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Abstract

Background. Hemodynamics in the distal end-to-side anastomosis is related to early
development of intimal hyperplasia and bypass failure. In this study we investigated the effect
of diameter ratios between the target artery and the bypass at three different angles of the

connection.

Methods. The pulsatile flow field was visualized using particle image velocimetry in
transparent models with three different angles of the connection (25°, 45°, 60°) and the
diameter ratio between the bypass and the target artery was 4.6mm:6mm, 6mm:6mm, and
7.5mm:6mm. Six parameters including location and oscillation of the stagnation point, local
energy dissipation, wall shear stress (WSS), oscillatory shear index, spatial and temporal

gradient of WSS and their distribution in the target artery were calculated from the flow field.

Results. In the wider bypass, the stagnation point oscillated in a greater range and was located
more proximal to the anastomosis. Energy dissipation was minimal in a wider bypass with a
more acute angle. The maximum WSS values were tree times greater in a narrow bypass and
concentrated in a smaller circular region at the floor of the anastomosis. The oscillatory shear
index increased with wider bypass and more acute angle. The maximum of spatial gradient of
WSS concentrated around the floor and toe of the anastomosis and decreased with more acute
angle and wider bypass, the temporal gradient of WSS was stretched more towards the side

wall.

Conclusion. Greater bypass to target vessel ratio and more acute anastomosis angle promote

hemodynamics known to reduce formation of intimal hyperplasia.
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Introduction

The effectiveness of bypass grafting is determined by its long term patency. Intimal
hyperplasia (IH) which is a result of reparative changes after endothelial injury develops early
in the first years after the procedure compared to accelerated progression of atherosclerosis,
which can occur even later (Grus et al. 2009). Their relative contribution to bypass failure has
not been established, but number of factors contributing to early formation of IH in the distal
anastomosis have been described (Sunamura et al. 2012). Some of these factors can be
modified by constructing the distal anastomosis with respect to its hemodynamics (Grus et al.
2009). As in most physiological processes, the parameters describing hemodynamics in the
anastomosis should be optimized to be close to their ideal values that may even have a
protective effect. The most discussed parameter, wall shear stress, causes direct injury to the
endothelial wall if it is too high and stimulates local production and release of humoral agents

if it is too low (Haruguchi and Teraoka 2003, Sunamura et al. 2007).

The aim of this work was to research hemodynamic parameters involved in the formation of
IH and to propose optimization of flow in the end-to-side anastomosis by manipulating the
ratio of diameters between the bypass and the target artery and the anastomosis angle. The
researched parameters included 1) the location and oscillation of the stagnation point, 2) local
energy dissipation, 3) wall shear stress (WSS), 4) oscillatory shear index (OSl), 5) spatial

gradient of WSS (WSSG), and 6) temporal gradient of WSS (WSST).

Methods

A transparent model of the distal end-to-side anastomosis was created from epoxy resin
(Translux D150, Axson technologies, France) by lost-wax casting (Fig. 1). Pulsatile flow

simulating natural pulse wave was introduced to the bypass branch and the proximal end of
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the target artery was closed which is the most frequent scenario that occurs in 86% of patients

(Grus et al. 2009, Longest et al. 2003).

Because in practice each anastomosis is unique, we decided to model nine specific cases:
three angles of the anastomosis (25°, 45°, 60°) and three diameters of the bypass (4.6mm,
6mm, 7.5mm). The target vessel had a diameter of 6mm resulting in diameter ratios of Py=
0.77 (smaller diameter of the bypass), Pu= 1.0 (equal diameters), Py=1.25 (greater diameter
of the bypass. Polyamide particles (diameter=20um) were used as tracers (Grus et al. 2007).
We modeled blood kinematic viscosity of 4:10° m?s™ using the similitude theory as

described previously (Grus et al. 2007).

Particle image velocimetry (P1V) method was used to record the flow with a high resolution
speed camera (NanoSense Mk 111, Dantec Dynamics, Denmark) and a high speed image

amplifier (C9547-03L, Hamamatsu Photonics, Germany) with an effective diameter of 25mm.

The flow field was computed from serial snapshots using FlowManager in Matlab
(MathWorks, MA, USA). From the flow field, hemodynamic parameters previously reported

to influence formation of IH were obtained:

1) Location and oscillation of the stagnation point, which is a point at the floor of the
anastomosis, where the fluid stagnates and flow in its vicinity has opposite direction (Fig. 1)

(Haruguchi and Teraoka 2003).

