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Abstract: Numerical analysis was performed for the effect of the venous anastomosis angle in a
forearm arteriovenous graft for hemodialysis using a multiphase blood model. The geometry of the
blood vessel was generated based on the patient-computed tomography data. The anastomosis angles
were set at 15°, 30°, and 45°. The hematocrit was set at 34%, 45%, and 58%. The larger anastomosis
angle, high wall shear stress area >11 Pa, increases to the side of the vein wall away from the
anastomosis site. Further, the relatively low wall shear stress area, <3 Pa, occurs near the anastomosis
site in larger anastomosis angles. Therefore, the effect of high wall shear stress has advantages in the
vicinity of the anastomosis, as the anastomosis angle is larger, but disadvantages as the distance from
the anastomosis increases. Moreover, patients with low hematocrit are advantageous for WSS area.
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1. Introduction

A lasting functioning vascular access is essential for renal function replacement ther-
apy by hemodialysis. Surgical vascular access creation, including arteriovenous fistula
(AVF) and arteriovenous graft (AVG), are the preferred options for long-term dialysis
compared to central venous catheters [1]. Although the dialysis access creation technique
is widely used in clinical practice, long-term patency remains an unsolved major clinical
problem for chronic hemodialysis treatment and a leading cause of morbidity and hospi-
talization in these patients [2]. The patency of vascular access for hemodialysis is mostly
limited by growing stenoses that lead to decreased flow rate, thromboses, and, finally,
access failure. Several risk factors are related to the patency of dialysis access, including
sex, vessel size or distensibility, surgical technique, hypoxia, and an underlying uremic
condition, but no clear pathophysiology has been elucidated yet [3-5]. Intimal hyperpla-
sia is central to the pathology of hemodialysis access stenosis and occlusion [6]. Intimal
hyperplasia has been widely studied in various vascular bypass surgeries, not limited
to vascular access creation [7,8]. In arterial bypass grafts, simulation or animal studies
have reported that disturbed flow regions are seen at the heel, the toe, and at the floor of
the distal end-to-side anastomosis, which corresponds to the disturbed flow regions [9].
Similarly, in vascular access for hemodialysis, wall shear stress (WSS) from the localized
fluid pattern is believed to be one of the most important factors in developing intimal
hyperplasia [5]. Endothelial cells probably play a key role in the change of wall properties
and altered WSS, as endothelial cells are in direct contact with the flowing blood and can
translate the physical stimuli of shear stress to a biological effect [10]. The WSS is suggested
as an index for the prediction of stenosis resulting from intimal hyperplasia [11].

Boghosian et al. found that low shear stress occurred where the stenosis progressed; it
was also mentioned that this low wall shear stress causes damage to endothelial cells [12].
Carroll et al. found that high WSS and reverse flow could cause dysfunction of the
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AVEF [13,14]. McGah et al. showed that AVF was associated with extremely high shear rates,
also supporting the hypothesis that low and oscillating shear stress is the pathogenesis of
the disease [15,16].

The anastomotic angle has a significant impact on the local disturbed flow patterns in
both types of vascular access and is a factor that can be altered by the surgeon [17-19]. Most
studies were conducted on AVFs, and conflicting results on the recommended anastomotic
angle associated with low-flow disturbance were observed [17,19,20].

Usually, the sites and types of hemodialysis access are primarily determined on the
basis of the diameter and condition of the outflow vein and inflow artery [21]. In the
case of AVEF, there is little room for morphologic variation created by the surgeon because
the configuration of the AVF is primarily determined by the patient’s venous anatomy
once the anastomosis is made. However, in the case of the AVG, the configuration may
vary depending on the surgeon’s experience and preferences, especially for the prosthetic
brachial-antecubital forearm loop access. In most cases, a superficial vein located in the
antecubital fossa is selected as the outflow vein. However, the basilic vein right above
the elbow joint can also be utilized to save the upper arm veins when the forearm veins
are unsuitable, as shown in Figure 1. When comparing with the antecubital veins as the
outflow, the basilic vein above the elbow joint provides an almost parallel course to the
graft with a more acute anastomotic angle.

A

Upper arm Upper arm

artery vein

forearm forearm

Figure 1. Configuration of the forearm loop access. Either superficial veins located in the antecubital
fossa (A) or the basilic vein right above the elbow joint (B) can be selected as an outflow vein. When
comparing with the antecubital veins as the outflow, the basilic vein above the elbow joint provides
an almost parallel course to the graft. (Arrow: venous anastomosis).

