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ABSTRACT

Objective: Hemodynamics has been known to play a major role in the development of intimal
hyperplasia (IH) leading to arteriovenous fistula failure. The goal of our study is to investigate the
influence of different angles of side-to-end radiocephalic anastomosis upon the hemodynamic
parameters that promote intimal dysfunction and therefore IH.

Methods: Realistic 3D meshes were reconstructed using ultrasound measurements from distal side-to-
end radiocephalic fistulas. The velocity at the proximal and distal radial inflows and at specific locations
along the anastomosis and cephalic vein was measured through single examiner duplex ultrasound. A
computational parametric study, virtually changing the inner angle of anastomosis, was performed. For
this purpose we used advanced computational models that include suitable tools to capture the pulsatile
and turbulent nature of the blood flow found in arteriovenous fistulas. The results were analysed in terms
of velocity fields, wall shear stress distribution and oscillatory shear index (OSI).

Results: Results show that the regions with high OSI, that are more prone to the development of
hyperplasia, are greater and progressively shift toward the anastomosis area and the proximal vein
segment with the decrease of the inner angle of anastomosis.

Conclusions: The results of this study show that inner anastomosis angles approaching 60°-70° seem
to yield the best hemodynamic conditions for maturation and long term patency of distal radiocephalic
fistulas. Inner angles greater than 90°, representing the smooth loop technique, did not show a clear
hemodynamic advantage.

INTRODUCTION

Native vessel arteriovenous fistulas (AVFs) are currently considered the best choice for a
vascular access in haemodialysis patients [1]. The radiocephalic side-to-end forearm fistula is
often used as a first access in patients with suitable vessels but it is burdened by a high rate of
maturation failure which ranges between 20 and 50 % in recent series [Y/2//*/°]. One of the
known mechanisms for this primary failure is early intimal hyperplasia (IH). Late failure,
defined as the inability to use a maturated AVF after at least three months of normal usage,
relies mainly on the presence of stenosis from intimal hyperplasia at different possible segments
of the vessels. Haemodynamics has been recognized to play an important role in the
development of IH [%/7/%], with areas of disturbed flow creating the conditions that favor
endothelial dysfunction and the development of vessel stenosis [%/2°]. Computational models



are an effective tool to study the complexity of disturbed flows in a non-invasive manner,
allowing the analysis of the local haemodynamic factors that are involved in the risk of early
and late failure of AVFs [11,12%%]. The goal of this work is to perform a computational study on
three-dimensional geometries reconstructed from measurements of radiocephalic AVFs from 2
different patients, comparing the disturbed haemodynamics in different anastomotic angles.

MATERIALS AND METHODS

The geometries of radiocephalic fistulas from two patients were reconstructed using data
obtained from duplex ultrasound examinations performed by the same physician at 4 weeks
from surgery. The patients were consecutive and received radiocephalic side-to-end fistulas
fashioned by two different surgeons at the same centre (Ospedale Regionale di Lugano, Lugano,
Switzerland). Patients gave written consent for the inclusion in the study which was approved
by the regional ethics board. The inner anastomotic angles were 40° for patient 1 and 70° for
patient 2. Both AVFs had proximal and distal radial artery inflow. The flow rate and velocity
measurements obtained by duplex ultrasound at the proximal and distal radial inflow and at the
cephalic vein outflow were utilised.

3D reconstructions were created using detailed duplex ultrasound measurements of diameters
at multiple arterial and venous locations, of anastomosis angles and of geometric dispositions
of the feeding and outflowing vessels. The anastomotic angles measured by ultrasound were
compared to those measured intraoperatively by the surgeon and varied by no more than + 10°.
The lumen surface boundaries were reconstructed for the two AVFs in their original angles of
40° in patient 1 and 70° in patient 2, followed by the same procedure with modified angles. We
chose additional acute angles of 20° and 60° for patient 1 and of 30° and 50° for patient 2.
Furthermore, an angle of 135° was reconstructed for both patients reproducing the geometry of
a smooth loop anastomosis technique proposed by some authors [*4/*°]. The reconstruction of
the internal volume in the different angles and geometries was then performed through
volumetric meshes of linear tetrahedra with sufficient resolution for our study (Fig. 1).

Blood was considered an incompressible Newtonian fluid with constant density, which is a
well- accepted approximation for medium and large vessels [1¢]. Turbulence was captured using
advanced models (Large Eddy Simulations) [//*8/*%/2°], which have previously been
successfully applied to haemodynamics [?4/%?]. A computational haemodynamic study with
pulsatile inflow conditions was then performed for all 8 configurations obtaining the quantities
of interest which are: the velocity distribution throughout the cardiac cycle, the wall shear stress
(WSS), with low values promoting endothelial dysfunction, and the Oscillatory Shear Index
(OSI) which identifies conditions of low shear stress with oscillating characteristics [*].



