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Abstract—Although our understanding of the failure mech-
anism of vascular access for hemodialysis has increased
substantially, this knowledge has not translated into success-
ful therapies. Despite advances in technology, it is recognized
that vascular access is difficult to maintain, due to compli-
cations such as intimal hyperplasia. Computational studies
have been used to estimate hemodynamic changes induced by
vascular access creation. Due to the heterogeneity of patient-
specific geometries, and difficulties with obtaining reliable
models of access vessels, idealized models were often
employed. In this review we analyze the knowledge gained
with the use of computational such simplified models. A
review of the literature was conducted, considering studies
employing a computational fluid dynamics approach to gain
insights into the flow field phenotype that develops in
idealized models of wvascular access. Several important
discoveries have originated from idealized model studies,
including the detrimental role of disturbed flow and turbulent
flow, and the beneficial role of spiral flow in intimal
hyperplasia. The general flow phenotype was consistent
among studies, but findings were not treated homogeneously
since they paralleled achievements in cardiovascular biome-
chanics which spanned over the last two decades. Compu-
tational studies in idealized models are important for
studying local blood flow features and evaluating new
concepts that may improve the patency of vascular access
for hemodialysis. For future studies we strongly recommend
numerical modelling targeted at accurately characterizing
turbulent flows and multidirectional wall shear disturbances.

Keywords—Vascular access, Arteriovenous fistula, Arteri-
ovenous graft, Neointimal hyperplasia, Computational fluid
dynamics (CFD), Wall shear stress (WSS).
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INTRODUCTION

Description of the Condition

Chronic hemodialysis (HD) patients are a fragile
population, already devastated by underlying uremia
and/or diabetes and at high risk of cardiovascular
events. If it is in good condition, their vascular ac-
cess (VA), delivered by either native arteriovenous
fistulae (AVF) or prosthetic arteriovenous grafts
(AVQG), guarantees the efficiency of HD treatment,
making it a real lifeline for these patients. Fifty years
after the first native AVF creation® VA still remains
a pervasive problem for HD patients and an unmet
need for HD operators, which should be researched
further and understood to prevent early and long-
term failure of the shunt. Even though clinical
guidelines®”’>”® recommend well-defined criteria to
create the VA, a high early failure rate®* is found
worldwide due to insufficient flow enhancement in-
duced by stenotic lesions downstream from the
anastomosis.

Geometry of the Vessels and Blood Flow in the VA

Native AVF can be constructed with different
surgical techniques®® to create the anastomosis
between the vein and artery: (a) side artery to end vein
(side-to-end), (b) end artery to end vein (end-to-end)
and (c) side artery to side vein (side-to-side), as shown
in Fig. 1. The AVG are created by connecting an
artery with a vein via a prosthetic graft, which may be
positioned under the skin in a closed-loop (Fig. 1d) or
straight configuration. Naming rules for the fistula
take into account the blood vessels involved and their
location, e.g., lower arm radial-cephalic, upper arm
brachial-cephalic AVF, etc. By convention, the exact
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description of the anastomosis type (e.g., side-to-end
or end-to-side) takes the direction of blood flow into
account.’® For example, in an AVG there is a side-to-
end arterial anastomosis (Fig. 1e) and an end-to-side
venous anastomosis (Fig. If). The nonuniform
geometry near the anastomosis forces blood to change
direction rapidly. In side-to-end anastomoses, blood
flow is directed from the proximal artery (PA) to the
vein, while the flow in the distal artery (DA) may be
retrograde if blood is directed from the hand to the
anastomosis, or antegrade if blood flows towards the
hand.®®7° If the anastomosis is end-ro-end, blood
flows from the artery to the vein in a bending vascular
structure. Side-to-side fistulae have natural flow
directed towards the anastomosis in the distal vein
(DV) due to venous valves (Fig. lc), although it is
possible to invert it by disrupting the initial venous
valve using a vessel probe.** In such geometries,
which are by nature vessels with sharp bends and
large variations in a cross-sectional area, fast accel-
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FIGURE 1. Drawings of the most used anastomotic geome-
tries in VA. Top row, type of anastomoses in AVF: (a) side-to-
end; (b) end-to-end; (c) side-to-side; bottom row, in AVG: (d)
sketch of a closed-loop graft (G) that involves a; (e) side-to-
end arterial anastomosis and an; (f) end-to-side venous
anastomosis. Black arrows indicate the (more probable, while
gray arrows the less probable) direction of blood flow. A, ar-
tery; DA, distal artery; DV, distal vein; G, graft; PA, proximal
artery; PV, proximal vein; V, vein.
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eration or deceleration of blood entails recirculation
vortexes and secondary flows, with energy dissipation
and nonuniform hemodynamic shear stresses across
the circumference of the vessel.

Neo-intimal Hyperplasia in the VA

Unfortunately, the VA may be harmed by several
complications, such as thrombosis, stenosis, hand
ischemia or high output cardiac failure.® Thrombosis
is the major cause of failure of VA, the occlusion
resulting from initial deterioration of the vessel wall
due to neo-intimal hyperplasia (NH) lesions. In the
pathogenesis of venous NH, there are initial or up-
stream events, which produce injury of the endothelial
cell (EC) layer like surgical trauma, hemodynamic
shear stress, or vessel wall damage due to needle
punctures. Downstream events are the responses of
the vascular wall at the endothelial injury that consist
of a cascade of cellular mechanisms leading to
leukocyte adhesion, migration of smooth muscle cells
(SMC) from the media to the intimal layer and pro-
liferation.®® The reader should be aware that the
meaning of the terms upstream and downstream in
this setting regards the timeline of events in the
pathogenesis of NH, and is in no way associated with
their significance in fluid mechanics. Among the up-
stream events related to the pathogenesis of NH, this
review deals only with hemodynamic factors believed
to contribute to VA dysfunction. A brief overview of
the most relevant developments regarding intimal
hyperplasia in cardiovascular biomechanics research
in general, and especially in the VA field, are intro-
duced first.

