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ARTICLE INFO ABSTRACT

Keywords: In the current work, we present a fluid-structure interaction study of the end-to-side radio-
Fluid-structure interaction cephalic arteriovenous fistula. The core of the work consists in simulating different arteriovenous
Arteriovenous fistula fistula configurations obtained by virtually varying the anastomosis angle, i.e. the angle between
Young’s modulus mismatch the end of the cephalic vein and the side of the radial artery. The mesh used to solve the structural
Thickness discontinuity problem takes into account the different thickness and Young’s modulus of the vessel walls. In
Hemodynamics particular, since the aim of the work is to understand the blood dynamics in the very first days

after the surgical intervention, the radial artery is considered stiffer and thicker than the cephalic
vein. Our results demonstrate that both the diameter of the cephalic vein and the anastomosis
angle play a crucial role in order to obtain a regular blood dynamics that could prevent fistula
failure. In particular, when a high anastomosis angle is combined with a large diameter of the
cephalic vein, the recirculation regions and the low WSS (wall shear stress) zones are reduced.
Converesely, from a structural point of view, a low anastomosis angle with a large diameter of
the cephalic vein reduce the mechanical stress acting on the vessel walls.

1. Introduction

In the United States in 2019, about 130000 individuals were newly registered as having end stage renal disease
(ESRD) which represented an increase of 2.7% from the previous year and 15.8% from a decade ago [48]. ESRD
occurs when the kidneys have lost the ability to filter blood [3]. In the majority of the cases, the problem is faced by
means of the hemodialysis, which is performed through a mechanical device called dialyser which is able to emulate
the function of the kidneys. In order to perform efficiently, the dialyser needs a high blood flow, therefore the creation
of an ad-hoc vascular access (VA) becomes mandatory [18].

Nowadays, the most efficient VA available for the hemodialysis is represented by the arteriovenous fistula (AVF)
involving a connection between an artery and a vein at the most distal site possible [ 19, 15]. In particular, the end-to-side
radio-cephalic arteriovenous fistula (RCAVF) is the most used technique for VA [47] and it was introduced by Brescia
and Cimino, in 1966 [13].

In the RCAVF, the end segment of the cephalic vein is anastomized onto the side of the radial artery, as a
consequence the former has to remodel its vessel structure, augmenting the wall thickness and improving its mechanical
stiffness due to the increased flow and pressure coming from the systemic circulation. This process is called fistula
maturation and it is essential to obtain a stable and trusty vascular access to the vein. Actually, the main problem
is represented by the fact that the fistula maturation has a high rate of failure, approximately between 30% and 70%
[47, 2]. The failure is due to several complications strongly associated to a non-physiological structural remodelling of
the cephalic vein, causing venous intimal hyperplasia (IH) leading to stenosis and thrombosis [18, 35, 20]. Concerning
RCAVFs, there are two typical anatomical configurations, with the second situation arising in most of the RCAVFs:

e (Standard-)RCAVF: with 1 inlet (the proximal radial) and 2 outlets (the cephalic vein and the distal radial artery);
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e RCAVF-SS: with 2 inlets (the distal and the proximal radial artery) and 1 outlet (the cephalic vein). In this
context, blood steal occurs, i.e. a retrograde flow coming from the distal radial artery is generated by the lower
resistance of the cephalic vein [47, 18].

The usefulness of the computational methods in hemodynamics has been largely demonstrated in the last 25 years
[31, 52], especially in analyzing critical regions such as bifurcations and complex geometric conditions (for example,
stenosis or aneurisyms) [8, 51, 41, 43, 44]. Since the disturbed hemodynamics at the anastomosis region, due to the
unnatural path and artero-venous mismatch of wall thickness and elestic properties, plays a fundamental role in inducing
the cited complications [18], from the first part of the last decade numerical methods have been used to examine in
depth the hemodynamics of the AVF.

Concerning the RCAVF-SS case, in [65] the authors propose a FSI in patient specific situations, where both the
vessel wall of the radial artery and cephalic vein have the same thickness and stiffness properties. The authors introduce
the critical energy loss rate (CEL) referring to the maximum allowable energy loss rate in AVF. In [62], the authors
perform a computational fluid dynamics (CFD) study exploiting the Large Eddy Simulation (LES) turbulence model
to assess the best anastomosis angle, the one that minimizes oscillating shear index (OSI) and turbulent regions. In
[12], the authors, through CFD simulations, compare the impact of an external support device against conventional
surgery. They find that the device is able to maintain an optimal anastomosis angle promoting a more regular blood
velocity pattern and stable morphology.

