevant with the flow disturbances of the AVF, such as disturbed flow,
low wall shear stress (WSS), and oscillating WSS. However, the relationship
between blood redistribution and hemodynamic disturbances of AVF remains
unexamined. The role of clinically observed retrograde blood flow at the distal
radial artery is rarely understood.

Methods: In this study, an idealized AVF model was developed with clinical data
collected from end-stage renal disease patients. By considering the
postoperative blood redistribution, the influence of the blood flow rate ratio
on hemodynamic disturbances is numerically studied.

Results and discussion: The results demonstrate that the creation of the AVF can
result in flow disturbances such as vortex, reciprocating flow, and low and
reciprocating WSS, whose occurrence regions are consistent with clinical
observations. The flow rate ratio and flow direction of the distal radial artery
play important roles in regulating the low-WSS area within the AVF anastomosis,
especially for the flow rate of the proximal radial artery (PRA). Moreover, the
clinically observed retrograde blood flow in the distal radial artery contributes to
the reduction in the low-WSS area, revealing a compensatory mechanism. This
study can provide valuable insights for understanding the effect of blood
redistribution on flow disturbances in the AVF, as well as the compensatory
role of the retrograde distal radial artery flow, which helps optimize blood
redistribution for a well-functioning AVF.
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1 Introduction

Hemodialysis is the most common treatment method for
patients with end-stage renal disease (ESRD). To achieve efficient
hemodialysis, a well-functioning vascular access (VA) is required
(Bello et al., 2022; Shahinian et al., 2020). Typically, the
radial–cephalic arteriovenous fistula (AVF) is the most preferred
VA and strongly recommended by clinical guidelines worldwide due
to its advantages of longevity, low complications, and low morbidity
(Lok et al., 2020; Arhuidese et al., 2022). Despite being the optimal
VA, significant primary failure rates and unsuccessful maturation
rates have been reported (Shiu et al., 2019; Jia et al., 2015; Shiu et al.,
2019; Huber et al., 2021; Venkat Ramanan et al., 2022).

It is universally acknowledged that the dramatic changes in
hemodynamic effects after AVF creation are mainly relevant to
AVF maturation failure. The resulting flow disturbances referring
to the disturbed flow, low wall shear stress (WSS), and oscillatingWSS
are considered critical hemodynamic factors leading to neointimal
hyperplasia (NIH) and further AVFmaturation failure (Tordoir et al.,
2018; Jia et al., 2015; Shiu et al., 2019; Colley et al., 2020; Hyde-Linaker
et al., 2022; Ene-Iordache et al., 2015; Browne et al., 2015;
Sadaghianloo et al., 2019). AVF bypasses the resistance vessels of
the distal extremity and forms a short circuit between the arterial and
the venous systems. As a result, the rate of volume flow through AVF
increases dramatically (Colley et al., 2020; Dixon, 2006). The dramatic
hemodynamic changes are greatly relevant to AVF anastomosis
techniques, including anastomosis types, size, and angle and AVF
configuration Ene-Iordache et al. (2015); Ene-Iordache and Remuzzi
(2017); Rosado-Toro et al. (2022); Pike et al. (2017); Van Canneyt
et al. (2010); Iori et al. (2015); Carroll et al. (2019); Alam et al. (2022);
Suqin et al. (2020). In some cases, owing to the overall resistance
balance after AVF creation, there will be retrograde flow of blood from
the distal artery to feed the low-resistance vein (Ene-Iordache and
Remuzzi, 2012; Colley et al., 2020; Dixon, 2006; Ramuzat et al., 2003;
Hyde-Linaker et al., 2022; Sivanesan et al., 1998). Hence,
understanding the role of postoperative blood redistribution in the
flow disturbances of AVF is essential for probing the hemodynamic
mechanisms of AVF maturation failure.