Relevant Achievements in the Field of Hemodynamics in
the VA

Although the exact mechanisms of NH initiation
and development remain unclear, turbulence-induced
abnormal hemodynamic stresses are thought to trigger
local wall thickening.”*®

The Role of Multidirectional Disturbed Flow

A large amount of evidence has led to the hypoth-
esis that the “disturbed flow” patterns in branch points
and curvatures cause atherosclerotic lesions, whereas
the laminar flow in the straight parts of the arterial tree
is atheroprotective. Although frequently used, the term
“disturbed flow” is vague enough and used in multiple
settings with different connotations.”” As currently
used in the larger atherosclerosis community, laminar
disturbed flow is defined as nonuniform and irregular,
including recirculation eddies and changes in direction
over time (reciprocating flow) and space (flow separation
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and reattachment). The reciprocating flow in branch
points and curvatures in vivo oscillates at the frequency
of the cardiac cycle, modulating EC functions and
vascular biology/pathobiology in vascular disease.'®

Disturbed flow also results in postsurgical neointi-
mal hyperplasia in the VA, where blood velocity is very
high, giving rise to turbulent flow and audible bruits.
On the venous wall, the turbulent flow induces highly
oscillating, multidirectional shear stress, because the
WSS vectors rotate very rapidly. This kind of turbulent
disturbed flow regime has a very high frequency and
differs essentially from the reciprocating flow that may
develop in some focal points of the arterial side, which
oscillates at the frequency of periodicity.”* A direct
relation between WSS and patterns of NH was
demonstrated in vivo in pigs,*'***®* in canines®> and in
mice®' animal models of AVF. In patients, the luminal
shape at the site of stenosis is in the majority of cases
off-center,®” indicating a link with the WSS profile
along the circumference of the wvessel, which is
nonuniform. Thus, as in other vascular pathologies,'*
there are specific sites within the VA tree where ste-
noses develop, suggesting a link between local geom-
etry, hemodynamics and NH formation. In native
AVF for hemodialysis, the stenoses occur mostly on
the venous segment, with the juxta-anastomotic vein
(JAV) part as the most predominant site for radial-
cephalic fistulae,*%? the cephalic arch for the brachial-
cephalic fistulae® and the proximal vein segment for
brachial-basilic fistulae.®> In AVG almost 80% of the
stenoses occur at the venous anastomosis and only 4%
at the arterial anastomosis.>’

Disturbed Flow Metrics and Computational Issues

In this setting, numerical modelling techniques such
as computational fluid dynamics (CFD) are used to
characterize the blood flow inside the VA and the pat-
terns of wall shear stress (WSS) on its surface. In
computational studies, zones affected by disturbed flow
on the vascular wall may be localized by means of the
so-called hemodynamic wall parameters. Some of these
metrics are based on the magnitude of WSS, like the
time-averaged wall shear stress (TAWSS), the oscilla-
tory shear index (OSI) and the relative residence time
(RRT), while others are based on the gradient of WSS,
like the spatial gradient (WSSG), temporal gradient
(WSSTG) or angle gradient (WSSAG).** The recent
findings that oscillatory flow has pro-inflammatory ef-
fects when acting perpendicularly to the cell axis defined
by their shape and cytoskeleton in virro,®"*" as well as
in vivo in the rabbit aorta,”>** suggest that local multi-
directional WSS vectors act as an upstream event for
NH. In this context, the transversal WSS (transWSS)
index proposed by Peiffer er al.®® proved to be a valid

metric for characterizing the multidirectional flow, also
in patient-specific AVF.”2%4

Regarding numerical grid resolution requirements,
in CFD-related studies that aim to predict the outcome
of a physical event for which experimental data are not
available, the Fluids Engineering Division of ASME
provided guidelines for calculating and reporting dis-
cretization error estimates through the Grid Conver-
gence Index (GCI) method, based on the Richardson
extrapolation.® This should be the recommended
procedure for estimating discretization errors also for
computational studies in the VA.

Another challenging aspect in VA research is the
existence the turbulence flow. Generally, turbulence
may be completed simulated or modeled. Direct
numerical simulation (DNS) is a computational tech-
nique that resolves all the details and scales of turbu-
lence, i.c., the spatial and temporal evolution of the
entire range of eddies, but is an extremely expensive
approach, often requiring 10%-10' computational
nodes and times extending to millions of CPU hours.*’
There have been studies using DNS, revealing transi-
tion to turbulence in the VA.**** A less expensive
solution is to model the effects of small eddies and only
resolve the large, most energetic eddies, through an
approach called large eddy simulation (LES).” More
recent studies on cerebral aneurysms*®’# have shown
that well-resolved spatially and temporally CFD sim-
ulations called “high-resolution” (HR-CFD) may de-
tect the flow instabilities, otherwise not resolved by the
common ‘‘normal-resolution” (NR-CFD). The HR-
CFD approach is much less computationally expensive
than DNS and probably equivalent to LES modelling,
and has been used successfully in computational
studies of VA.7-!1:12:20.24.33

Aim of the Review

In this special issue on VA, we have reviewed the
existing literature by evaluating the computational
studies of blood flow in three-dimensional models of
VA for hemodialysis. This article is not intended as a
comprehensive review of the numerous VA hemody-
namics-related issues, but deals with computational
studies realized in idealized models of either AVF or
AVG anastomoses in the attempts to enlighten the flow
phenomena that may be related to the failure of VA.