In practice, the anastomotic angle is not simply determined by the angle at which the
end of the vessel was cut for the anastomosis on a three-dimensional plane. Therefore, the
anastomosis angle is determined according to which vein is selected as the outflow vein
and in which configuration the artificial graft is inserted.

As mentioned above, wall shear stress is an important hemodynamic factor in AVG
that induces stenosis. Therefore, it is important to precisely analyze the hemodynamics,
including WSS, according to the anastomotic angle of AVG.

Blood viscosity is a physical characteristic of blood that most directly affects WSS
calculations by computational fluid dynamics. Among the various components of blood,
plasma has Newtonian fluid characteristics; however, various blood substances, such as
red blood cells, change the blood into non-Newtonian fluid with shear-thinning character-
istics [21,22].
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Blood models, such as the Pow-law model, Casson model, and Carreau—Yasuda
model, express the shear-thinning characteristics of blood well. However, because blood is
assumed to be a bulk fluid, it has a limitation in that it does not consider local hematocrit
changes according to the flow.

Few blood models have been proposed to account for the effect of hematocrit on
blood viscosity.

Ahmed Elhanafy et al. [23], based on the Quemada model, presented a blood model
that considers the viscosity according to the concentration of red blood cells and the
viscoelastic effect using the Oldroyd-B model. However, this model also has a limitation in
that it is difficult to consider the local concentration change according to the red blood cell
because blood is assumed as the bulk fluid.

Jung and Hassanein presented a multiphase blood model using the multiphase com-
putational fluid dynamics approach proposed by Gidapow, Anderson, and Jackson [21].

This model assumed that the blood was plasma, white blood cells, and red blood cells.
In addition, the multiphase blood model shows good accuracy within the range of 30-55%
hematocrit. Since the multiphase model calculates the behavior of red blood cells, it has the
advantage of considering the local concentration of red blood cells according to the flow.

In particular, hematocrit is a factor that significantly affects blood viscosity, and the
hematocrit increases dramatically during hemodialysis because the dialyzer removes water
during hemodialysis. In addition, during hemodialysis, blood with a high hematocrit flows
into a vein through the AVG. The flow into the vein through the AVG is affected by the
angle of the anastomosis. Furthermore, hematocrit should be changed by the flow.

Therefore, in this study, numerical analysis was performed using a multiphase blood
model to consider the hemodynamic characteristics of AVG according to the anastomotic
angle formed in the vein.

2. Materials and Methods

This retrospective review was conducted after acquiring local institutional review
board approval (C2016074(1817)). Informed consent was waived for this study. The data of
4 patients who underwent prosthetic brachio-antecubital loop access with a 6-mm Gore
expanded polytetrafluoroethylene graft (W. L. Gore and Associates Inc., Flagstaff, AZ, USA)
between 2010 and 2011 were used to generate a computational model. Data, including
outflow vein diameter and anastomosis, were acquired using ultrasonography (Prosound
«7; ALOKA Co., Ltd., Tokyo, Japan) and computed tomography (Brilliance iCT 256s,
Philips, Cleveland, OH, USA). The WSS and hemodynamic characteristics were analyzed
by the computational fluid dynamic method with the multiphase blood model at several
anastomotic angles.

3. Numerical Details
3.1. Governing Equations

The multiphase blood model was used to consider the shear thinning effect of blood
according to the hematocrit [21,23]. The multiphase blood model calculates the mass,
momentum, and energy exchange between two phase substances by assuming that red
blood cells are solid in plasma. The multiphase blood model equation is as follows.
Continuity equation: The continuity equation is expressed as Equation (1). Here, the
subscript k denotes plasma and red blood cell phases. The subscript € denotes the volume
fraction of each phase.

9 (pke
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Blood mixture density (3).

Pmix = 8plasmapplasma + ERBCPRBC (3)

Momentum equation: momentum equation is expressed as Equation (2).

: (%1;781() + V-(prerviv) =
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Here, the stress tensor of plasma is the same as Equation (5). The stress tensor of red
blood cells is the same as Equation (6).
Plasma stress tensor (5).