2) Local energy dissipation defined as the difference in kinetic energy of the fluid in the

inflow and outflow of the anastomosis (Fillinger et al. 1990).

3) Wall shear stress (WSS) expresses deceleration of blood flow close to the vessel wall,
which is a result of tangential frictional force exerted on the intima, and it is expressed as

pressure (1 N/m?= 1 Pa = 10 dyne/cm?) (Giddens et al. 1993, Haruguchi and Teraoka 2003).
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4) Oscillatory shear index (OSI) quantifies change in direction and magnitude of WSS
(Nordgaard et al. 2010). It is a non-dimensional value that ranges from 0 (purely
unidirectional flow) to 0.5 (purely oscillatory flow) (Giddens et al. 1993, He et al. 2013, He

and Ku 1996).

5) Spatial gradient of WSS (WSSG) describes spatial change of WSS in a time point (N/m®)
and it may be considered a marker of endothelial cell tension (Lee et al. 2009, Van Tricht et

al. 2006).

6) Temporal gradient of WSS (WSST) describes rate of change of WSS in a pulse wave cycle

at a given location (N/m?s) (Ojha 1994).
Results

Flow visualization

Flow visualization for Py=1.25 and Py=0.77 in an anastomosis with 25° angle (Fig. 2) in
different time points of the pulse (T) wave showed that although during the systolic
acceleration (1/4T) the predominant pattern was laminar, there was a small area of vortical
flow at the floor of the anastomosis. In the middle of the pulse wave (2/4T) this area of
vortical flow increased in size and extended into the center of the anastomosis shifting the
area of laminar flow towards the toe of the anastomosis. This effect was much more

prominent with a narrower bypass (Py=0.77) where laminar flow almost disappeared.
Location and shift of the stagnation point

The stagnation point located at the floor of the anastomosis was apparent between 15% and
50% of the pulse cycle in which period it also changed its location (Figs. 2 and 3). In the

wider bypass (Py=1.25) compared to the narrow bypass (Pu=0.77), the stagnation point
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moved in a greater range and it was located more proximal to the anastomosis. The same

applied to the angle of the anastomosis (Fig 3b).

Energy dissipation

Energy dissipation during the pulse wave cycle was minimal with acute anastomosis angle

and greater diameter of the bypass (Fig. 3).

Wall shear stress

In a model with narrow bypass (Pm=0.77), the maximum WSS values were three times greater
than in wide bypass (Pm=1.25) and concentrated in a smaller circular region at the floor of the
anastomosis (Fig. 4). These differences were more pronounced if the anastomosis angle was

greater (45°and 60°) compared to 25°.

Oscillatory shear index

The values of OSI increased with more acute anastomosis angle and greater bypass to target

vessel diameter ratios (Fig. 4).

Spatial WSS gradient

Maximal values of WSSG occurred at the floor and the toe of the anastomosis and decreased

with more acute angles and greater bypass to target vessel diameter ratio (Fig 4).

Temporal WSS gradient

WSST followed the same trend as WSSG but its maxima extended more towards the side wall

(Fig. 4).

The influence of the diameter ratios and the angle of the anastomosis on the measured or

calculated hemodynamic parameters is summarized in Table 1.
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Discussion

About 20% of infrainguinal bypass reconstructions lose their primary patency within the first
year after the operation depending of the type of graft used (Klinkert et al. 2004). Early
stenosis is commonly caused by a technical error or formation of IH, but after one year,
accelerated atherosclerosis becomes the leading cause (Hui 2008, Subbotin 2007).
Proliferation of the intima is a physiological response to endothelial injury, which is most
often mechanical during angioplasty but sometimes also caused by turbulent blood flow.
Injured endothelial cells release mediators and growth factors such as FGF, PDGF, TNF-a
which stimulate migration of smooth muscle cells into the intima and synthesis of
extracellular matrix resulting in tough narrowing of the lumen (Cunningham and Gotlieb
2004). This process is also stimulated by stagnation of blood and low WSS by signaling from
membrane epitopes on the endothelial cells such as glycocalyx and release of signal
molecules such as TGF-p, PDGF (Haruguchi and Teraoka 2003, Newby and Zaltsman 2000,

Shi and Tarbell 2011).