MATERIALS AND METHODS

We reviewed the published studies using numerical
approaches to gain insights into the general flow field
phenotype that develops in idealized models of the VA.
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Literature Search Strategy

To retrieve the most representative computational
studies performed in the VA setting, particularly in
AVF or AVG, we conducted a nonsystematic search of
PubMed with the keywords ““Hemodialysis*, ““Arteri-
ovenous Fistula (modelling OR analysis)”, “Arteri-
ovenous graft (modelling OR analysis)”’, “Numerical
Analysis, Computer-Assisted”’[Mesh]”, and then we
manually selected relevant articles, up until December
2016. The titles and abstracts of all potentially suit-
able studies were inspected and articles meeting the
inclusion criteria were retrieved and reviewed.

Criteria for Considering Studies for This Review

Included in the review were computational studies
that analyzed blood flow in idealized VA geometries.
We did not include computational studies on patient-
specific VA or studies that do not have a computa-
tional part. Although very similar in structure, we
decided not to include in the review studies about vein
grafts, which are exposed to a different hemodynamic
regime when compared to the VA.* In addition, we
did not include studies on central venous catheters
(CVCQ) that are used in acute hemodialysis.

The studies selected for the review are presented in
chronological order in Table 1. Included in the various
outcomes investigated, are hemodynamic shear stress
at the anastomosis, the helicity of the bulk flow, and
the pressure drop over the anastomosis, or the hemo-
dynamic effects of hemodialysis needles.

OVERVIEW OF THE COMPUTATIONAL
STUDIES IN IDEALIZED VA

Arteriovenous Fistulae
Side-to-End AVF

In a parametric CFD study, Van Canneyt et al.
investigated the impact of anastomosis size and angle
on pressure drop and flow distribution’® in a side-to-
end AVF idealized model. Study parameters were the
anastomosis cross-sectional area and the anastomotic
angle. Starting with two reference cases with fixed flow
split, pressure drop over the anastomosis was calcu-
lated for an arterial inflow in a range between 600 and
1200 mL/min. The pressure drop decreased with a
larger anastomosis cross-sectional area and an angle
wider than 43°, while it was almost constant for
smaller angles. Subsequently, the same reference cases
with fixed pressure boundary conditions were used to
assess the flow split over the PV and DA. Although PA
inflow increased for larger anastomosis areas, the
overall flow split shifted almost totally to the PV.
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When the anastomosis angle exceeded 58°, the PA in-
flow was not sufficient to deliver enough flow, leading
to DA flow reversal.

Ene-Tordache et al.*® performed a numerical study
with the aim of investigating the hemodynamic flow
field and the patterns of WSS in forearm radial-ce-
phalic AVF. By using CFD simulations within ideal-
ized 3-D models of side-to-end they have found that
WSS patterns depend on the flow split ratio and blood
direction in the DA, i.e., antegrade or retrograde.
Zones of disturbed flow localized by means of OSI and
RRT were found on the anastomotic floor and on the
inner wall of the JAV (Figs. 2a, 2b and 2d, 2e). These
zones were located in the same sites where luminal
reduction was documented in previous in vivo stud-
ies.>”! Following this line of research, the same
group®! studied whether the anastomosis angle might
influence the pattern of disturbed flow, using a para-
metric CFD study. Their idealized model of wrist side-
to-end radial-cephalic AVF resembled intraoperative
dimensional and flow conditions of a newly created
AVF. They used four equivalent AVF meshes with
anastomotic angles of 30°, 40°, 60° and 90° and then
localized the disturbed flow by means of the RRT
metric, on the anastomotic floor and on the inner side
of the JAV of all four models. Quantification of these
areas and inference analysis showed that, the smaller
the angle, the smaller the area of disturbed flow in
idealized side-to-end radial-cephalic AVF.

Browne et al.'' compared in vivo measurements of
pressure distribution in two brachio-cephalic side-to-
end AVF of hemodialysis treated patients against a
representative idealized numerical model. They mea-
sured the pressure intra-operatively at stations located
every 1 cm up to 6 cm into the vein, and in the distal
and proximal segments of the artery. There was a
distinct pressure drop (approximately 90 mmHg)
between the arterial and venous segment, and this
coincided with the well-known palpable thrill due to
perivascular vibration observed in vivo. Constant flow
simulations for an inlet Reynolds number of 1000 were
advanced in time for 3 s and the first second of data
was removed to eliminate the start up transients. By
resolving the flow field with a fine time step
(5 x 107*s) the authors observed fluctuations in the
numerical signal due to flow instabilities arising at the
anastomosis and in the near-venous area. These in-
clude also the oscillations of the pressure drop signal,
which ranged from 58 to 76 mmHg, with a mean of
66 mmHg, a relatively good agreement (range of error
between 8 and 10%) between the in vivo and CFD
prediction. This study provided a benchmark of the
pressure distribution within side-to-end AVF demon-
strating that HR-CFD solutions are capable of
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FIGURE 2. Plot of OSI and RRT on the AVF surface. Arrows
indicate the direction of flow. (a and d) Side-to-end AVF with
retrograde flow in the DA. (b and e) Side-to-end AVF with
antegrade flow in the DA. (c and f) End-to-end AVF. Fig-
ure reprinted by permission from Oxford University Press.?

replicating the abnormal physiological flow conditions
induced by fistula creation.