Figure 1 : Computational meshes of 4 different configurations of the AVFs in patient 1 (above)
and patient 2 (below) with various anastomotic angles (patient 1 : 20°, 40°, 60°, 135° smooth
loop, patient 2 : 30°, 50°, 70°, 135° smooth loop). In red: measured (original) angles

RESULTS

Our computational study identified some significant differences in relevant haemodynamic
quantities when the inner angle of the AVF anastomosis was changed.

Figure 2 illustrates the velocities at different moments of the cardiac cycle. Increases of the
inner angle were associated with greater velocities at the anastomosis in both patients.

Figure 3 depicts the evolution of wall shear stress over time for the three acute angles in three
points on the vessel wall surface that have been set at critical peri-anastomotic sampling
positions, namely at the anastomosis toe (central plots), 1 cm from the anastomosis along the
external wall of the swing segment of the vein (plots on the left) and 1 cm from the anastomosis
on the external wall of the distal radial artery (plots on the right). The plots show high WSS on
the venous wall for all acute angles in patient 1, whereas in patient 2 the WSS is significantly
lower in this segment for the smaller angle (30°). At the anastomosis site the WSS plots show
remarkably higher values for the wider acute angles in both patients. At the distal radial artery
the WSS values are significantly lower and these values decrease with smaller angles of
incidence.

In order to integrate the data about the WSS with information about it’s oscillatory nature we
analyzed the spatial distribution of OSI. High values of this index are known to identify areas
prone to developing IH. Figure 4 shows that for greater acute angles, the areas with high values
of OSI gradually shift away from the anastomosis and toward the distal segment of the radial
artery. This tendency is inverted for angles approaching 135°, which show an intermediate
behavior with high OSI values approaching the anastomosis again. Similarly, as depicted in
Table 1, the percentage of vessel wall area that is subjected to OSI values greater than specific
thresholds decreases with greater acute angles. This is shown to be independent from the chosen
threshold. The relative area with above threshold OSI values in the 135° configuration features
intermediate results between small (20°-40°) and wide (60°-70°) acute angles. These results are
specific to radiocephalic AVFs with proximal and distal radial inflow.
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Figure 2 : Velocity for the different angle configurations of patient 1 (above) and patient 2
(below), at 3 different moments in the cardiac cycle: Acceleration instant t=0.12s; Peak t=0.21s;
Mid-deceleration t=0.3s. The arrows during the acceleration-phase plots depict the dominant
direction of flow.
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Figure 3 : Wall Shear Stress over time at the three selected points : cephalic vein 1 cm from
anastomosis (left), anastomosis toe (center), distal radial artery 1 cm from anastomosis (right).
Notice the different scale in plots on the right. Above : patient 1. Bottom : patient 2.
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Figure 4 : Oscillatory Shear Index (OSI) in the area of anastomosis for patient 1 (top) and patient
2 (bottom).



Threshold/Angl | 20°/30° 40°/50° 60°/70° 135°/135°
e

0.15 28.4/39.1% | 21.3/25.8% 18.6/21.6% 25.3/29.4%
0.20 21.7/32.5% | 15.2/19.8% 12.7/14.1% 17.9/22.6%
0.25 18.2/28.8% | 13.3/17.5% 9.9/12.2% 14.1/20.3%

Table 1: Proportion of vessel wall surface in the region of interest with Oscillatory Shear Index
(OSI) above a specific threshold. For each box, on the left patient 1, on the right patient 2.

DISCUSSION

In the last 2 decades computational fluid dynamics have been successfully used to study the
complex haemodynamics of AVFs and to assess the role of wall shear stress and its oscillation
in the pathogenesis of IH [*]. There is, in fact, consensus in literature that low and oscillating
values of wall shear stress cause endothelial dysfunction, hence atherosclerosis [*/*°] and IH
[24/%/%]. These critical flow characteristics are well described by high values of OSI [%/%].
Following this hypothesis, this study demonstrates that increases in the acute angle of
anastomosis in both patients are associated with a reduced exposure to haemodynamic
conditions that favor IH. Table 1 shows a smaller percentage of wall surface with OSI values
above specific thresholds when greater acute angles of anastomosis are considered. This
tendency is independent from the threshold chosen for critical OSI values. Also, the areas with
high values of OSI move away from the anastomosis toward the distal segment of the radial
artery with greater acute angles (Fig. 4). Although some authors describe an underestimation
of inflow stenosis as the underlying cause for AFV failure [>//%], stenosis of the distal segment
of the radial artery remains, in our experience, a rare cause for radiocephalic fistula failure.
The previous observations on OSI are confirmed by the velocity fields reported in Figure 2,
which feature large vortices and stagnation regions at the anastomosis for small acute angles,
yielding regions of low wall shear stress as shown in Figure 3. Greater acute angles, on the
other hand, seem to facilitate a more aligned flow.