Considering FSI studies for the RCAVF case, in [21] the influence of the wall compliance on the hemodynamics of
a patient-specific geometry is studied; the numerical results demonstrate that the cephalic vein is subjected to values
of WSS two times higher than the healthy level. In [59], the hemodynamics of an idealized geometry is studied, where
the artery bed and heel of the AVF seems to be a susceptible area for IH; the authors find abnormal values of the
Von-Mises stress at the anastomosis region. In [21, 59], the authors assume different thickness for the vessel walls, and
the cephalic vein stiffer than the radial artery, in a situation of already achieved fistula maturation is considered.

Other computational studies are focused on the brachio-cephalic arteriovenous fistula (BCAVF); this configuration
has 1 inlet (the proximal brachial artery) and 2 outlets (the distal brachial artery and the cephalic vein). In [19], the
results of the FSI are validated against magnetic resonance imaging (MRI) data. A region of high WSS is present at
the toe of the anastomosis while a high OSI is found at the heel of the anastomosis. In [46], the BCAVF geometry
is reconstructed from 3D ultrasound scan. The authors find very large time-averaged wall shear stresses (TAWSS) at
the anastomosis region. In [37], the results of patient-specific FSI are validated against the phase-contrast magnetic
resonance angiography (PC-MRA) showing good agreement. In [11], the CFD analysis of the BCAVF is carried out.
Thanks to the use of the LES (Large Eddy Simulation) method, it is highlighted that the zone of the anastomosis is
characterized by an high-frequency multidirectional disturbed flow. From the same group, in [10] the authors explore
the feasibility of coupling a contrast-free MRI protocol with high-resolution computational fluid dynamics (HR-CFD)
to relate the hemodynamics changes to vascular wall remodeling occuring during fistula maturation.

In the present work, we propose a pulsatile FSI study for patient-specific end-to-side RCAVF-SS, parametrized
on the anastomosis angle, to assess the influence of the latter on hemodynamics and structural quantities, which are
relevant for the RCAVF-SS failure. In particular, we study two patients and, by virtually varying the anastomosis angle,
we propose three different geometric configurations for each patient. The work focuses on the first days immediately
after the surgical intervention, i.e. when the radial artery and the cephalic vein still feature substantial differences in
the stiffness and geometric properties. For such reasons, we believe that a FSI simulation is mandatory, since it is able
to capture these hetereogenities. According to clinical evidences, in this work the radial artery is much stiffer than the
cephalic vein and it has a larger wall thickness.

The novelty of the paper consists in the inclusion of the artero-venous elastic and wall thickness mismatches in a
RCAVF-SS FSI study with different anastomosis angles. Moreover, for the first time we focus on the first days after
the intervention, which are believed to be the most relevant to determine the condition which may favour the failure
[56].

The work is organized as follows. In Sec. 2, we describe the pre-processing for the generation of the fluid and
structure grids. In Sec. 3, the mathematical model of the FSI is described. In Sec. 4, we report the input data and we
discuss the fluid and structure numerical results. Finally, in Sec. 4.5 and 4.6, we report the conclusions and limitations
of our work, respectively.
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2. Pre-processing and mesh generation

The geometric reconstructions are obtained from Echo-Color Doppler (ECD) acquisitions given by the EOC - Ente
Ospedaliero Cantonale, Lugano, Switzerland, in particular at the Divisions of Vascular Surgery and Angiology. All
the data are treated under the patients’ consent. The 3D lumen surfaces were taken from a previous CFD work of the
group, see [62].

In this work, we study two patients by means of a FSI computational study, referred in what follows to as P1 and P2,
who underwent fashioning of end-to-side radio-cephalic vascular access with angles equal to 40° and 70°, respectively.
Then, we virtually vary the anastomosis angle and we analyze three different geometric configurations for each patient:
20°, 40°, 60° for P1 (P1 —20, P1 —40, P1 —60) and 30°, 50°, 70° for P2 (P2 — 30, P2 — 50, P2 —70). For the sake
of clearness, in Fig.1, we report, for a generic angle 8, the configurations for P1 and P2. The arterial tracts considered
for P1 and P2 are 160 mm and 165 mm long, respectively; the anastomosis region (i.e. where the vein is sawn to the
artery) has a length in the range of 15-20 mm, see Figure 2, above, blue region.

P1 P2

OUTLETS
— /
OUTLET
2 —
INLET
o
—
dA
]
INLET INLET

Figure 1: Computational geometry for a generic anastomosis angle 9 of P1 (left) and P2 (right). The arrows indicate the
direction of the blood flow. pA= proximal artery, dA= distal artery, V= vein.