Computational fluid dynamics (CFD) is a common methodology
that allows for reconstruction and visualization of the AVF
hemodynamic microenvironment (Ene-Iordache and Remuzzi,
2012; Hyde-Linaker et al., 2022; Ene-Iordache et al., 2015; Ene-
Iordache and Remuzzi, 2017; Rosado-Toro et al., 2022; Pike et al.,
2017; Van Canneyt et al., 2010; Iori et al., 2015; Carroll et al., 2019;
Alam et al., 2022; Suqin et al., 2020; Carroll et al., 2019; Yang et al.,
2020). CFD with idealized geometry has the advantages of low
computational cost and facilitation of parametric analysis. Various
CFD studies were conducted with ideal AVF models to analyze
different AVF surgical techniques and optimize flow pathways
(Ene-Iordache and Remuzzi, 2012). An ideal end-to-side AVF
model was proposed to study the influence of anastomosis size
and angle on hemodynamic factors (Van Canneyt et al., 2010;
Yang et al., 2020). The pressure decreased with a larger
anastomosis cross-sectional area and an angle wider than 43°. An
anastomosis angle exceeding 58° would lead to a retrograde flow of
blood from the distal artery. The effects of the arterial curvature on
blood flow and oxygen transport patterns within the AVF were also
investigated (Iori et al., 2015). The results revealed that a placing a vein

graft onto the outer curvature of a curved artery would avoid unsteady
flow and placing a vein graft onto a straight artery or the inner
curvature of a curved artery would prevent low WSS and low lumen-
to-wall oxygen flux that leads to the development of NIH. Some
numerical studies (Ene-Iordache and Remuzzi, 2012; 2017; Remuzzi
and Ene-Iordache, 2013) have been conducted to characterize the
patterns of disturbed flow and WSS associated with stenosis and
vascular remodeling, including the low and oscillating WSS as well as
the multidirectional and reciprocating near-wall flow. The CFD
simulations with an end-to-side configuration showed good
agreement with experimental studies (Colley et al., 2020; Remuzzi
and Ene-Iordache, 2013; Gunasekera et al., 2020). These
abovementioned CFD studies elucidate complex hemodynamic
factors related to AVF outcomes (NIH, stenosis, and thrombosis),
which helps understand the etiology of AVF maturation failure.
However, how post-operative blood redistribution affects flow
disturbances in AVF remains unexamined. The role of clinically
observed retrograde blood flow at the distal radial artery is not
well understood.

In the present study, a CFD study is conducted to analyze the
effect of blood redistribution on the flow disturbance of the AVF. An
ideal AVF model is developed using realistic clinical data collected
from ESRD patients. By considering the blood redistribution
induced by AVF creation in terms of varying flow rate ratios, the
hydrodynamic disturbances in the AVF are numerically studied,
including flow patterns and abnormal areas with low and
reciprocating WSS. Moreover, the role of retrograde blood flow
at the distal radial artery is identified.

2 Materials and methods

2.1 Acquisition of clinical data

A female patient undergoing maintenance hemodialysis for
13 weeks was included in the trial and data collected. An end-to-
side anastomosis was surgically created to construct a radiocephalic
AVF for hemodialysis access (Figure 1). The waveforms of blood flow
velocities at the proximal radial artery (PRA) and distal radial artery
(DRA) of the AVF in the left forearm were measured using the
Doppler ultrasonic detector (ARIETTA 60, Hitachi, Japan). The
direction of blood flow (antegrade or retrograde) in the DRA is
determined by the color (red or blue) of the ultrasound image for
identification. Simultaneously, the diameters of the PRA, DRA, and
distal cephalic vein (DCV) were measured 4 cm away from the
anastomosis (Supplementary Table S1). The blood pressure at the
distal cephalic vein is evaluated using the invasive pressure sensor
(TRAM 451, GE Healthcare, United States). The absolute pressure at
the cephalic vein is ~8 mmHg (1,064 Pa). The heart rate of the patient
is measured using a blood pressure monitor with an average value of
~70 bpm. The procedure was approved by the Ethics Committee of
the Affiliated Central Hospital of Dalian University of Technology.

2.2 Geometric model and CFD simulation

An idealized end-to-side AVF geometry (Figure 2) is
reconstructed based on the measured data of the patient
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(Table 1). Two lumens with diameters of 3.0 mm and 1.2 mm are
idealized accordingly as PRA and DRA by aligning their outer edges.
A lumen with a diameter of 5.0 mm is modeled as the cephalic vein.