- T 2 =
Tplasma = EP-plasma<V7 + (V;}) ) + E(K - E)V;}I ®)
RBC stress tensor (6).
= - =T 2. ==
TReC = —Pd + eprpc(VV + (VV) )+5(K—§)VVI (6)

The viscosity of the mixture fluid is determined by the volume fraction of each phase.
Because of these characteristics, the multiphase blood model has advantages for depicting
flow characteristics where the hematocrit varies locally, such as in hemodialysis. The
relative viscosity of the mixture fluid is the same as Equation (7).

€ + &€ . -1)/2
n= RBCHRBC plasmaHplasma _ m[l + ()\y)Z](" ) @)
Hplasma
In this model, the percentage of red blood cells is assumed as the hematocrit.

For vy greater than 6.

n = 0.8092¢35- + 0.8246¢45c — 0.3508eRpc + 1m = 122.28¢35 - — 51.2136¢35 — 16.305egpc + 1
For vy less than 6.

= —0.8913¢kpc + 2.0679¢kpc — 1.7814egpem = 70.782ekpc — 22.454e3p — 9.7193egpc + 1

where kg = In (Iny)/Invy.

Figure 2 shows the viscosity calculated according to the hematocrit of the multiphase
blood model used in this study. Viscosity shows shear thinning characteristics that decrease
with increasing shear rate. In addition, as the hematocrit increases, the viscosity increases
relatively significantly. These characteristics are expected to have a significant effect on
WSS on the venous side, where high hematocrit flows during hemodialysis.



Appl. Sci. 2021, 11, 8160 50f13

0.005
\ —— Hematocirt 34.4%
0.0045 - — — = Hematocirt 36%
| == == Hematocirt 38%
—— Hematocirt 45%
0.004 ~——————— Hematocirt 58%
9
£ 0.0035
£ B
S [~
= i
>, 0.003|-
‘0 B
8 B
3 0.0025
> B
0.002 |
0.0015 |-
b
0.0010

1000 2000 3000 4000 5000 6000
Shear rate [1/s]

Figure 2. Viscosity distribution with hematocrit.

3.2. Geometry and Numerical Detail

The simplified geometry of the arteriovenous graft was generated in a circular shape.
Since the physiological curvature of blood vessels form anisotropic flow, the shape closest
to the circular shape among the CT data was selected for ease of flow analysis, as shown in
Figure 3.

Figure 3. Geometry and boundary conditions of AVG. Artery inlet; Hematocrit: 34% (A), Suction needle (B), Injection
needle; Hematocrit: 34%, 45%, 58% (C), Anastomosis angle; 15°, 30°, 45° (D), Venin outlet (E), Artery outlet (F).

The diameters of the vein and artery were set as 7 and 3.8 mm, respectively, considering
the minimum diameter measured on ultrasound imaging among the patients (Table 1). To
investigate the effect of the anastomotic angle (0g), the angles were set to 15°, 30°, and 45°
(Cases 1, 2, and 3, respectively) based on the patients’ computed tomography data.

The boundary conditions of the graft and vein inlet were set based on the Doppler
data obtained throughout the cardiac cycle, as shown in Figure 4. The velocities of the graft
and vein inlet were measured at the graft and before and after the venous anastomosis.
After calculating the velocity by using fast Fourier transforms, the mean minimum peak
systolic velocities of 1 and 0.3 m/s were used for the boundary conditions of the artery
inlet (A). The hematocrit of the artery inlet was 34% in all cases. The zero gradient with
mass rate weighting is applied at the boundary condition of the outlet (E,F). Accordingly,
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the mass rate weighting of the vein outlet was set to 100%. The flow rate of suction and
injection needle were —400 and 400 mL/min (B,C), respectively. Hematocrit introduced
into the graft through the injection needle was 34%, 45%, and 58%. The blood vessels were
assumed as rigid bodies with nonslip conditions.

Table 1. Diameter and anastomosis angle of the patients.

Patient 1 Patient 2 Patient 3 Patient 4 Mean
Graft diameter (mm) 6.0 6.0 6.0 6.0 6.0
Vein diameter (mm) 7.0 8.7 7.1 9.2 8.0
Artery diameter (mm) 4.0 3.0 3.9 4.1 3.75
Anastomosis angle 15 18 21 30
2.0
1.8 P e —a— Artery inlet
] # L e Artery outlet
1.6 s,
<4 /// \\-\-\
1.4 ) o \.\
w129 / “m
e .7 L
g 1.0 -'-l ~g—
8 0.8
o) ]
> 06
0.4 e
e - o .
0.0 T T T T T T
0.0 0.2 0.4 0.6
Time (s)

Figure 4. Velocity profile throughout the cardiac cycle at the graft and vein.