The generation of the tetrahedral computational meshes is achieved by means of the Vascular Modeling Toolkit
(VMTK) [5]. In particular, the fluid mesh is obtained starting from the 3D reconstructed lumen surfaces with an average
space discretization parameter 2 = 0.6 mm, with a boundary layer (BL) composed of three heterogeneous layers, where
the one nearest to the wall has a thickness of 0.12 mm; the dimension of the other two internal layers increases by a
factor of 25% with respect to the previous one. The structure mesh is generated by means of an extrusion of the 3D
fluid mesh through the combined use of VMTK, MATLAB [45], and Gmsh [36]; it is composed of three layers with a
total thickness of 0.1 mm (cephalic vein) and 0.3 mm (radial artery) each, and it is conforming at the interface to the
fluid one [29].

In the top of Fig.2, we report for each patient the structure meshes in the three configurations. We also highlight
by different colours the arterial and vein regions. Indeed, it is worth pointing out that in this work we use two different
Young’s modulus E for the radial artery and cephalic vein to account for their different elastic properties. In particular,
since we are interested in studying the fluid-structural conditions in the first hours after the operation, we set the artery
stiffer than the vein; moreover, we also geometrically differentiate the vein and the artery by accounting for their
different wall thickness 7. The value of the Poisson’s coefficient v are equal for both the vessels.

3. Numerical Methods
3.1. The fluid-structure interaction problem
The fluid dynamics is modeled by means of the incompressible homogeneus Navier-Stokes equations written in

the arbitrary Lagrangian-Eulerian (ALE) formulation. The dynamics of the vessel wall is modeled through the linear
elasticity equations written in a Lagrangian framework. This is justified upon noticing that AVF experiences small
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Figure 2: Top: Computational structure meshes. The blue region represents the cephalic vein while the red one the radial
artery. Bottom-Left: Longitudinal section of the structure mesh (P1 —60). The thickness discontinuity between the radial
artery and the cephalic vein is visible. The arrows indicate the blood flow's direction. Bottom-Right: Structural parameters.
E, is the artery Young's modulus, E, the vein Young's modulus, v, the artery Poisson's coefficient, v;, the vein Poisson’s
coefficient, 7, and 7, the thickness of the artery and vein walls, respectively, a; the Robin surrounding tissue coefficient.
pA= proximal artery, dA= distal artery, V= vein.

vessel wall displacements to their reference configuration [46, 19]. For the sake of notation, from now on, the quantities
written in a pure Lagrangian framework (reference configuration) are denoted with =. In this respect, we introduce a
fluid mesh motion d, solution of a harmonic extension within the lumen of the boundary displacement. This allows
us to move the fluid mesh as follows

X =%+d,R1 VReEQ,.

Referring to Fig.3, let Q () and 9 ¢ be the fluid and structure domains, respectively, and 2(¢) the interface between
the fluid and the structure domains. Let u(x, 1) : Qg(t) = R3 the fluid velocity, p(x,t) : Q r(t) = R the fluid pressure,
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Figure 3: Left: Fluid domain. Right: Structure domain.

a(x, 1) . 9) s — R3 the displacement of the vessel walls, and uy the velocity of the fluid mesh. In the following, we
report the formulation of the FSI problem:

~

For any ¢ > 0, find u, p, d, such that:

0 .
prr +pp((U=up) - V)u—V - Ty p) =0 in Q) (1a)
V-u=0 in Qp(), (1b)
u= % on X(1), (1c)
Tr(u, p)n = Tg(d)n on X(1), (1d)
0%d PPN ~
pS;—V-TS(d)zﬂ on Qg, (le)
- A(i; =0 on ﬁF , (1f)
aF = a on /2\' s (1g)

with suitable initial conditions on u, a, d and where p r and pg are the fluid and structure densities. Equations
(1c) and (1d) represent the interface conditions stating the continuity of fluid and structure velocities and forces.
Problem (1) needs to be equipped with suitable boundary conditions which will be detailed in the next section.
Notice that up = dp, Tp(u,p) = —pI + pp(Vu + Vu?) is the fluid Cauchy stress tensor with yf the fluid dynamic

~ A~ ~ A~ AT
viscosity, Tg(d) = AV - dI + pg(Vd + Vd ) is the structure Piola-Kirchhoft stress tensor. It is worth noting that

nd pg are the Lamé constants, where v is the Poisson’s coefficient.

l=—_ v 4 -_E
(1+v)1-2v) 2(1+v)
The time discretization is obtained by means of a second order backward differentiation formula[34] (BDF2),
for both fluid and structure problems [49]. The FSI system is linearized thanks to the inexact Newton method, in
particular neglecting shape derivatives in the Jacobian matrix. The problem is solved monolithically by using a block
preconditioner based on the SIMPLE preconditioner for the fluid subproblem [23] and by means of the GMRES method
with an absolute tolerance of 1071, It is worth noting that the geometry problem (see (1f) and (1g)) is treated implicitly,
i.e. at every Newton subiteration the fluid mesh is moved accordingly to the harmonic motion.
The space discretization of the Navier-Stokes equations is obtained using piecewise linear Finite Elements (P1-P1)
for both the velocity and pressure, stabilized by means of the SUPG-PSPG method [63], which allows also to control
the advection dominated regime. The elasto-dynamics problem is discretized using P1 Finite Elements.
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3.2. Boundary conditions
Fluid outlet boundary conditions are imposed by means of an absorbing resistance R, [49]:

Ryl g B [ArtAs  [Ar
a 2 3 (I—VZ)AF, T 7[9

3
Ap
where A is the area of the fluid outlet boundary and Ag is the area of the outlet surface of the structure. Therefore,
assuming a constant normal traction on I' o7, the outlet fluid condition is defined as

Tp(u,pn-n=R, */ u-ndy+ Ppxr on I'poyr,
l—‘F,OUT

where Ppyr is the external pressure and with homogeneous tangential traction conditions [32]. Regarding the inlet,
we enforce a Dirichlet condition by considering a parabolic velocity profile:
2
Qin 1-Z)n on I'eins
AppF R? ’

where QO is the prescribed flow rate taken from [62], plotted in Fig.4 . It is worth noting that the values are those
typical of a non-mature fistula and in agreement with the literature [12].

ux,t) = —

Flux (ml/min)

09 1 11 12 13 14
Time (s)

Figure 4: Inlet flow rates (left), computational domains (middle) and zones of clinical relevance at the anastomosis region
(right).

Concerning the structure problem, since both the inlet and outlet boundaries are far enough from the zone of
hemodynamics interest, i.e. the anastomosis region, the boundary conditions for the vessel displacement are imposed
through a zero-displacement constrain on both the axial and radial directions:

d=0 on T S -
Moreover, in order to reliably simulate the displacement of the vessels, we model the presence of the surrounding
tissue around the vein and the artery by means of the following Robin condition on the external surface I' gy [53]:

where aj, is the elastic coefficient of the surrounding tissue.
4. Results & Discussion

In this section, we report the obtained numerical results on the parameteric configurations of the two end-to-side
RCAVF-SS patients. The results are showed through the following outline. In Sec.4.1, we describe the hemodynamics
and structure quantites of interest. In Sec.4.2, we detail the input data and other details of the FSI simulations. In
Sec.4.3, we discuss the numerical results concerning the hemodynamics quantities, whereas in Sec.4.4 the outcomes
related to the structure quantities.
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4.1. Relevant hemodynamics quantites

Concerning the hemodynamics, we are interested into the following quantities:

e The velocity and pressure distribution at the anastomosis region. Indeed, disturbed flow, abnormal recirculation
regions and elevated pressure may provoke conditions favouring intimal hyperplasia (IH) [37];

e The Wall Shear Stress (WSS). It is the magnitude of a vector quantity representing the tangential shear stress
caused by the fluid flowing on the vessel wall:

WSS =cpn—(ocpn-nn.

In the systemic arterial context, a normal WSS is considered between 1 — 7 Pa. In particular, small (< 1 Pa)
and oscillatory values are strictly connected to the cardiovascular complications such as IH and stenosis. On
the other hand, high WSS (> 7 Pa) protects against IH, but it may provoke endothelial cell cleavage and induce
thrombosis [26]. As stated in [14], the constant presence of high WSS may result in VA dysfunction;

e The Oscillatory Shear Index (OS]). It is a scalar quantity representing the degree of shear reversal in a pulsatile
flow; it goes from 0 in a uni-directional flow to 0.5 in a reversing flow with no mean shear direction [4]; elevated
values of OSI, that is high oscillatory WSS, favour the conditions that could lead to stenosis triggering venous
IH [26, 27, 57, 16]. Let us define T as the final time of the simulation, the OSI is defined as follows:

T

WSS(1,x) d

05160 = L 1_”f’ xdil)
2 Jo IWSS(@,x)|| dt

e Time Averaged Wall Shear Stress (TAWSS). It is a scalar quantity measuring the time-average shear. Fixed a
space location, the TAWSS is defined as:

T
TAW SS(x) = % / [[WSS(z, x)]| dt .
0

Small TAWSS values could bring to IH formation and stenosis [16]. In [12], the authors find that regions with
high OSI are associated by low TAWSS in the AVF context.

Concerning the structure variables, we are interested into:

e Displacement of the vessel walls. Since the vessel dilation is necessary in order to obtain the requested flow rate
by the dialyser [38], we aim to understand which is the role of the vessel displacement in the context of fistula
maturation. In particular, since there is no information in literature, we want to establish which is the correlation
between the displacement of the cephalic vein with the non-correct maturation of the juxta-anastomotic region;

e Von Mises stress. It is one of the most used criteria for checking yield conditions [1, 58]. We are interested
in computing which parts of the vessel walls are subjected to a large mechanical stress, to understand if a
correlation between the high stress zones and VA failure can be stated. Considering o as the Cauchy stress
tensor corresponding to T'g, the Von Mises stress is defined as follows:

1
v =75 [("%1 - 0%2) + (652 - ‘73%3) + (‘73%3 - ‘7%1) + (‘7%2 - "123) + (‘753)] .