The anastomotic segment is merged smoothly using a basis spline
curve with an anastomosis angle of 45°, and the distal vein segment
is positioned parallel with the artery segment in the longitudinal axis
of the forearm.

The idealized AVF model was reconstructed using
SOLIDWORKS 2021 and further imported into the simulation
software COMSOL Multiphysics® for analysis. To conduct the
simulation, the boundary conditions were defined according to
the clinical acquisition data. A uniform velocity condition
(Figure 2) extracted from the ultrasonic image (Figure 1) was
applied at the PRA inlet of the AVF model. At the DRA, a
uniform velocity condition (Figure 2), referring to the same
velocity across the entire cross-section, extracted from the

FIGURE 1
(a) Real image during ultrasonic acquisition of blood flow velocity. (b) Schematic of radial–cephalic AVF. (c) Clinical measurements of blood flow
velocities at the PRA and DRA of AVF and RA and CV of the normal forearm.

FIGURE 2
Geometry (a) and meshing (b) of the patient-specific idealized AVF model. Flow velocities at the PRA and DRA are presented in one cardiac cycle.

TABLE 1 Average velocity and diameter of the PRA, DRA, and CV at the AVF
forearm.

Vessel Average velocity (cm/s) Diameter (mm)

PRA 57.7 3.0

DRA 34.3 1.2

CV —— 5.0
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ultrasonic image (Figure 1), was set, where the flow direction
depends on the anterograde or retrograde flow of blood. A
uniform pressure condition, referring to the same pressure across
the entire cross-section, was adopted at the CV outlet. Infinite
conditions were added to extend the PRA, DRA, and CV
segments to allow sufficient length for flow to fully develop prior
to entering the AVF anastomosis. Slip-free boundary conditions (the
no-slip hypothesis that the fluid velocity at the wall is 0) were
adopted at the walls of blood vessels. A mesh comprising
~0.12 million elements was required to achieve a grid-
independent solution (details in Supplementary Figure S1).
Simulations were conducted within three cardiac cycles with a
time step of 0.01 s by balancing the computational cost and
accuracy (Ene-Iordache and Remuzzi, 2012; Carroll et al., 2019;
Jodko et al., 2017). Owing to the low Reynolds number of ~445, the
laminar flow module is applied for CFD analysis. The steady-state
solutions at specific intervals in the third cardiac cycle (1.72–2.58 s)
were extracted for data analysis, including the moments of
maximum (~1.82 s), average (~2.02s), and minimum (~2.58 s)
flow velocities.

The creation of the AVF results in blood redistribution along the
blood circulation circuits of the upper limb. The blood flow from the
left ventricle to the PRA bifurcates into two main circuits: the first
circuit goes to the upper extremity, then drains into the vein of the
upper limb, and finally back to the right atrium, and the other circuit
passes through the AVF anastomosis, then flows into the CV, and
returns to the right atrium. As a result, the total flow rate of the PRA
(defined asQPA) and DRA (defined asQDA) varies depending on the
resistance and compliance of the upper limb vessels, the operative
anastomosis area, the diameters of vessels, etc. Herein, we
characterize the effect of blood redistribution that is caused by
AVF creation on the flow disturbance of AVF. By varying the flow
rate ratio γi (i = 1,2,3,4) (Table 2), the variation in the low WSS area
is studied. Considering the anterograde and retrograde flow of blood
through the DRA observed in clinic, the flow direction of the DRA is
changed accordingly (Table 2). It should be noted that the clinically
acquired flow velocities of the PRA and DRA are used as the
references, with ϵ � 100% for γi (i = 1,2,3).

2.3 Post-processing of simulation results

After CFD simulations, the distributions of flow velocity,
streamline, and WSS were exported. A coordinate system
(Figure 3) is defined with the origin at the center of anastomosis.
The y-axis is parallel to the direction of the proximal vein. The x-axis
is in the positive direction to the outer edge of the anastomosis. To

characterize the flow disturbance, the streamlines are displayed at
the cross-section S1 near the anastomosis, with their normal vectors
parallel to the y-axis. The evolutions of flow velocity at five evenly
spaced points (red dots) are observed at the vortex region (Figure 3).
To characterize the WSS, the distribution of the WSS magnitude is
calculated across the whole computational domain, and the
distribution of WSS is observed at the cross-section S1 around
the vortex region. The evolutions of WSS at six evenly spaced points
(black dots) are observed (Figure 3). At different flow rate ratios
γi(i = 1,2,3,4), the areas of low WSS regions are normalized by the
results calculated with the conditions observed in the clinic, as
indicated in Supplementary Table S1.