Following the same research line, Browne et a
investigated whether adequately resolved CFD might
capture the flow instabilities within an idealized model
of side-to-end AVF. In addition, an experimental model
of the representative fistula was created and the pressure
distribution within the model was analyzed experimen-
tally and numerically using steady inlet conditions, and
then a pulsatile simulation was run in order to assess the
role of pulsatility on bulk flow. The flow within the
venous segment exhibited transitional flow under both
steady and pulsatile inlet conditions. High frequency
velocity fluctuations developed in the AVF under pul-
satile conditions, starting in the anastomosis and
propagating in the JAV segment (Fig. 3). These fluctu-
ations may impact EC function and contribute as an
upstream event in the pathogenesis of NH, further
contributing to the loss of VA functionality.

Tori et al.*® investigated computationally, the effect
of in-plane arterial curvature on blood flow and oxy-
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gen transport in side-to-end idealized AVF configura-
tions. The aim of the study was to understand how
arterial curvature may affect blood flow and oxygen
transport patterns, with a focus on how curvature al-
ters the hemodynamic wall metrics known to correlate
with NH. They used a constant (steady) flow at the
inlet (equivalent Reynolds number of 800), advanced
in time until transient start-up phenomena quit and
only periodic physical fluctuations remained. For
straight and inner AVF configurations the arterial flow
was unsteady, despite the steady inflow, while for the
outer configuration this was largely steady (Fig. 4).
Venous flow was largely unstable for all configura-
tions, except for the case of the smallest venous
diameter (Fig. 4). Their findings imply that, if one
subscribes to the hypothesis that disturbed flow causes
NH, AVF should be formed via a vein graft onto the
outer side of a curved artery in order to avoid NH. On
the other hand, if one subscribes to the hypothesis that
low WSS and/or wall hypoxia cause NH, AVF should
be formed onto as straight as possible an artery or the
inner side of a curved artery.

End-to-End AVF

The flow field in an idealized model of end-to-end
AVF was investigated computationally by Ene-lor-
dache ez al.* In this setting, the blood from the radial
artery flows into the cephalic vein in a U-shape conduit
and the curvature of the artery induces Dean flow in
the bending tract. After the curvature, the flow impacts
on the outer wall and a recirculation zone develops on
the inner wall of the JAV. This type of flow phenotype
results in low WSS regions on the inner wall of the
cephalic vein, whereas high WSS develops on the inner
and lateral walls of the bending artery at peak systolic
flow. In addition, reciprocating disturbed flow,
localized by means of OSI and RRT, developed on the
inner wall of the vein after the anastomosis in idealized
end-to-end AVF (Figs. 2¢ and 2f).

Side-to-Side AVF

Niemann ez al.>® performed a numerical study with
the aim of investigating the hemodynamic flow field
and the patterns of WSS in an idealized model of side-
to-side wrist radial-cephalic AVF. They further vali-
dated the CFD results through comparisons with
experimentally measured volume flows and velocity
fields from ultrasound scans. Visual comparisons
between ultrasound and CFD images showed good
agreement. They found that disturbed flow localized
through OSI developing at two distinct regions in the
vein downstream from the anastomosis (Fig. 5).

Hull er al®' also studied a wide range (matrix) of
AVF anastomoses with CFD. Their goal was to
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FIGURE 3. Velocity-time trace histories along centerline points (labeled 1-15) within the fistula model for a pulsatile flow solution
with a mean flow rate of 1400 mL/min. Black arrows indicate the direction of blood flow. Reprinted by permission from Springer.'?
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FIGURE 4. Temporal snapshots of velocity magnitude on the symmetry plane of idealized side-to-end AVF configurations, and on
two planes orthogonal to the arterial centerline, positioned 1.2 cm proximal (P) and 0.6 cm distal (D) of the intersection between the
arterial and venous centerlines. D,, venous diameter; arrows indicate the direction of blood flow. Reprinted by permission from the

authors.?

—

FIGURE 5. Plot of OSl in the vicinity of a side-to-side anas-
tomosis. Maximum OSI values exceeded 0.4 at two distinct
regions in the vein downstream to the anastomosis indicated
by white arrows. Black arrows indicate the direction of blood
flow. Reprinted by permission from Elsevier.*®

compare side-to-side with the more common side-to-
end (45° and 90°) anastomosis configuration. They
generated a matrix of 17 computer AVF models using
different artery—vein diameter pairs. CFD simulations
were performed at flow rates ranging from 600 to
1200 mL/min and mean arterial pressures from 50 to
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140 mmHg. Their matrix CFD runs allowed them to
obtain a wide range of pressure drops and venous
outflows corresponding to any of these combinations.
Moreover, the authors found that the most uniform
WSS patterns occur in side-to-side anastomoses, fol-
lowed by 45° and 90° side-to-end anastomoses (Fig. 6).