For the analysis of these quantities, we often refer to specific regions of the fistula of clinical relevance, since
they are considered crucial for the study of stenosis due to IH and of thrombosis at the anastomosis, see Fig. 4,
right.
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4.2. Numerical setting of the simulations

In the following, we report some details of the numerical discretization and data of the FSI problem. The numerical
results are obtained by means of the LifeV [23, 24, 33, 22] Finite Element library for the approximation of Partial
Differential Equations by the Finite Elements Method. The software has been developed at Ecole Polytechnique
Fédérale de Lausanne, MOX laboratory at Politecnico di Milano, INRIA-Paris, and Emory University [9]. The
numerical simulations were run at MOX laboratory clusters on 4 processors Xeon E5-4610 having a total of 56 cores
and RAM of 504 GB.

In order to numerically solve the FSI problem, we introduce a uniform time discretization in which At is the step
size and T is the heartbeat period. In all the numerical experiments, we set At = 10™3s and T’ = 0.8s.

The density and the dynamic viscosity of the blood are p = 1.060 g/cm> and . = 0.035 g/(cm- s). The cephalic
vein and the radial artery are assumed to have the same density pg = 1.2 g/cm?; moreover, we assume that the two
patients have the same mechanical properties.

Concerning the elastic properties, we set the artery stiffer than the vein, i.e. E, = 2.5 MPa (suitable literature
range 2.68 + 1.68 MPa) [42] and E;; = 0.5 MPa (suitable literature range 0.45 + 0.05 MPa) [55], respectively;
moreover, we impose the same Poisson’s coefficient v;, = v, = 0.45 [61, 6] and elastic surrounding tissue coefficient
ag = 2.5 x 100 :—rz (see Eq. 3.2) for both the radial artery and the cephalic vein. Such values have been properly
calibrated in order to obtain physiological displacements coherent to the literature. Regarding the thickness of the
vessel walls, we use 7, = 0.1 mm (suitable literature range 0.425 + 0.375 mm) [64] for the cephalic vein and 74 = 0.3
mm (suitable literature range 0.28 &+ 0.05 mm) [42, 39] for the radial artery.

It is worth pointing out that we discard the first heartbeat in order to obtain numerical results at regime conditions
and focus our analysis on the second one.

4.3. Blood dynamics analysis

In this section, we aim to analyze the numerial results concerning the fluid dynamics.

In Fig.5, we report the velocity field on a longitudinal slide at two representative instants (systolic peak ¢ = 1.0 and
deceleration phase ¢t = 1.3 s), for P1 and P2.

In Fig. 6, we describe the pressure field of the anastomosis region at the systolic peak (r = 1.0) for P1 and P2.

In Fig. 7, in the first and second row, we report the TAWSS for P1 and P2, respectively; while, in Fig. 8, we evalute
the OSI, reporting the top and bottom view of the cephalic vein for P2.

In Fig. 9, we report the space-averaged WSS at specific regions in the toe, hood, heel and bed of the anastomosis
for P1 and P2 at every instants of the cardiac cycle.

4.3.1. Comments to fluid results

Regarding P1, and considering the velocity field (Fig. 5), we notice the creation of a huge vortex at the toe of the
anastomosis (left part of the anastomosis) and a little vortex at the heel (right-upper part of the anastomosis) of the
anastomosis. Coherently, passing from the systolic peak to the deceleration phase, the magnitude and the dimension
of the main vortex decrease; it is worth noting that the deceleration of the flow does not cause any further abnormal
recirculation region and for the entire cardiac cycle the toe of the anastomosis is subjected to the action of the vortex.
We believe that since the AVF is far from the heart, it is less affected by the passage towards the different phases of the
cardiac cycle, and there is no vortex dissipation at the anastomosis region. The intensity and the shape of the vortex
change by varying the anastomosis angle; in particular, we notice that P1-20 appears to be the configuration which
induces more disturbed flow; on the other hand, P1-60 is the most conservative configuration leading to a less chaotic
condition. Regarding P2, we do not see relevant differences in the vortex dimension and velocity magnitude between
the two different istants of the cardiac cycle. Moreover, differently from P1, there are no changes in the blood dynamics
pattern when varying of the anastomosis angle. We believe that the main reason behind the fact that, unlike P1, the
vortex at the center of the anastomosis of P2 does not decrease its dimension when the anastomosis angle increases is
due to the fact that the diameter of the cephalic vein, which is too small in comparison to the radial artery. In Tab. 1, we
report the diameters of the cephalic vein and radial artery of P1 and P2 to highlight the correlation with the disturbed
flow.

