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ABSTRACT

In dialysis treatment, the radio-cephalic arteriovenous fistula (RCAVF) is a commonly used
fistula, yet its low maturation rate remains a challenge. To enhance surgical outcomes, the
relationship between stenosis-prone locations and RCAVF anastomosis angle is studied

during maturation by developing two sets of RCAVF models for early (non-mature) and
mature RCAVFs at five anastomosis angles. The impact of hemodynamics and wall shear
stress (WSS) is examined to determine optimal anastomotic angles. Results indicate that
acute angles produce more physiological WSS distributions and fewer disturbed regions,
with early stenosis-prone regions located near the anastomosis that shift to the bending
venous segment during remodeling. A pilot study comparing clinical and numerical results
is conducted for validation.

1. INTRODUCTION

Untreated chronic kidney disease can result in end-stage renal disease (ESRD) [1]. Dialysis treatment
through arteriovenous fistulas (AVFs) is the most common method of sustaining ESRD patients’ lives [2].
In France, there are over 10,000 AVF creations annually, surpassing the number of aortic surgeries. The
incidence of ESRD continues to increase, with approximately 8000 deaths and 11,000 new cases per year
(Data provided by Hospices Civils de Lyon). The radio-cephalic arteriovenous fistula (RCAVF) is fre-
quently recommended as the preferred AVF [3], however, its susceptibility to early failure [3] highlights
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the importance of careful vessel selection and anastomosis design in RCAVF.

The maturation of fistulas and the development of stenosis are complex biological and mechanical
phenomena. The vessels must rapidly undergo remodeling to enhance blood flow [4]. During maturation,
disturbed flow near the anastomosis is formed as a result of vascular remodeling and increased blood flow
[5]. The low and oscillating wall shear stress (WSS) generated by the disturbed flow has a negative impact
on the vascular wall, hastening stenosis progression [6]. Computational modeling is an effective method
for providing surgeons with visual and analytical insights into the fistula’s hemodynamics.

In the previous work, we discovered that the anastomosis angle (&) significantly affected energy loss
in RCAVF [7] (the friction and the presence of disturbed fluid were the main causes of energy loss). This
research focuses on the effect of € during the maturation on disturbed flow and aims to identify steno-
sis-prone locations (SPL) in both pre- and post-operative stages. The findings are compared with previous
clinical observations [8]. A pilot study of six cases comparing clinical and numerical results is also con-
ducted for validation.

2. MATERIALS AND METHODS

Two sets of RCAVF models with varying & are established by Catia V5-6R2012. The RCAVF can be
separated into four segments: proximal radial artery (PRA), distal radial artery (DRA), bending cephalic
vein (BCV), and normal cephalic vein (NCV) (Figure 1(a)). Non-mature models present the RCAVFs in
the early mature stage that has just been anastomosed. The radial artery (RA) diameter (D,,), cephalic vein
(CV) diameter (D,,), h, and D, (Figure 1(a)) were obtained via duplex ultrasound (DUS) from an actual
patient whose anastomosis was established on March 7, 2019 (Data provided by Hospices Civils de Lyon).
The 6 varied among 30°, 45°, 60°, 75°, and 90°. Mature models were generated based on DUS measure-
ments taken several weeks (April 26, 2019) after the fistula creation and depict the RCAVF models in a
mature stage ready for dialysis treatment. The D,, and D, were observed to have dilated to 3 mm and 6.1
mm, respectively, while D, and h remained unchanged, and @ varied in the same manner as in the
non-mature models.
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Figure 1. (a) The radio-cephalic arteriovenous fistula (RCAVF) model. (b) The flowrate waveform at
the PRA inlet in non-mature models. (c) The flowrate waveform at the PRA inlet in mature models.
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The flow of blood is modeled as a three-dimensional, unsteady, incompressible Newtonian fluid. The
density and viscosity are defined by 1060 kg/m’ [9] and 0.0035 Pa’s [10], respectively. After a convergence
study, we use STAR-CCM+ 2020.2.1 (15.04.010) to discretize the models into a polyhedron mesh with a
0.1 mm mesh size. The Navier-Stokes equations were solved by an Euler implicit time scheme. The simu-
lation is conducted with solver pisoFoam [11] in Foamextend 4.0 with a time step of le—4s, and consi-
dered converged after three cardiac cycles.