Pressure Drop over VA Stenoses

The hemodynamic significance of stenoses in VA
was investigated by Hoganson er al.,*° using a CFD to
model the flow through AVF. Three-dimensional ide-
alized models of clinically relevant stenoses, with the
diameters ranging from 1.0 to 3.0 mm, and lengths
between 5 and 60 mm within a generic AVF vein of
7 mm were generated. Eight patient-specific stenoses
were also modeled and analyzed numerically, and the
resulting blood flow calculations were validated
through comparison with brachial artery flow mea-
sured by duplex ultrasound. The calculated flow rate
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FIGURE 6. Paired velocity vector and surface plot of WSS at a constant flow rate of 900 mL/min for models of side-to-side (STS)
(a) and 45° (b) and 90° (c) end-to-side (ETS). All anastomoses were ellipses of 6.0 x 4.0 mm in size. Note the uniform WSS in the
STS configuration (a) compared with the marked variance in WSS in the 45° and 90° ETS configurations. Arrows indicate the

direction of blood flow. Reprinted by permission from Elsevier.*'

using CFD correlated with 20% of the ultrasound
measured flow for five of eight patients, with a mean
difference of 17.2% (range 1.3-30.1%). Their CFD
study provided information on how to assess the
functional significance of stenosis in VA dysfunction
and to guide further intervention for VA salvation.

Arteriovenous Grafts

Krueger et al.** investigated with NR-CFD a con-
ventional and a patched form of venous end-to-side

anastomosis in idealized models. Their study aimed to
investigate the effect of the design of venous anasto-
mosis (see Fig. 1f) on hemodynamics. The main dif-
ferences in geometry and size comprised not only the
enlarged anastomotic room but also the curved design
of the vein floor. Results of the numerical simulation
showed a decrease of pressure on the floor of the host
vein in the patch form (200 Pa) compared to conven-
tional (372 Pa) anastomosis. They also found a
reduction in peak systolic WSS from 5.9 Pa in the
conventional form to 4.4 Pa in the patch form, on
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FIGURE 7. Isosurface of local normalized helicity (LNH) in the six helical graft designs, at peak systole. Positive and negative LNH
values indicate counter-rotating helical structures induced by the grafts. The arrows indicate the direction of blood flow. Reprinted

by permission from Elsevier.”®

a

FIGURE 8. Distribution of TAWSS in the two VA models: (a) conventional end-to-side, (b) CSQA. The venous wall segment
between the two (STS and ETS) anastomoses of the CSQA model provides a smooth transition of WSS along the venous wall
between the low-WSS distal vein and the high-WSS proximal vein. Arrows indicate the direction of blood flow. Reprinted by

permission from Taylor & Francis.3®

average an overall 50% reduction in WSS, and a more
stable outflow within the patched form, compared to
conventional anastomosis. Such favorable hemody-
namic conditions may explain the decrease in NH
formation in the patched anastomoses.

Loth et al.*® investigated with DNS the steady flow at
high Reynolds numbers (Re = 1060 and 1820) inside a
venous anastomosis geometry. On the venous side the
flow exhibited velocity field separation and weak tur-
bulence that originated from the wall separation shear
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layer. Their findings suggested a potential relationship
between the associated turbulence-induced vein-wall
vibration and the development of NH hyperplasia in
AVG. On the same research line, Lee er al.*® analyzed
with DNS the transitional blood flow in an acute-angle
venous anastomosis under various conditions of flow
split ratio. Broderick er al.’ also studied, through HR-
CFD, the transitional blood flow in a venous anasto-
mosis with several conditions of flow split ratio and
anastomosis angle. The results from both studies concur
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FIGURE 9. Positioning of cannulation needles on the ve-
nous part of the VA. The arterial needle may be inserted in
either antegrade (a) or retrograde (b) direction. The venous
needle should be inserted only in antegrade direction.

to suggest that vein diameter and/or flow split ratio
contribute to turbulent generation, and thus Reynolds
number cannot be used as a sole turbulent criterion in
the arteriovenous anastomosis.

Ngoepe er al.>® studied fluid and structural anasto-
motic mechanics of a straight PTFE upper arm graft.
They used a combination of CFD and finite element
(FE) models for arterial and venous anastomoses with
different graft attachment angles. A mesh adaptation
algorithm was developed to couple CFD and FE me-
shes and capture fluid structure interactions, enabling
transfer of blood pressure predicted by CFD as load-
ings to the FE simulations. Their investigations of
arterial and venous anastomotic end-to-side configu-
ration indicated a slightly better performance of the
90° configuration over 135° arterial and 45° venous
configurations.

Van Tricht et al.” investigated numerically whether
different arterial anastomotic geometries result in dif-
ferent hemodynamics at the arterial and venous anas-
tomosis of hemodialysis VA grafts. They studied two
commercially available PTFE-grafts, a 6 mm cylin-
drical graft and a 4-7 mm tapered graft, both in a
closed-loop configuration of the same length
(340 mm), and assuming a mean volumetric flow rate
of 1000 mL/min. The WSSG at the suture line of the
arterial anastomosis of the tapered graft were at least
twice as much as in the cylindrical graft, and the zones
where these wall metrics reached high values corre-
sponded to locations where NH formation is reported
in literature. In addition, a comparison of the hemo-
dynamic wall parameters at the two arterial anasto-
moses indicates that small flow rate increases the risk

of hemolysis in the tapered graft, whereas the cylin-
drical graft is completely free of hemolysis. Their re-
sults indicate that flow patterns played an important
role in clinical studies in which tapered design grafts
did not perform better when compared to the cylin-
drical design grafts.!”