In [40], the authors state that a cephalic vein diameter below 2 mm and a diameter of the radial artery below
1.5 mm could play a crucial role in fistula failure. In [7] and [66], the authors find that in order to favour fistula
maturation, the diameter of the cephalic vein should be at least of 2.5 mm. This is confirmed by our results since with
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Figure 5: Velocity field at the anastomosis region. First Row: P1 at the systolic peak (f = 1s) is reported. Second Row:
P1 at the deceleration phase (# = 1.3s) is reported. Third Row: P2 at the systolic peak (¢ = 1s) is reported. Fourth Row:
P2 at the deceleration phase (t = 1.35) is reported. pA= proximal artery, dA= distal artery, V= vein

P2 (diameter of the cephalic vein smaller than 2.5 mm) we observe the presence of a vortex that leads to a disturbed
flow independently of the anastomosis angle. Instead, in P1 (diameter of the cephalic vein larger than 2.5 mm), we have
that, if the anastomosis angle is large enough, the vortex disappears and the flow becomes more regular. Therefore,
we suggest that both the anastomosis angle and the diameter of the vessels could play a fundamental role in avoiding
the generation of disturbed flow and thus in fistula maturation. Notice that the values of the velocity magnitude are
coherent with other works [17, 25] and with experimental measures [30].

From Fig. 6 we observe that for both the patients, the highest value of the pressure is registered between the toe and
the hood. This is coherent with the velocity field, since at these locations there is a stagnation point, due to the high flow
rate coming from the proximal radial artery which goes perpendicular to the cephalic vein walls. The pressure field
along the anastomosis region has the same pattern in all the six configurations, but with different magnitude. It is known
that in healthy patients, the cephalic vein has pressures of about 7-15 mmHg [50]; since in the AVF the cephalic vein
is connected with the systemic arterial network, coherently its pressure increases suddently. In P1, where the diameter
of the vessels is similar and, in particular, the cephalic vein diameter is larger than the radial artery diameter (see Tab.
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P1-20 P1-40 P1-60
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Figure 6: Pressure field at the anastomosis region. First row: P1 configurations at the systolic peak (¢ = 1s). Second row:
P2 configurations at the systolic peak (1 = 1s). pA= proximal artery, dA= distal artery, V= vein. Notice the different
scales used for the two patients, in order to highlight differences among anastomosis angles.

Table 1
Diameter of the cephalic vein (D,) and radial artery (D,) for P1 and P2.

P1 P2
D, 2.85 mm 2.28 mm
D, 3.03 mm 2.05 mm
=PIl 100 6.3 % 112 %

"

1), the pressure inside the cephalic vein is almost equal in all the three configurations, reaching a value of the blood
pressure close to that of the systemic arterial circulation. In P2, we think that the small diameter of the cephalic vein
causes a small pressure along the cephalic vein (and as a consequence an increase of the velocity field, see the last two
rows of Fig. 5) making the dilation of the cephalic vein more difficult.

Regarding the TAWSS, in Fig. 7, for all the configurations, we note that the distal part of both the radial artery
and cephalic vein are less subjected to the action of the shear stress making them susceptible zones for the creation of
IH and stenosis. The values and the regions of high and low TAWSS are in agreement with [17]. The variation of the
anastomosis angle and the cephalic vein diameter do not seem to have any effect on the WSS at the distal part of the
radial artery, while an increase of the anastomosis angle causes an increase of the TAWSS at the proximal and distal
part of the cephalic vein. In the clinal literature, it is well know that the juxta-anastomotic region (i.e. the proximal part
of the cephalic vein) is at high risk for stenosis [54], therefore since the augmenting of the anastomosis angle causes
an increasing of the TAWSS in the proximal part of the cephalic vein, we believe that P1-60 and P2-70 are the best
configuration for the protection from stenosis, indepentently of the cephalic vein diameter. It is worth noting that the
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Figure 7: First Row: TAWSS of P1. Second Row: TAWSS of P2. pA = proximal artery, dA = distal artery, V = vein.
Notice the different scales used for the two patients, in order to highlight differences among anastomosis angles.

small diameter of the cephalic vein causes a decrease of pressure along the cephalic vein (see Fig. 6), but on the other
hand it generates an increase of the velocity field, i.e. an increase of the TAWSS (which should be better in order to
avoid the stenosis).