3 Results

3.1 Distribution and evolution of flow
patterns at the AVF anastomosis

The flow patterns and disturbances in the AVF are numerically
characterized. The distributions of blood flow velocity are shown
according to the intervals of maximum, average, and minimum
velocities (Figure 4). In all cases, the regions of high flow velocity
emerge, in which flow from the PRA normally to the outer edge of
the anastomosis is observed (Figure 4A). The high-velocity stream
separates two areas with low flow velocity and vortex flow. As
indicated in Figure 4B, the distribution of streamlines clearly reflects
two vortex areas located on both sides of the high-velocity stream.
One emerges above the high-velocity stream and appears at the
inner edge of the anastomosis to the CV end, while another emerges
below the high-velocity stream and appears at the anastomosis
opening to the PRA end. The findings are consistent with clinical
observations and previous results (Colley et al., 2020; Iori et al., 2015;
Remuzzi and Ene-Iordache, 2013).

Within the vortex region, the topology of streamlines at the
plane of S1 (Figure 5) is displayed. At selected time intervals, the area
of the negative velocity opposite to the y-axis appears at the inner
edge of plane S1 and varies with the flow velocity (Figure 5).
Simultaneously, the circular current of streamlines reveals the
existence of the vortex, which varies in size depending on the
pulsatile blood flow velocity. At this specific section of the vortex,
the evolutions of flow velocities are observed at five evenly spaced
points of plane S1 (left subfigure in Figure 5). The alternatively
positive and negative variations from the outer to inner edge of plane
S1 probe once again the existence of the vortex, which is associated
with the development of NIH (Remuzzi and Ene-Iordache, 2013;
Cunnane et al., 2019).

TABLE 2 Simulation conditions of AVF blood redistribution characterized by the flow rate ratio γi(i = 1,2,3,4).

Flow rate ratio γi Flow rate of PRA Flow rate of DRA Flow direction of DRA Coefficient ε

γ1 = QDA / εQPA εQPA QDA Anterograde 70%, 80%, 90%,100%, 110%, 120%, and 130%

γ2 = εQDA / QPA QPA εQDA

γ3 = εQDA / εQPA εQPA εQDA

γ4 = εQDA / QPA QPA εQDA Retrograde 10%, 20%, 30%, 40%, and 50%
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3.2 Distribution and evolution of WSS at the
AVF anastomosis

The WSS is the critical hemodynamic factor associated with
maintaining the function of the developed AVF. Therefore, the WSS
values at the vessel walls of the AVF (Figure 6A) are analyzed. The
high WSS (≥ 10 Pa) is distributed mostly at the PRA and the
anastomosis (Figure 6B) due to the high flow rate. The
maximum WSS (≥ 20 Pa) merges at the anastomosis opening to
the outer edge of the proximal CV where the high-velocity stream
impacts, as shown in Figure 4.

The relatively lowWSS (≤ 1 Pa) is located primarily at the inner
edge of the proximal vortex area extending to the distal CV. As the
flow velocity decreases, the low WSS area significantly enlarges and
propagates to the distal CV. The evolutions of WSS at the wall of
plane S1 are monitored at six observation points. Similar to Point I,
in all points in plane S1, although the directions of the WSS
waveforms are not exactly the same, the variation tendencies are
similar, which exhibit higher WSS magnitudes at the outer wall
compared with those at the inner wall (Figure 7). Interestingly, close
to the inner wall of the low-WSS region, the WSS shows an

oscillating (such as Point III) and oscillating and reciprocating
patterns (such as Point II).