A fully developed Poiseuille flow profile is created at the inlets by Matlab R2021b. A constant pressure
of 8.7 mmHg [12] is applied to the vein outlet. In non-mature models, the DRA inlet is set to a constant
flow rate (Qprs) of 5 ml/min, calculated by multiplying the average blood velocity at the wrist [13] by the
smallest RA cross-section [14]. A pulse flow with a mean blood flow (Qpg,) of 22 ml/min [15] is set at the
PRA inlet (Figure 1(b)). In mature models, the flow rates are measured by DUS. The Qpg, was a 60
ml/min constant flow. The Qpy, equaled 871 ml/min (Figure 1(c)).

We performed hemodynamic and WSS analyses for all the models. We observed velocity fields,
streamlines, and localized normalized helicity (LNH) in hemodynamic analysis. With the regrouping of
vessel structures, helical flow occurs in the RCAVF. The presence of helical flow can stabilize the flow
fields and reduce the disturbed shear [16-18], which minimizes the low and oscillating WSSs and reduces
the stenosis risk [19]. A threshold of +0.9 for LNH is used to detect the flow helicity in the fistula [20]. We
used three WSS biomarkers: time-averaged WSS (TAWSS) [4], oscillatory shear index (OSI) [5, 21] and
relative residence time (RRT) [22, 23] to find the low WSS, oscillating WSS, and stenosis-prone regions.
Their definitions are described by the following equations:

1
TAWSS = []z.|dr (1)
T
'rwdt‘
031=% 1- Uﬁ )
_[0 |‘rw|dt
RRT ~[(1-2-0SI)- TAWSS ] (3)

where 7z, is WSS vectors. A cardiac cycle is represented by 7. The RRT is normalized by a reference val-
ue derived from the time-averaged fully developed blood volume flow in the straight CV segment in the
lower forearm. An RRT value is greater than one denotes either regions with low WSSs or regions with
both low and oscillating WSSs [23].

3. RESULTS
3.1. Non-Mature Models

The hemodynamic behaviors are shown in Figure 2. The results indicated the presence of low-velocity
zones (LVZs) surrounding the anastomosis (Figure 2(a)). A recirculating eddy is observed at the heel of
the anastomosis, with a larger range in systole compared to end-diastole (Figure 2(b)). The 90° model
shows a larger reflux region compared to the 30° model. The helicity contents for different & followed a
similar trend to the reflux regions for different & (Figure 2(c)). The highest elevated LNH region is found
in the 30 models.

The results of the three WSS biomarkers for the 30° and 90° non-mature models are presented in
Figure 3. The magnitude of shear in the arterial system ranges from 1 to 7 Pa, and in the vein, it varies
from 0.1 to 0.6 Pa [24]. The low TAWSS region, indicated by navy blue in Figure 3(a), is defined as the
region with TAWSS values less than 0.1 Pa. The WSS in this region is lower than the normal range for the
venous system, due to the resistances created by the DRA inlet, the anastomosis, and the venous bending
section, which impede the blood flow entering from the PRA inlet. The low TAWSS regions are observed
around the anastomosis (Figure 3(a)). The minimum TAWSS values near the anastomosis’s toe (Toe_min),
heel (Heel_min), and floor (Floor_min) were calculated (Table 1). Additionally, the total surface areas of
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Figure 2. Comparisons of hemodynamics in non-mature models. (a) Velocity fields; (b) Streamlines;
(c) LNH distributions.
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Figure 3. Comparisons of WSS biomarkers in non-mature models. (a) TAWSS distributions; (b) OSI
distributions; (c) RRT distributions.

Table 1. Comparison of three WSS biomarkers in non-mature models.

TAWSS
OSI RRT
0 Cv RA

©) Toe_min* Heel min® CV_area® Floor_min® Floor_ area® OSI_area’ RRT_area® .