In Fig. 8, the OSI is analyzed, in particular we focus on the distal part of the cephalic vein of P2. The bifurcation
at the distal part of the cephalic vein generates an anomoulus pattern of the OSI in both the top and bottom part
of the vein. P2-30 and P2-50 seem to be the worst scenario generating an extremely high oscillatory shear stress.
P2-70 is more conservative, especially in the bottom part of the cephalic vein. About OSI, our numerical results are
in agreement with [17]. It is worth remembering that the only parameter changing between the three configurations of
P2 is the anastomosis angle, therefore we believe should exist a strong relation between the generation of the stenosis
in the distal part of cephalic vein and the anastomosis angle. In accordance with [28], the distal part of the cephalic
vein is one of the most affect sited of stenosis; here, we coherently experiment low value of WSS and high OSI. As
stated in [60], after and before bifurcations or branches, there is the production of flow disturbances and regions of
flow separation, in which the OSI can increase creating at the distal part of the cephalic vein the perfect condition
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Figure 8: P2. OSI at the distal part of the vein, represented in the circle. V-TOP = vein top view. V-BOTTOM = vein
bottom view.

for the stenosis development. We do not report OSI values for P1 since we encounter a quasi-zero value along all the
arteriovenous fistula except at the toe of the anastomosis of P1-20, but we consider those values extremely low and not
of clinical relevance. It is worth pointing out that our FSI results show a complete different OSI pattern with respect
to the rigid study [62], where the largest OSI values were found near to the anastomosis region, whereas in our case in
the distal part of the vein.

Considering the WSS along time in specific locations (see Fig. 9), it is worth highlighting that except for P2-HOOD
and P2-HEEL, we observe that the configurations with the lowest angles (P1-20 and P2-30) generate the lowest WSS.
Regarding the toe, both P1 and P2 experience very low shear stress, in particular the conditions which seems to better
protect the toe of the anastomosis are those represented by the angles P1-40 and P2-70, but in general, all the six
configurations are characterized by low WSS. We note that the WSS has an oscillant-in-time behavior until the systolic
peak, in particular, P1 has the highest oscillations. Looking at the bed, we see that P2 again is characterized by higher
WSS values and P1 has a relevant oscillanting-in-time behaviour before the sytolic peak. Also for the bed of the
anastomosis, the low angle configurations (P1-20,P1-40,P2-30,P2-50) show lower value of shear stress, while P1-60
and in particular P2-70 have normal values guranteeing a better protection against the IH. It is worth noting that the
bed of the anastomosis is another typical sites for the creation of the stenosis [60]. Considering that in AVF context,
a healthy WSS is below 7 Pa, at the heel of the anastomosis we encounter comparable values to that of the healthy
condition. In particular concerning P1, P1-40 at the systolic peak reaches the healthy limit, while P1-20 and P1-60
are extensively under the limit. Referring to P2, P2-70 seems the best configuration while P2-30 and P2-50 exceed the
healthy WSS limit practically in all the phases of the cardiac cycle. Finally, we look at the hood of the anastomosis
which can be considered part of the juxta-anastomotic region. Here, the values of the WSS are extremely high for
all the configurations. Looking to P1, the anastomosis angle has a very small effect in the changing of the values of
WSS, while in P2 the best condition is P2-70 which is able to mantain the value of WSS at the lowest level possible.
In general, P2 has higher value of the WSS in all the regions, we belive that this condition is due to higher velocites
obtained.

4.4. Structural analysis results

In this section, we present the numerical results concerning the vessel wall structural quantities.

In Fig.10, we report, by means of a longitudinal slice, the displacement magnitude of the anastomosis region at the
systolic peak (t = 1s) for P1 and P2. In Fig. 11, we evaluate the space-averaged Von Mises stress at heel, bed, hood
and toe of the anastomosis for P1 and P2, respectively.

4.4.1. Comments to structure results

Referring to displacement field, in Fig.10, we observe two opposite trends for P1 and P2. In particular, in the
former, an increase of the anastomosis angle generates a decrease of the displacement magnitude at the anastomosis
region (between the toe and the floor) and an increase of the displacement along the juxta-anastomotic region. Instead,
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Figure 9: P1 & P2. Space-averaged WSS at the heel, bed, hood and toe of the anastomosis. Notice the different scales in
the figures, to highlight significant differences among the anastomosis angles.

in P2 we observe that the increase of the anastomosis angle provokes a strong increase of the displacement in both
the anastomosis and juxta-anastomotic regions. In general, since the cephalic vein has a lower compliance, we expect
higher displacements, but this is not the case. The reason is that the systemic venous system works with lower pressure
(See Fig. 6) and thus the cephalic vein is not forced to the expansion. Focusing on P2, we think that the small diameter
of the cephalic vein generates an increase of the velocity field and a decrease of the pressure; therefore, the decrease
of the latter causess the diminishing of the displacements (see P2-30 and P2-50). Moreover, since the small diameter
of the cephalic vein increases the difficulty of the blood to flow into it, coherently the flow stagnates in the bottom
part of the anastomosis region, generating an increase of the displacement, also in the floor of the anastomosis; this
is particularly relevant in P2-70. For both P1 and P2, starting from the distal artery, the region of high displacements
begins at the toe of the anastomosis where there is a sudden change in the thickness; on the other part, close to the
heel, we do not observe any important alteration in the displacement. In literature, our results on the displacement are
in agreement with the numerical simulations of [46].