The maximum Reynolds number of the flow was larger than 120,000 in all the cases,
and the standard k-¢ model was used to consider turbulence. The numerical studies were
performed using commercial software (ANSYS Fluent v19). The PISO scheme was used for
pressure-velocity coupling. In addition, the second-order upwind scheme was used for the
discretization of the momentum. The convergence criterion of the residual set was 0.001
for mass continuity. The computational time was approximately 20 min for each case on a
16-node 3.2-GHz CPU.

3.3. Grid Independence Test

The computational grid consists of hexahedron meshes. The number of grids was
selected at about 410,683 through a grid independence test based on the flow velocity at
Line (D), as shown in Figure 5. Grid independence was performed at a steady flow. An
important factor in the analysis of this study, such as WSS, is dominantly influenced by
the flow near the wall. For the number of grids, the smallest number of grids in which the
flow velocity (Y ~ —0.9 and 0.9) near the wall differs by less than 5% from the result of the
maximum number of grids was selected.
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Figure 5. Grid independence test at Line (D).

4. Results and Discussion
4.1. Hematocrit and Flow Analysis

Figure 6 shows the hematocrit in Line (E) with a vein anastomosis angle of 45° and
5 mm away from the tip of the vein anastomosis site. The dimensionless radius of —1
is the bottom surface of the vein, and dimensionless radius 1 is the top surface (x = 0).
Blood with high hematocrit from the injection needle flows into the graft. Blood with high
hematocrit mixes with blood flowing along the graft from the artery and flows into the
vein anastomosis area. At the Line (E) position, the maximum hematocrit falls by about 2%
from about 45% to 43% and from 58% to 56%. Because the graft length is short compared
to the flow rate, blood flowing into the graft from the needle is concentrated in the center
of the graft and flows into vein anastomosis. Due to this fluid characteristic, hematocrit
is concentrated in the dimensionless radius 0.5 part. This hematocrit shows a high value
at the bottom (dimensionless radius —1) at end-diastolic velocity (EDV), where the artery
flow rate is relatively slower than peak systolic velocity (PSV) because when the flow rate
into vein anastomosis is high, the hematocrit mixes less with the surrounding area.

Figure 7 shows the viscosity at Line (E). The multiphase blood model has a charac-
teristic of shear-thinning blood in which the viscosity decreases as the shear rate of the
blood increases, and the viscosity increases as the hematocrit increases. The viscosity is
generally low near the wall and high at the center of the flow because the shear rate is high
near the wall. Viscosity varies according to hematocrit in areas with high hematocrit blood
flow from the graft (dimensionless radius —1 to 0). On the contrary, the viscosity does
not change according to the hematocrit between dimensionless 0 and 1, where there is no
change in hematocrit.
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Figure 6. Hematocrit distribution at Line (E), anastomosis angle is 45°, the hematocrit is concentrated
in a parabolic shape under the influence of flow from the graft.
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Figure 7. Viscosity distribution at Line (E), anastomosis angle is 45°.

Figure 8 is the contour of the X-Y plane for the velocity w component at the Line (E)
location with hematocrit 58%. The anastomosis angles of Figure 8a—c are 15°, 30°, and 45°,
respectively. As the anastomosis angle increases, the flow velocity from the graft to the
vein anastomosis increases in an elliptical shape. On the contrary, the flow rate toward
the upper surface decreases. The reason for the decrease in the flow velocity on the upper
surface side is that recirculation flow occurs.
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Figure 8. Velocity w contour at the surface of Line (E), hematocrit is 58%, anastomosis angle of (a-c) are 15°, 30°, and

Figure 9 is the velocity, w, distribution according to hematocrit. The higher the
hematocrit, the higher the peak velocity, w, tends to increase slightly. In particular, in the
case of 45°, where the relatively high flow velocity range is concentrated in the center, the
shear rate at the center is lowered, and as can be seen in Figure 2, the viscosity increases
rapidly at the low shear rate range, so the change in the velocity, w, tends to increase.
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Figure 9. Velocity, w, distribution according to the hematocrit at Line (E), anastomosis angle of (a—c) are 15°, 30°, and

45°, respectively.