, 5 5 , RRT_max

(Pa) (Pa) (mm?®) (Pa) (mm?~) (mm?~) (mm?®)

30 0.55 0.64 11.00 0.23 25.17 54.49 237.43 186.11
45 0.37 0.46 19.36 0.20 25.85 89.14 299.65 570.14
60 0.32 0.39 23.33 0.20 25.37 120.36 311.38 708.18
75 0.30 0.36 23.61 0.19 25.32 123.69 343.64 1559.98
90 0.32 0.41 21.61 0.20 25.56 118.37 330.15 1511.11

a. The minimal TAWSS value in low TAWSS region near the toe of anastomose. b. The minimal TAWSS
value in low TAWSS region near the heel of anastomose. c. The total area of low TAWSS region in CV. d.
The minimal TAWSS value in low TAWSS region near the floor of anastomose. e. The total area of low
TAWSS region in RA. f. The total area of OSI higher than 0.001. g. The total area of RRT larger than 1. h.
The maximal RRT value.

the low TAWSS regions in the vein (CV_area) and artery (Floor_area) were determined. The 30° model
has the largest Toe_min value, while the trends of Heel_min are in contrast to CV_area. The CV_area in-
creases rapidly from 30° to 60°, reaching a peak at 75°, before experiencing a slight decline at 90°. The
change of Floor_min is consistent with the Floor_area, which can be considered constant.
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In Figure 3(b), regions with low OSI values, defined as less than 0.001 [25], are depicted in gray. The
color intensity in the remaining areas represents the magnitude of OSI, with warmer colors indicating
higher OSI values. The high OSI regions indicate the presence of oscillating WSS near the heel and floor of
the anastomosis, where disturbed flows exist. The total surface area with OSI values greater than 0.001
(OSI_area) has been calculated (Table 1), and it shows a trend similar to that of the low TAWSS regions in
CV. These results suggest that the impact of oscillating WSS is more pronounced on the RCAVF with
larger values of 6.

Figure 3(c) displays the RRT of the models at 30° and 90°. The RRT values lower than 1 are shown in
gray. The RRT values larger than 1 indicates areas may have the stenosis risk [23]. The larger the RRT val-
ue, the brighter the color. As & increases, the high RRT values (RRT > 1) develop from the anastomosis’
toe to the NCV segment along the BCV segment. The total area of an RRT value larger than 1 (RRT_area
shown in Table 1) is continuously increasing from 30° to 75°, with the maximal RRT value (RRT_max)
being found in the 75° model. However, in the 90° model, both RRT_area and RRT_max slightly decrease.
Beyond 60°, the high RRT values almost completely cover the BCV segment at the toe side.

In conclusion, the acute @ with the higher helicity results in a more stable flow and a better WSS dis-
tribution.

3.2. Mature Models

In the mature models (as illustrated in Figure 4(a)), it has been observed that there has been a signif-
icant increase in the extent of disturbed regions. An analysis of the BCV segment reveals that approx-
imately half of the segment’s area is occupied by the recirculating region, as depicted in Figure 4(b). The
majority of the streamlines in the recirculating region are observed to originate from the DRA inlet. Addi-
tionally, a second, smaller reflux region is observed within the BCV segment, which is generated in the
largest recirculating region near the heel of the anastomosis, and this occurs when 6 is greater than 60°.
The streamlines at systole in the recirculating region were separately analyzed and presented in the third
row of Figure 4(b). Ten streamlines were randomly selected from the largest recirculating region, which
are depicted as blue lines. Conversely, four streamlines were extracted from the smallest recirculating re-
gion generated in the large-@ models (6> 45°), and are represented by red lines. As @increases from 30° to
60°, a decrease in the number of streamlines entering from the PRA inlet and flowing into the recirculat-
ing region is observed, followed by an increase when @is greater than 60°. This small recirculating region
is primarily attributed to the DRA inlet. The LNH distributions, as illustrated in Figure 4(c), demonstrate
that the largest elevated LNH region continues to be present in the 30° RCAVF models.

The vein is successfully rebuilt and resembles the artery in the mature RCAVF. As a result, a compar-
ison of the WSS values was made with the normal arterial WSS range, which is between 1 and 7 Pa [24]. In
Figure 5(a), the blue regions represent areas that exhibit low TAWSS values (<1 Pa), and these are ob-
served around the anastomosis. The minimum TAWSS values (values lower than 1 Pa) and the total area
of low TAWSS in the CV and RA are presented in Table 2. It was noted that the Toe_min value decreases
from 30° to 45°, then increases after 45°, and surpasses 1 Pa in the 90° model. The Heel_min value is only
present in large-6 models. Therefore, there is a rapid increase in the CV_area in the 60° models. The
Floor_min and Floor_area values in the RA do not show significant variations with 6.