Considering the Von Mises stress (see Fig 11), we observe that the P2 configurations experiment, in all the part
of the anastomosis region, twice mechanical stress as much as P1. Since this behaviour is consistent for all the
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Figure 10: Displacement field at the anastomosis region. First row: P1 configurations at the systolic peak (¢ = 1s). Second

row: P2 configurations at the systolic peak (r = 1s). Notice the different scales in the figures, to highlight significant
differences among the anastomosis angles. pA= proximal artery, dA= distal artery, V= vein.

P1-20

configurations and parts of the anastomosis region, we think that this increase is due to the small diameter of the
cephalic vein. In the case of P1, where the cephalic vein is larger than the radial artery, we note that there are very few
differences between P1-40 and P1-60; on the other hand, considering P2, P2-70 seems the worst possibile configuration
generating high stress in all the regions. From a mechanical point of view, when the cephalic vein is larger than the
radial artery (P1), an increase of the anastomosis angle is not able to modify the stress at the anastomosis region. On
the contrary, for small angles of P2, the stress distribution is not affected too much by the change of the angle, but it
increases a lot with P2-70. Coherently, the high displacement zones are associated with high value of Von Mises stress
as previously seen in other studies [59, §]

4.5. Final discussion

Our results show that both the diameter of the cephalic vein and the anastomosis angle play a fundamental role for
the generation of recirculation regions, abnormal values of WSS, OSI and mechanical stress. For the sake of clearness,
we delineate four main critical situations:

a) Low anastomosis angle and large diameter of the cephalic vein (P1-20, P1-40)
b) High anastomosis angle and large diameter of the cephalic vein (P1-60)
¢) Low anastomosis angle and small diameter of the cephalic vein (P2-30, P2-50)
d) High anastomosis angle and small diameter of the cephalic vein (P2-70)

When the cephalic vein has a small diameter with respect to that of the radial artery (P2, case c and d above, see
Tab. 1), we find:

e Strong increase of the velocity. Generally, high velocity means high WSS which protects against IH, but when
the diameter of the cephalic is too small as in this case, the velocity is excessively high and the WSS assume
abnormal values. This condition could favor the generation of trombosis;
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Figure 11: P1 & P2. Space-averaged Von-Mises stress at the heel, bed, hood and toe of the anastomosis. Notice the
different scales in the figures, to highlight significant differences among the anastomosis angles.

e The big vortex at the anastomosis region is presented for all the configurations with the same shape and intensity,
the anastomosis angle does not have any effect on the blood dynamics;

e Low pressure. The blood does not favour the dilation of the cephalic vein. This condition could not favour the
fistula maturation;

e High Von Mises stresses (larger than P1) in all the parts of the anastomosis region.

When the cephalic vein has a larger diameter than the radial artery (P1, case a and b above), the variation of the
anastomosis angle influences both the blood dynamics and mechanics of the vessels:

e Case a (P1-20, P1-40):
— Blood dynamics : Constant presence of a big vortex at the anastomosis region, physiological value of the
pressure, unhealthy value of the WSS (too low);

— Vessel dynamics : The displacements and mechanical stress are lower than Case b in all the part of the
anastomosis region.
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e Case b (P1-60):

— Blood dynamics : The presence of the vortex at the anastomosis region is almost absent, physiological
values of pressure and WSS are found;

— Vessel dynamics : Higher displacements and mechanical stresses than Case a.

When the diameter of the cephalic vein is large enough, we confirm that the variation of the anastomosis angles can
have a strong effect on the blood dynamics and vessel walls dynamics. In particular, as stated in [62], we confirm
that high anastomosis angle (P1-60) are the best in avoiding the recirculation zone and maintining a healthy WSS. We
cannot state the same for P2-70, since we think that the small diameter of the cephalic vein has more influence on the
blood dynamics than the change of the anastomosis angle.

It is worth noting that the bifurcation at the distal vein (see Fig.8) is a zone prone for the generation of high values
of OSI; in particular, the highest anastomosis angle (P2-70) is the best one in the reduction of OSI.

4.6. Limitations

The main limitations of our work are represented by the boundary conditions. The radial artery and the cephalic
vein are not encapsulated in an equal tissue. Since the former lays deeper in the tissues, in a subfascial plane in the
wrist, it is more compressed by the external tissues, therefore a further development could be the implementation of the
possibility of imposing two different values for the Robin coefficient (ag). Another improvement could be the choice
of a more realistic lumped parameter model for the outlet boundary conditions, in particular, instead of a resistance
condition, the three-element Windkessel model can be considered.
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