3.3 Effect of blood redistribution on low-
WSS areas

Blood redistribution resulting fromAVF creation varies with each
individual and surgical method, ultimately leading to the change in the
blood flow rate and the DRA ratio. Herein, we characterize the effect
of the flow rate ratio γi(i = 1,2,3,4) on the area of low WSS. As shown
in Figure 8, when QDA is kept constant, the low-WSS area decreases
significantly with the increase in ε QPA. In contrast, whenQPA is kept
constant, the low-WSS area varies slightly with εQDA; a 30% increase
in the flow rate of the DRA only leads to 10% increase in the low-WSS
area. When both QPA and QDA change simultaneously by ε, the low-
WSS area varies significantly and inversely with ε, showing a
comparable tendency as the case of changing the flow rate of PRA
alone. These findings reveal that the flow rate of the PRA plays an
important role in affecting the low-WSS area compared to the flow
rate of the DRA. At different intervals in a circle, the tendencies of the

FIGURE 3
Observation cross-sections at post-anastomosis (S1).

FIGURE 4
Distribution of flow velocity and streamline at the whole domain of the AVF model. (a) Flow velocity (cm/s). (b) Distribution of streamlines.
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low WSS area at the flow rate ratio γi (i = 1,2,3) are consistent. The
low-WSS area is directly proportional to the value of the flow rate.

3.4 Effect of retrograde DRA flow on flow
patterns and WSS

To characterize the role of clinically observed retrograde DRA
flow, the flow rate of the PRA is kept constant; the distributions of

the blood flow velocity and the corresponding streamlines are shown
in Figure 9. The blood flow distributions and the vortex locations are
similar to those observed in the anterograde blood flow case.
Interestingly, the area of the two vortex regions at the peri-
anastomosis slightly decreases due to the increase in the total
flow rates in the venous segment.

To quantify the varying retrograde DRA flow on the low-WSS
area, we measured the low-WSS area at different flow rate ratios γ4
(Figure 10). Within a wide range of εQDA (0.2≤ ε≤ 0.5), the area of

FIGURE 5
(a) Flow velocity (1st row) and binary image of flow velocity (2nd row) at the plane of S1, streamline (3rd row) for time intervals of 1.82 s, 2.02 s, and
2.58 s, respectively. (b) Evolution of flow velocity at five evenly spaced points along the S1 centerline.

FIGURE 6
Distribution of wall shear stress (a) and high wall shear stress (≥ 10 Pa) within AVF (b).
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low WSS remains at 0.8 and slightly decreases with ε. The results
indicate that the retrograde DRA flow can contribute to the
reduction in the area of the low-WSS region in the AVF
anastomosis. The low-WSS area is 80% of that in the reference
case. When the flow rate decreases to 0.1QDA, a rapid increase in the
area of low WSS is observed. This is because the low-WSS region
within the DRA owing to its low flow rate.

4 Discussion

The radiocephalic AVF is the optimal VA for hemodialysis.
However, it suffers from high rates of early-maturation failure and
peri-anastomotic restenosis owing to the dramatic hemodynamic

disturbances after AVF creation (Colley et al., 2020; Dixon, 2006). In
this study, an idealized end-to-side AVF model was constructed to
analyze the effects of blood redistribution on AVF hemodynamic
disturbances. The simulation results demonstrated the existence of
the vortex, reciprocating flow, and low and reciprocating WSS
around the AVF anastomosis (Figures 4–7); their occurrence
regions are in agreement with clinical observations and previous
results (Jia et al., 2015; Ene-Iordache and Remuzzi, 2012; Hyde-
Linaker et al., 2022; Van Canneyt et al., 2010). The complex
hemodynamic disturbances in the anastomotic region are proven
to be highly prone to the AVF complications such as NIH and
vascular stenosis (Colley et al., 2020). Therefore, understanding the
hemodynamic disturbance after AVF creation and its related factors
is essential for avoiding further AVF complications.

FIGURE 7
Distribution of low WSS (≤ 1 Pa) within the AVF.