4.2. Effect of the Anastomosis Angle

Vascular responses to high blood flow and WSS, and to low blood flow and WSS, are
known to be endothelial cell-dependent [24]. The response to WSS varies between the
autogenous AVF and the prosthetic AVG. For autogenous vein fistulas, intimal thickening
was reported to correlate with low blood velocity and resulting low WSS [25,26]. On the
contrary, on the venous side of AVG, higher blood flow leads to flow disturbances and

intima-medjia thickening [27].



Appl. Sci. 2021, 11, 8160

10 of 13

In our numerical study, a low WSS of < 0.2 Pa region was not observed. Therefore, we
took higher WSS into consideration, which corresponds to the higher endothelial damage
and resultant intimal hyperplasia.

Figure 10 represents the WSS contour at the upper surface of the vein divided by
the Y-Z plane (x = 0) ((a) Case 1: 6g = 15°, (b) Case 2: 6g = 30°, and (c) Case 3: 6g = 45°,
hematocrit of injection needle is 58%). The WSS after the anastomosis (z = 0) showed over
3 Pa on the whole wall of the vein in Case 1, while the WSS of Cases 2 and 3 was <3 Pa,
which corresponds to the shear stress of the normal limit of the vein. The lowest WSS value
was 0.311 Pa at the upper surface of z-1.

Wall Shear
11.0

* 10.2
F9.4

- 8.6
r7.8
-7.0

F6.2
r5.4

46
I 3.8
3.0

[Pa]

Figure 10. Wall shear stress contour of the upper surface, hematocrit is 58%, anastomosis angle of
(a—c) are 15°, 30°, and 45°, respectively.

The WSS near the anastomosis was associated with the flow characteristics, which
depends on the angle of anastomosis. The reason WSS was lower than 3 Pa in Cases 2 and
3 is that the flow velocity change near the wall is relatively low, as shown in Figure 9b,c.
In particular, in Case 3, the very low WSS region occurs relatively broadly, as can be seen
in Figure 9¢, because the flow near the wall causes the recirculation flow in the opposite
direction to the main flow, which flows from the graft to the vein anastomosis.

In addition, high WSS, >11 Pa, occurs on both Y-axis walls. In particular, as the
anastomosis angle increases, the high WSS area of both walls increases because the high
flow velocity range is formed relatively close in the direction of both walls, as shown in
Figure 8c. If the gradient of the flow velocity near the wall is large, the shear rate increases
and the WSS also increases. Excessively high or low WSS is known to cause problems,
such as intimal hyperplasia. Therefore, in terms of high WSS, Case 2 and Case 3 are
advantageous in the vicinity of the anastomosis (Z < 10 mm), but there is a disadvantage
in that the high WSS region is widened in the Z direction. Low WSS regions occur locally
only below the anastomosis area (Z < 10 mm).

Figure 11 shows the high WSS area over 11 Pa. The variation of the high WSS area is
up to about 38%, depending on the anastomotic angle. However, as described in Figure 10
above, at a low anastomosis angle, a high WSS area occurs near the anastomotic site,
and at a high anastomosis angle, a high WSS area occurs at a location away from the
anastomosis site.

In this study, the shape was simplified as much as possible for a parameter study on the
effect of WSS with hematocrit. Therefore, it is difficult to conclude which anastomosis angle
is appropriate considering the actual shape of vein anastomosis and the characteristics,
such as vasodilation and intimal hyperplasia. Therefore, it is necessary to examine which
angle is advantageous in terms of intimal proliferation and more diverse viewpoints.

Additionally, there is a limitation in size, similar to the diameter of the vessels applied
in the study. If the blood vessel is excessively dilated or has an excessively different shape,
additional considerations for the flow are required.
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Finally, this study contributed to analyzing the effect of hematocrit considered flow in
AVG from the point of view of hemodynamics.
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Figure 11. High wall shear stress area over 11 Pa.

5. Conclusions

According to the arteriovenous graft numerical analysis, the following conclusions
were derived.

The larger the anastomosis angle, the lower the risk of WSS near the anastomosis site,
but the higher WSS area increases to the side of the vein wall away from the anastomosis site.
Further, a low wall shear stress area occurs near the anastomosis site in larger anastomosis
angles. Therefore, the effect of high wall shear stress has advantages in the vicinity of the
anastomosis as the anastomosis angle is larger, but disadvantages as the distance from
the anastomosis increases. Moreover, patients with low hematocrit are advantageous for
WSS area.
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