Sarmast et al®’ investigated and compared the
hemodynamics in two different sizes of hemodialysis
AVG for upper arm VA, an 8 mm tapered to 6 mm at
the arterial side and a straight 6 mm. They used CFD
simulations, imposing physiological velocity and pres-
sure waveforms as boundary conditions at the arterial
inlet and venous outlet of the models, respectively, and
then characterizing the disturbed flow by means of the
spatial WSS gradient. The tapered graft was associated
with less disturbed flow patterns within the venous
anastomosis, but with the disadvantage of higher val-
ues of hemodynamic parameters at the arterial junc-
tion, attributable to its significantly higher mean blood
flow rate. Their findings indicate that the tapered graft
outperforms the straight one hemodynamically when
used in upper arm hemodialysis VA.

Along the same line of research, Van Canneyt
et al.” used CFD to investigate the impact of a helical
graft design on the occurrence of favorable hemody-
namic conditions at the venous anastomosis. Six
models of prosthesis graft in a loop configuration were
studied, one straight graft, and five helical grafts. At
the venous anastomosis, disturbed shear, the bulk
hemodynamics, and the pressure drop over the graft
were assessed. The most helical design scored best,
being instrumental in suppressing disturbed shear in
the venous segment (Fig. 7). Bulk flow investigation
showed a marked increase in helicity intensity and
moderate pressure drop over the AVG by introducing
a lower pitch.

In a similar study, Kabinejadian er al*° investi-
gated, with CFD, the utility of a coupled, sequential
side-to-side followed by an end-to-side venous anasto-
motic (CSQA) design, compared to the conventional,
end-to-side-only venous anastomosis in AVG for
hemodialysis. Two complete AVG idealized models
with the proposed and the conventional venous anas-
tomosis configurations were generated, assuming the
diameter of the artery to be 4, that of the vein 6, and of
the graft 6 mm, with a graft length of 30 cm, and an
anastomotic angle of 30° in both models. Pulsatile
blood flow through the models was simulated and
hemodynamic wall parameters (TAWSS, TAWSSG,
OSI and RRT) were compared in the two models.
Simulation results demonstrated that the proposed
anastomotic design provides a more uniform and
smooth flow at the end-to-side anastomosis, without
flow impingement and a stagnation point on the artery
bed and vortex formation in the heel region, a more
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FIGURE 10. Velocity iso-surfaces (1 m/s) visualizing the venous needle jet. (a)—(c) Variation in blood flow rate (200, 300, and
400 mL/min). (d)—(f) Variation in needle angle (10°, 20°, 30°). (g)—(i) Variation in needle position (bottom, central, top). The arrow
indicate the direction of bulk blood flow. Reprinted by permission from ASME.?®

uniform distribution of WSS and substantially lower
WSS gradients on the venous wall (Fig. 8). Their de-
sign has advantages that might improve the hemody-
namic environment towards enhancing the patency of
AVG for hemodialysis.

Cannulation Needles

Cannulation to withdraw or to return blood to and
from the vasculature may directly affect the mainte-
nance and patency of the VA. Co-morbidities related
to repeated cannulation may be stenosis, hematoma,
infection, and aneurysm formation.”’

The cannulation must be performed on a usable
vein tract of the VA that is as straight as possible, as
shown schematically in Fig. 9. Here, the arterial needle
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is used to withdraw blood from the vasculature to the
extracorporeal circuit and may be inserted either in the
same direction of blood flow (antegrade) or in the
opposite direction (retrograde). The venous needle is
used to return the blood from the dialysis machine to
the body and must always point in the antegrade
direction. Guidelines for the cannulation procedure
focus on needle size, the angle of needle insertion, the
direction of the needle bevel, and the rotation of nee-
dles after insertion.” The needle should always be in-
serted with the bevel facing upward and then rotated
180° (“flipping”™) around its axis to prevent posterior
wall infiltration, which can occur if the needle’s bevel
tip accidentally punctures the bottom of the graft or
fistula. Arterial needles with a back-eye, as recom-
mended by guidelines,”” may alleviate the high pressure
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present at the central bore and reduce the need for
flipping.>® Since the venous needle produces turbulent
flow” and turbulent stresses from the needle jet that
reach the venous wall may contribute to EC dysfunc-
tion,*? this particular hemodynamic condition of VA is
worth investigating.

Fulker ez al.*® studied the flow field in the region of
the venous needle computationally. Four scenarios
were simulated by varying the needle placement angle,
the blood flow rate, the needle depth (top, middle,
bottom), and the presence or absence of a back-eye in
the needle design. The presence of the needle had a
significant effect on the flow field, with the different
scenarios having varying influence. In general, WSS
were elevated above normal physiological values, and
there was an increased presence of areas of low velocity
and recirculation, indicating increased likelihood of
NH development. Their initial findings indicated that
narrow needle angles and lower blood flow rates might
minimize the vessel damage. The same group?’ fol-
lowed this line of research by analyzing the hemody-
namic effects of needle rotation and orientation in an
idealized model of the cephalic vein. The hemodynamic
benefits were investigated in terms of TAWSS and
disturbed flow (OSI) patterns. They simulated 180°
rotation (“flipping”’) of the needle around its axis, done
to prevent posterior wall infiltration, which can occur
if the needle’s bevel tip accidentally punctures the
bottom of the graft or fistula. The CFD study was
conducted with antegrade and retrograde orientations
of the arterial needle, whereas the venous needle was
kept in the antegrade orientation. In each case, arterial
needle rotation offered no hemodynamic benefit in
minimizing the conditions known to cause endothelial
damage, whereas the venous needle rotation reduced
the maximum hemodynamic shear. They concluded
that both needles may be rotated, while the arterial
needle in antegrade orientation produced a larger re-
gion of oscillatory shear compared to retrograde ori-
entation. The same authors®® studied the
hemodynamic environment in the vicinity of the arte-
rial and venous needle during the HD session in an
idealized model of the outflow vein from a radial-ce-
phalic AVF, using HR CFD. Disturbed flow, localized
using high RRT, was found around the arterial needle
tip in either an antegrade or retrograde orientation,
resulting from near-wall regions with low velocity and
high residency time on the surface of the vein, a con-
dition that may impair endothelial function. On the
contrary, a high speed jet exits the venous needle,
producing high WSS at the point of impingement,
which can injure the endothelium (Fig. 10). The sec-
ondary flows produced by jet dissipation also resulted
in regions of high residency time, which may influence
endothelial structure, leading to NH. They concluded