Some authors proposed the smooth loop technique [*4/*] as a valid alternative to acute angle
anastomoses typically performed in AVFs. To analyze the haemodynamics of this configuration
an angle of 135° was introduced in our computational study for both patients. As depicted in
Figure 4, for this scenario the area with high OSI values tends to move back towards the
anastomosis. Similarly, Table 1 shows intermediate percentage of wall surface with high OSI
values in the 135° configuration. When considering the velocity fields on the other hand, we
found a comparable situation in the smooth loop anastomosis as in the wider acute angles (Fig.
2). Hence, these preliminary results concerning the smooth loop anastomosis do not show a



clear advantage of this technique over the greater acute angle anastomoses. However, further
investigations are needed to properly evaluate this technique analyzing, for example, different
angles of incidence.

In recent years several numerical studies have been performed to attempt to assess the risk of
failure of AVFs. The first parametric study evaluating the size and the angle of AVF
anastomosis was published by Canneyt et al. in 2010 [*®]. This pioneering analysis assumed
rigid vessel walls and steady laminar flow. Numerical simulations were performed, with the
aim of determining the changes in flow distribution and in pressure drop with the variation of
anastomosis angle and area. More recently, some investigators published a similar study, but
introduced pulsatile inflow conditions and evaluated wall shear stress derived quantities to
assess the clinical impact of different anastomosis angles [?°]. Supplemental to the approaches
used in these two studies, we used here patient-specific instead of idealized geometries and
introduced a turbulence model in pulsatile conditions.

The findings in this study suggest that the best haemodynamic conditions, in terms of risk of
IH in the anastomosis and in the first segment of the cephalic vein, are offered by inner angles
close to 60°-70°. These angles of anastomosis, compared to angles of 20°-30°, may pose a
technical challenge when attempting to establish a large enough anastomosis surface with a
small vein (Fig. 5). Several different side-to-end anastomosis techniques have been described
in the literature, some of which could be useful to overcome this difficulty. In our experience a
venous branch-patch [*°] (Fig. 6) offers a good opportunity to construct a wide angle
anastomosis with a smooth bell-bottom shaped venous extremity. Unfortunately, an adequately
positioned venous bifurcation is not always available. Some authors report this technique to
potentially increase torsion stress on the swing-segment of the vein leading to IH [®!]. For this
reason, the branch-patch technique should be chosen only when the available bifurcation lays
in an adequate plane to be used for the anastomosis. As an alternative, when an adequate venous
branch is not available, Williams et al. proposed a vein mouth technique [*?] (Fig. 7). The
downside of this technique is that the suture runs through the two commissures of the venotomy,
potentially inducing hyperplasia in the most narrow passage into the vein. Another technique,
that has been proposed by Sen et al. in his microsurgical work and successfully adopted by
some authors for side-to-end AVF anastomosis [*], uses a diamond shaped hole arteriotomy
with correspondingly shaped vein, as illustrated in Figure 8. The authors report being able to
successfully adapt the arteriotomy and venotomy to accommodate different anastomotic angles.
These different techniques all have their strengths and weaknesses and are not applicable to all
anatomies. We believe that the surgeon should ideally master more than one technique in order
to be able to create the desired geometry with an adequate anastomotic angle in the different
anatomic settings he is faced with.



Figure 5: Venotomies and anastomosis size at different angle

Figure 6: Venous branch-patch technique

Figure 7: Vein mouth technique
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Figure 8: Diamond shaped anastomosis technique

CONCLUSIONS

Although intimal hyperplasia developing in proximity to the anastomosis and in the first venous
segment may have several underlying causes, haemodynamic factors are recognized to play an
important role. The results of this computational haemodynamic study demonstrate that inner
anastomotic angles of 60°-70° seem to yield the best conditions for maturation and long term
patency of distal radiocephalic fistulas. This geometry reduces the vessel wall area subjected to
high oscillating shear index in the anastomosis and in the first vein segment. Anastomotic
angles greater than 90° did not show a clear advantage although a dedicated study for this
configuration is needed to confirm these findings.
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