As the mature models mature, the dimensions of the disturbed fluid increase, leading to a corres-
ponding increase in the oscillating WSS. The high OSI regions are predominantly located along the BCV
segment at the boundaries of the recirculating regions, as illustrated in Figure 5(b). As @ continues to in-
crease, as seen in the 60° model, the emergence of a new recirculating region results in the development of
an oscillating region near the heel of the anastomosis.

In comparison to the non-mature case, the RRT values are significantly reduced in the mature mod-
els, as a result of vessel remodeling, as indicated in Figure 5(c). The maximum RRT values are observed
near the heel of the anastomosis in large- & models, at the toe of the anastomosis in the 45° model, and at
the entrance of the straight vein in the 30" model. However, the average RRT (RRT_ave) values in the colored
area of the small-6 (8 < 45°) models are lower than those of the large-6 models, as presented in Table 2.

https://doi.org/10.4236/jbise.2023.166006 86 J. Biomedical Science and Engineering


https://doi.org/10.4236/jbise.2023.166006

.
(2) Systole = v End-diastole =~

)

60°
00 1 2 3 4 559
_— —
(b) Systole O End-diastole [\\‘\.m,,\ e Systole A "\

\

f y
f L———
60°

e
/600
~—— PRA streamlipes —— Streamlines in the BCV segment
—— DRA streamlines —— Streamlines near the heel of anastomosis
(c) Systole /\\‘\m- o End-diastole [\\\m, P

45° , ‘/"/\ J ‘/”_‘ )

‘y,.a'-'v - v o - LNH
60° ‘ / -0.9 0.9
 —

Figure 4. Comparisons of hemodynamics in mature models. (a) Velocity fields; (b) Streamlines; (c)
LNH distributions.
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Figure 5. Comparisons of WSS biomarkers in mature models. (a) TAWSS distributions; (b) OSI dis-
tributions; (¢) RRT distributions.

Table 2. Comparison of three WSS biomarkers in non-mature models.

TAWSS
0 Ccv RA

RRT

) Toe_min* Heel min® CV _area® Floor min® Floor area® RRT area N
RRT_max® RRT _ave

(Pa) (Pa) (mm?) (Pa) (mm?) (mm?)
30 6.94 - 1.25 2.59 8.56 2.39 9.59 1.74
45 0.5 - 2.78 2.35 8.90 4.23 143.44 2.22
60 1.25 3.17 9.29 2.27 8.02 6.17 79.55 2.57
75 4.80 4.80 7.47 1.75 8.15 5.07 73.46 2.37
90 - 2.80 5.67 1.91 8.31 4.58 54.03 2.34

a. The minimal TAWSS value in low TAWSS region near the toe of anastomose. b. The minimal TAWSS
value in low TAWSS region near the heel of anastomose. c. The total area of low TAWSS region in CV. d.
The minimal TAWSS value in low TAWSS region near the floor of anastomose. e. The total area of low
TAWSS region in RA. f. The total area of RRT larger than 1. g. The maximal RRT value. h. The average
RRT value.
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Meanwhile, the RRT_area increases with funtil the 60° model and decreases from 60° to 90° models.

The results indicate that the acute angle represents the optimal choice for the mature RCAVF. Despite
the differences in hemodynamics and WSS distributions between the non-mature and mature models, the
selection of the best @remains unaltered.

3.3. Stenosis-Prone Locations (SPL)

As indicated by our results, the SPL in RCAVF can be visualized in Figure 6. The sites of early ste-
noses (pre-stenoses) in non-mature RCAVFs can be categorized into type i and type ii, as depicted in Fig-
ure 6(a). The pre-stenosis type i is located in the RA at the floor of the anastomosis and is caused by the
convergence of two inlet flows. The sudden change in the boundary at the anastomosis leads to boundary
layer separation and the formation of pre-stenosis type ii. Due to the limited increase in blood flow at the
PRA inlet and blood vessel diameters during the initial stage, the recirculating region is small and situated
near the heel of the anastomosis.