by recommending using shallow needle angles, a blood
flow rate of approximately 300 mL/min and keeping
the needle tip away from the walls of the vein to mit-
igate the risks of NH.

Modular Anastomotic Valve Devices

Motivated by evidence that flow disturbances pro-
mote NH formation, McNally et al>* designed a
modular anastomotic valve device (MAVD) capable of
isolating the graft from the circulation between dialysis
periods (closed position) and enabling VA during
dialysis (open position). The objective of their prelim-
inary CFD study was to assess the device’s ability to
normalize venous flow between dialysis. A computa-
tional study was performed in a cylindrical tube
resembling the native vein, with two MAVD having
anastomotic angles of 90° and 30°. Regions prone to
NH development were characterized in terms of
hemodynamic wall metrics. The closed MAVD had
similar flow characteristics as the native vein, with very
low differences (0.3% difference in pressure drop,
3.5% difference in surface TAWSS). The open MAVD
generated five disturbed flow regions, exhibiting dif-
ferent degrees of flow reversal (surface-averaged OSI
between 0.03 and 0.36) and stagnation (max RRT
between 2.50 and 37.16). The reduction of anastomotic
angle resulted in the suppression of three disturbed
flow regions and overall reductions in flow reversal
(surface-averaged OSI < 0.21) and stagnation (max
RRT < 18.05). Their study showed the ability of the
MAVD to normalize venous flow between dialysis
periods while generating the typical hemodynamics of
end-to-side vein graft anastomoses during dialysis.

DISCUSSION

Numerical modelling on idealized geometries was
widely used in cardiovascular biomechanics research to
assess the flow field in studying the link between
hemodynamics and cardiovascular disease. This kind
of approach may seem over simplistic, but experi-
mental fluid mechanics phenomena'” and numerical
validation in three-dimensional idealized models**® of
complex fluid mechanics phenomena are good practice
before tackling to patient-specific simulations.****
Such studies help to better understand the hemody-
namic capturing the essential features of real flow,
providing, at the same time, a simpler framework for
studying the effect of different geometrical aspects and
flow ranges on local hemodynamics. Despite its clinical
relevance, this type of investigational method was used
less in the study of VA complications: in relation to the
literature on carotid bifurcation or coronary arteries,
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there were relatively few papers that addressed this
task by means of numerical modelling.

In this literature review we summarized the knowl-
edge gained with in computational studies in idealized
models in the VA research. Most of them were pub-
lished starting with the last decade (Table 1). On the
one hand, the findings of computational studies in
idealized models of VA highlighted that numerical
modelling, especially HR-CFD, is valuable in assessing
the flow phenotype, especially in view of the high
blood volume flow rates that develop after the surgical
creation of VA. The findings of such studies proved
very helpful for basic research into AVF and AVG
complications. Many of the successes achieved in cur-
rent VA applications originated from these idealized
model studies, including the role of disturbed flow in
NH, the detrimental role of turbulent flow, the bene-
ficial role of spiral flow, improvements in 0D-1D
models of arm vasculature, and the study of needle
insertion hemodynamics.

In the two DNS studies on AVG,*** high
velocity and pressure fluctuations were observed for
the 70:30 and 85:15 split ratio (PV:DV) cases and
absent in the 100:0 and 115:(15) cases. Similarly, in a
LES approach,’ the flow split ratio, more than the
Reynolds number, had the largest influence on tur-
bulence generation in the vein. Therefore, in AVG
one potential clinical application of such findings
might be to close off the distal vein during graft
construction to ensure a 100:0 flow division. This
may also suggest a potential hemodynamic advantage
of the end-to-end over the side-to-end or end-to-side
anastomoses design. Unfortunately, in side-to-end
AVEF the flow in DA depends on the overall resis-
tance of the shunt and cannot be influenced at the
time of VA surgery.

From the computational simulation point of view,
the use of the tapered hemodialysis grafts proved to be
somewhat controversial. While some studies demon-
strated less disturbed flow patterns within the venous
anastomosis than were observed in the tapered
grafts,%” other simulations indicated that the tapered
arteriovenous grafts did not show better outcomes.’®
Regarding the study of helical design AVG, Van
Canneyt ef al.”” concluded that there are no trivial
relationships between the number of helix turns of the
graft and disturbed shear in the venous segment, when
a realistic closed-loop AVG model is investigated.
However, due to the complex flow conditions, the
optimal helical design for an AVG cannot be derived
without studying it case by case.