FIGURE 8
Variation of low-WSS areas at different flow rate ratios for the anterograde DRA blood flow.
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In the simulations, we have quantitatively characterized the low-
WSS region, which is a critical hemodynamic factor for maintaining
the AVF function. The dependence of the low-WSS area on the flow
rate ratio of the PRA to DRA and the DRA flow direction was
analyzed. The significant roles of the PRA flow rate and retrograde
DRA flow in reducing the area of the low-WSS regions were revealed
(Figures 8–10). For this reason, the optimization of blood
redistribution within AVF can be beneficial to reduce the low-

WSS area, especially for high PRA flow rate and retrograde DRA
flow. Therefore, in surgical operations (Farber et al., 2016) or
hemodialysis, the resistance and compliance of both extremities
and distal CV should be considered (Sadaghianloo et al., 2019;
Remuzzi and Ene-Iordache, 2013) to regulate the postoperative
blood redistribution by enlarging the anastomotic opening and
optimizing the artery-to-vein configuration (Gunasekera et al.,
2021; Farrington et al., 2020; Shahverdyan et al., 2021). From
another perspective, sports exercise and external counterpulsation
are well-recognized non-invasive mechanical methods for
improving the blood redistribution (Chen et al., 2023).
Accordingly, appropriate exercise or counterpulsation
intervention can regulate the blood redistribution after AVF
creation, which may be an alternative non-invasive approach to
reduce hemodynamic disturbance for a long-term AVF function
(Wang et al., 2018; Andrade et al., 2021).

In clinical practice, the retrograde blood flow of the DRA is
frequently observed and has been reported in previous studies (Ene-
Iordache and Remuzzi, 2012; Colley et al., 2020; Dixon, 2006;
Ramuzat et al., 2003; Hyde-Linaker et al., 2022; Sivanesan et al.,
1998). However, the role of the retrograde DRA blood flow is rarely
considered. Some studies (Ene-Iordache and Remuzzi, 2012; Colley
et al., 2020; Sivanesan et al., 1998) demonstrated that the retrograde
blood flow of the DRA is a result of the overall resistance balance in
the newly created vascular access. Our findings suggest that the
retrograde DRA flow can contribute to the reduction in the low-WSS
region in the AVF anastomosis, which is the well-known risk factor
for NIH formation and stenotic lesions. The retrograde DRA flow is
beneficial to the vascular microenvironment. This finding reveals
that the occurrence of retrograde blood flow at the DRA may be a
compensatory mechanism for optimizing blood redistribution and
improving the hydrodynamic microenvironment. Several studies
have demonstrated that optimizing the AVF hemodynamic
microenvironment can promote AVF maturation by regulating

FIGURE 9
Distribution of flow velocity (a) and streamline (b) within AVF for the retrograde DRA blood flow (γ4 = 0.3).

FIGURE 10
Variation in low-WSS areas at different flow rate ratios in the
retrograde DRA blood flow.
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surgical techniques, anastomosis size and angle, and AVF graft
design (Van Canneyt et al., 2010; Iori et al., 2015). Owing to
individual differences in blood circulation among patients, it is
still challenging to adjust the blood redistribution in the real
AVF. Based on our findings, enhancing retrograde blood flow of
the DRA would contribute to AVF hemodynamic micro-
environment AVF maturation. Therefore, upper limb and
handgrip exercises can be a good strategy to enhance the
retrograde flow of the DRA for post-operative AVF maturation
(Chen et al., 2023; Nantakool et al., 2022).

It should be noted that the proposed idealized AVF model is
developed under the rigid wall assumption. The rigid model would
fail to recognize the effect of circumferential stress induced by
pulsating blood pressure (Rangel et al., 2023). As vascular
remodeling during AVF maturation is affected simultaneously by
WSS and blood pressure, the elasticity of blood vessels should be
further considered in future research.

5 Conclusion

In this study, an idealized end-to-side AVFmodel is reconstructed
using clinically measured data. The effect of blood redistribution on
the flow disturbance of the AVF has been investigated by CFD
analysis. The results indicated that flow vortex, reciprocating flow,
and low and reciprocating WSS result from the creation of the AVF,
and their occurrence regions are consistent with clinical observations.
The hydrodynamic disturbances significantly depend on the flow rate
ratio of the PRA to DRA and the DRA flow direction. The flow rate of
the PRA plays an important role in affecting the low-WSS area. The
retrograde DRA flow can contribute to the reduction of low-WSS
region in the AVF anastomosis, revealing a compensatory
mechanism. The findings provide essential information for
understanding the hydrodynamic changes after AVF creation and
the compensatory role of retrograde distal radial artery flow, which
helps optimize blood redistribution to reduce the flow disturbance
of the AVF.
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