The SPL in mature RCAVFs (post-stenoses) are classified into four types (Figures 6(b)-(d)), desig-
nated as Types 1 to 4, and their distribution changes with the increase of 6. The post-stenosis type 1 ap-
pears on the floor of anastomosis and is situated closer to the toe compared to the non-mature model due
to the larger energy difference between the two inlets. The lumen area of the BCV segment increases with
faugmenting, causing the post-stenosis type 2 produced in the BCV segment near the heel of anastomosis.
The post-stenosis type 3 is located at the end of the largest recirculating region in the BCV segment and
based on a comparison of three WSS biomarkers, Type 2 stenosis poses a greater risk compared to Type 3
in the case of large-8 RCAVFs. The post-stenosis type 4 is the most pronounced when & is approximately
45° and decreases as @ changes.

(a) (b)

Toe fcel D

Dorsal branch

@ (©) Cephalic vein ‘\:
© Distal Type 3 stenosis
radial artery 72X _Type 2 stenosis
Z —— 2
S -

Type1l  Anastomosis Proximal
stenosis  angle radial artery

0> 60°

Figure 6. The classifications of stenosis-prone locations in RCAVEF. (a) The stenosis-prone locations
in non-mature RCAVF; (b)-(d) The stenosis-prone locations in mature RCAVF under different
anastomotic angles; (e) The specific sites of stenosis in the mature RCAVF identified by a clinical
study [8].
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We compared our predictions of SPL to a clinical study [8]. The findings of post-stenosis type 1 and
type 2 from Sivanesan et al. were found to be in agreement with our numerical estimations (Figure 6(e)).
The discrepancy in post-stenosis type 3 can be attributed to the absence of consideration of the dorsal
branch in our RCAVF models. The post-stenosis type 4, which was predicted in our models, was not re-
ported in the results of the clinical study. This discrepancy may be due to the difficulties of obtaining ac-
curate measurements and defining & in clinical settings. The @in the clinical study was determined as the
internal angle of the anastomosis (49°), which is smaller than the & definition used in our models. Hence,
the results of the clinical study align more closely with those of the 60° RCAVF mature model. In the
large- @ mature models, the risk of post-stenosis type 4 is lower compared to the other post-stenosis types.
Additionally, this clinical study [8] only recorded stenoses that resulted in a reduction of the luminal
cross-sectional area by more than 40%. This may explain why the stenosis formed at the toe of the anas-
tomosis was not recorded, as it was not obvious.

3.4. Clinical Study

A clinical pilot study was conducted with six cases to record the vascular geometric parameters, ma-
turation, and stenosis types (Table 3). The results indicated that three out of six cases matured successfully
within six weeks (patients no. 1 to no. 3), while the other three required secondary surgery (patients no. 4
to no. 6). In successful cases, patient no. 1 used a large angle of 75°. Although the fistula successfully ma-
tured, two post-stenoses were discovered soon after. The stenosis in the BCV segment near the anastomo-
sis was produced in the same location as post-stenosis type 2, which reduced the lumen diameter to 2.2
mm. The second stenosis was found 16 mm downstream from this stenosis (the same location as
post-stenosis type 3). This stenosis reduced the lumen diameter to 2 mm. The surgeon had to perform a
surgical correction. Fistulas no. 2 and no. 3 used more acute angles and matured within six weeks. No sig-
nificant stenosis was found during the follow-up period. A small stenosis was discovered in fistula no. 3 in
the same location as post-stenosis type 1 after nine months which did not affect the function of the fistula.

Table 3. Comparison of three WSS biomarkers in non-mature models Six RCAVF patient cases pro-
vided by Hospices Civils de Lyon.