An important issue for computational studies is the
dimensional aspect of idealized models used in the
CFD simulations. It is not clear why Iori ez al.** used a
vein diameter smaller than that of the artery, since the

E BIOMEDICAL ENGINEERING SOCIETY™

www.bmes.org

diameter of the vein is usually higher.'> Either way,
even though their results might not be influenced by
the diameter of the vein, their two recommendations
seem incompatible, highlighting the importance of
ascertaining the exact mechanisms that cause NH in
the VA. Nonetheless, their results illustrate the
important role played by the arterial curvature in
determining AVF hemodynamics, which has been
overlooked in previous studies.

Among limitations, in nearly all of the reviewed
studies there is also the lack of compliance of the VA
wall, with only the work of Ngoepe et al.”> being
specifically designed to asses fluid and structural
anastomotic mechanics. This issue could be addressed
in future studies by conducting fluid—solid interaction
(FSI) analysis, although two patient-specific'®>!
showed that rigid-wall hemodynamic simulations can
predict blood hemodynamics within the same order of
accuracy of the FSI equivalent simulations in patient-
specific AVF. Moreover, a concrete suggestion is that a
full FSI study is not always needed since the vessel wall
deformability has limited influence on blood flow
dynamics, the higher computational making its clinical
use challenging."’

The initial study by Fulker e al.> indicated that the
presence of the venous needle in a hemodialysis fistula
may lead to abnormal wall shear stress. In fact,
Unnikrishnan ez al. found, experimentally,”* that there
is considerably higher turbulence downstream of the
venous needle, compared with graft flow alone. The
turbulent fluctuations downstream peaked at 2 cm,
and persisted down to nearly 7 cm from the tip of the
needle. These findings were further confirmed by the
same group’” in an in vitro study showing that EC lose
their alignment and have decreased NO production in
the presence of needle flow. Thus, the turbulent flow
caused by the needle jer alone may contribute to the
cascade of events leading to NH formation during
hemodialysis. As hemodialysis patients are exposed to
needle turbulence for about 4 h, three times a week, the
role of postvenous needle turbulence may be important
in the pathogenesis of VA complications. Another
important aspect is the site of puncture location, be-
cause if the needle is placed 4-5 cm from the anasto-
mosis then the needle-induced turbulent fluctuations
may overlay those regularly developed in the VA
downstream from the venous anastomosis. Fulker
et al.?’ further showed that the arterial needle in the
antegrade orientation produces a larger region of
oscillatory shear compared to the retrograde orienta-
tion. Although either antegrade or retrograde arterial
needle placement were shown to perform similarly in
terms of HD adequacy,’® long-term outcomes of the
arterial needle placement such as stenosis and throm-
bosis of the VA warrant further studies.
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Recommendations and Future Directions

This review highlighted that computational studies
in idealized models are essential for studying the
overall and local blood flow features in VA for
hemodialysis. To this end, the VA research must par-
allel achievements in all research fields and be up-to-
date in terms of numerical technology and novel
hemodynamic concepts. We strongly recommend sev-
eral good practice rules for guiding future computa-
tional studies in idealized, as well as in patient-specific
VA.

Proper Dimensional Setting of the Model and Boundary
Conditions

It is notable that in normally operating VA, vessel
diameter and blood flow rate have a steep increase in
the first day,'> and then have a linear-asymptotic in-
crease for up to one year of follow-up.'®** The proper
modelling should thus take into account the realistic
dimensions of vascular anastomoses and the blood
flow rates and split ratio encountered in hemodialysis
VA at the time of analysis.

Adequate Mesh Resolution

Following a good dimensional setting, a fine
numerical grid should be generated for CFD. Mesh
resolution and estimation of discretization of numeri-
cal uncertainties are standardized by the GCI method
based on Richardson extrapolation.'® In VA research
there are examples of applying this method either in
idealized'? or patient-specific’ AVF models.

Numerical Approach Tweaked to Catch Flow
Turbulence

The high blood flow in the VA is transitional from
laminar to turbulent, requiring using properly set HR-
CFD.*® Good results were obtained with many of the
commercial or open-source CFD packages available
today (Table 1). We also emphasize the need for future
DNS studies to elucidate whether the HR-CFD sim-
ulations perform well when detecting the flow pheno-
types in VA for hemodialysis.

Postprocessing of Results with Focus on Validated
Metrics

The high-frequency flow instabilities developing,
particularly in the venous segment of VA, require using
bulk flow estimation specific to turbulent flows,
including turbulent kinetic energy and hemodynamic
wall metrics that take into account the disturbances of
the WSS vector at the sites of higher turbulence. The
hemodynamic vascular wall metric transWSS>*>* was

proven to accurate also in VA,”** as well as in the
aorta where similar turbulent regimes develop.’

CONCLUSIONS

The numerical technologies available today may
help us to understand the underlying mechanisms of
NH, as well as optimizing AVF shape or designing
AVG and dialysis needles. In an effort to scrutinize
current knowledge about the role of hemodynamics in
idealized VA, our review highlighted inhomogeneity
between studies. These findings emphasize the need for
a unified hypothesis and standard numerical and
postprocessing techniques. From a clinical point of
view, our results further reinforce the need for longi-
tudinal studies to comprehensively evaluate the rela-
tionship between shear stress and NH formation
failure.'®'® To achieve the best results, the physics of
blood behavior inside the VA for hemodialysis should
be modeled correctly, and its interactions with the
vessel wall assessed properly.
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