GPs
Year Maturation Stenosis
ofbirth D= Do h Do 0

(mm) (mm) (mm) (mm) (%)

Patient Sex o

in six weeks observation

Post-stenoses types 2 and 3
No.1 Female 1946 25 35 45 10 75 Yes after two months
(surgical correction 2 times)

No.2 Male 1987 1.6 3.5 23 10 40 Yes No stenosis
Post-stenosis type 1
No.3 Male 1966 1.7 25 43 10 10 Yes .
after nine months
Pre-stenoses types i and ii
No.4 Male 1955 26 21 11 10 70 No . . .
(surgical correction 3 times)
Pre-stenosis type ii
No.5 Female 1942 1.7 3.2 25 10 60 No . .
(surgical correction)
Pre-stenoses types i and ii
No.6 Male 1973 14 2.8 14 10 40 No

(surgical correction)
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In contrast, the fistulas of patients no. 4 and no. 5, created with large angles, exhibited pre-stenosis near
the heel of the anastomosis (pre-stenosis type ii). A stenosis at the floor of anastomosis was found simul-
taneously in patient no. 4 who underwent surgical corrections three times. Similarly, patient no.6, who
used the same angle as patient no. 2, failed to mature due to the presence of two pre-stenoses (the same
locations as pre-stenosis types i and ii).

These six cases and the previous clinical research [8] can elementarily validate the SPL predicted by
our study. From these six cases, the small- & anastomosis is superior to large- 6 anastomosis. However, the
final maturation of the fistula relates to not only the anastomotic configuration but also to the patient’s
vascular status. Patient no. 6 used the same angle as patient no. 2. Because of the significantly larger vessel
diameters, the younger age, and better vascular status of patient no. 2, his fistula had a better performance.

4. DISCUSSION

The numerical model predictions suggest that the RCAVF with an acute & may reduce disturbed flow.
The LNH analysis demonstrates that blood flow is more stable at the acute 6. As & increases, a secondary
recirculating region will emerge near the heel of the anastomosis during fistula remodeling. The WSS
analysis also indicates that low and oscillating WSSs are minimized in the acute angle model. In the acute
6, the limited lumen area of the BCV segment requires most of the DRA inlet blood flow to pass through
both sides of the PRA inlet flow, leading to stimulation of the toe by low and oscillating WSSs. As @ in-
creases, the hydraulic area of the BCV segment expands, allowing for more DRA inlet fluid to flow parallel
with PRA inlet fluid into the BCV segment. This results in reduced negative stimulation near the toe of the
anastomosis. However, with the increase in lumen area, the second recirculating region begins to emerge
near the heel of the anastomosis.

Previous numerical modeling studies on AVF have primarily focused on simplified and personalized
models with postoperative geometries. The simplified models [23, 26] optimized AVF geometric shapes
without considering the maturation process and the impact of anastomosis angle (&) was difficult to de-
termine as the previous research [23] changed both £ and the distance between blood vessels (h) simulta-
neously. While personalized models [21, 27] were more representative of reality, the anastomosis configu-
ration was unalterable and modifications to fistula forms could not be made. The present study offers a
distinct advantage. Unlike other numerical studies on anastomosis angles, our study is not restricted to a
single time point. By analyzing two different maturation time points, we aim to compare the SPL devel-
opment with varying anastomosis angles during the maturation process, providing surgeons with a more
comprehensive understanding of the disturbed fluid within the RCAVF.

The present study has some limitations that must be acknowledged. Our model is idealized, and the re-
sults should be applied with caution in the presence of tortuous vessels, complex anatomy, or pre-existing
vascular pathologies. The validation of our findings is based on a small cohort of six cases, and a larger
sample size would strengthen the generalizability of our results. Further studies are needed to fully explore
the implications of our findings in clinical practice. It is important to note that this study is focused on
exploring the impact of anastomosis angle on the hemodynamics and WSS distribution during RCAVF
maturation and is not a comprehensive clinical study with statistical analysis of patient data.

5. CONCLUSION

Our research has indicated that the use of an RCAVF with an acute angle can enhance the hemody-
namic environment and mitigate low and oscillating WSS stimuli during the maturation process. The pat-
terns of SPL and their evolution during the maturation phase, under various values of 6, exhibit distinct
characteristics. During the initial stage of maturation, early stenosis often manifests near the anastomosis.
At the final stage of maturation, the SPL extends to the inlet of the straight vein segment. When fincreas-
es to around 45°, the risk of stenosis in the vicinity of the anastomotic toe becomes more pronounced.
Further increases in @result in the emergence of another SPL near the anastomotic heel.
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