Stagnation of blood is damaging, wherever it occurs. But if it changes location periodically,
its adverse effects are dispersed on a larger area and therefore mitigated. This is expressed as
the shift of the stagnation point which was maximal with the 25° angle and greater diameter
of the bypass. At the same time, the stagnation point was located more towards the proximal
end of the target vessel and therefore influencing less the part of the lumen, where laminar
flow from the bypass into the outflow part of the target vessel occurs. Simultaneously, the
WSS decreased towards physiological values and its maximal values were distributed on a
larger area. Too low values of WSS below 5 dyne/cm? trigger proliferation of extracellular
matrix and formation of intimal hyperplasia while to high values above 70 dyne/cm? cause

direct mechanical injury to the endothelial cells and their epitopes (Leon and Greisler 2003).
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In order to maintain adequate hemodynamics, the diameter of an artery adapts to achieve
WSS values around 15 dyne/cm? (Giddens et al. 1993). The spatial and temporal gradients of
WSS were most prominent at the toe of the anastomosis which explains formation of IH at

that site (Ojha 1994).

Energy dissipation is one of the less frequently discussed parameters. It is closely related to
other hemodynamic parameters and therefore to the development of IH as well (Fillinger et al.
1990) . Although it does not affect the anastomosis directly, the drop in kinetic energy of
blood also influences the flow distally from the stenosis and may promote clot formation and

accelerate atherosclerosis in the outflow bed.

The visualization of the presented hemodynamic parameters is in accordance with current
knowledge that IH occurs at the floor, heel, and less commonly the toe of the end-to-side
anastomosis and it is less common in reconstructions with more acute angles (Grus et al.
2009). The benefit of a bypass to target artery diameter ratio greater than one has also been

proved in clinical practice.

The distal end-to-side anastomosis of a bypass to a target vessel is usually constructed
roughly in a 45° angle. Therefore the arteriotomy has to be 1.6 to 1.8 times longer than the
diameter of the bypass, which is slightly greater (6 - 8mm) than the diameter of the popliteal
artery (4 —6mm) (Longest et al. 2003). Although a more acute angle would contribute to
better hemodynamics in the anastomosis, it requires longer arteriotomy and more space
because the anastomosis is longer (Grus et al. 2015). Fortunately, mild tension from the
bypass results in straightening of the outflow part of the target artery thus further reducing the

angle.

A distal femoropopliteal bypass can be placed along the medial condyle of the femur or

embedded dorsally along the popliteal vascular bundle. The choice of its placement
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determines to great extent the angle of the distal anastomosis and the former technique
invariably results in greater angles. Unfortunately, constructing an end-to-end bypass that
would not suffer from the detrimental effects of adverse WSS values is not an option. This
procedure would require ligation of the proximal part of the target vessel with damage to the
collateral flow that is usually present in patients with PAD. It does not improve patency and
failure of the bypass results to limb amputation more often compared to end-to-side

anastomosis (Schouten et al. 2005).

Recognition of parameters of the anastomosis geometry that lead to detrimental flow and
formation of IH are fundamental to its optimization including adaptation of the margins of the
incision in the target vessel, the suture, and shape of the bypass with various degrees of
conicity, cuffs and patches (Fan et al. 2008, Giordana et al. 2005, Longest et al. 2003, Walsh

et al. 2003).

There are several limitations of this study. Firstly, it was performed in a rigid model and
therefore it did not address pulsatility of the wall, compliance mismatch between the bypass
and the target vessel (Ballyk et al. 1997), interactions between blood and the endothelium
including surface tension. Secondly, there is a subgroup of patients who have some inflow to
the target artery preserved by either collateral flow or incomplete occlusion. Thirdly,
rheological properties of blood under different conditions have not been modeled. However,
they have only small influence on the flow through the anastomosis (Wang et al. 2008).
Fourthly, there are other factors influencing flow beyond the anastomosis including the
outflow bed and peripheral arterial resistance, type and length of the prosthesis, and flow
change under exercise that are beyond the scope of this study. Lastly, hemodynamics is one of
the factors known to influence the formation of IH. Interaction of platelets, endothelial and
smooth muscle cells, erythrocytes, white blood cells, cytokines and growth factors has been

previously described (Liu et al. 1989, Subbotin 2007).
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In conclusion, findings in this in-vitro study explain why a more acute angle of the
anastomosis and greater ratio between the diameter of the bypass and the target artery
contribute to a more favorable flow with improvement of hemodynamic parameters such as
WSS, OSI, oscillation of the stagnation point, WSSG, and WSST in a direction that is known
to reduce formation of intimal hyperplasia. An in-vivo study would be needed to confirm

these observations.
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Tables

Table 1: Influence of bypass to target artery diameter ratios and the anastomosis angle on

parameters describing hemodynamics in the end-to-side anastomosis.

Parameter Location Diameter ratio  Angle of anastosis
Shift of the stagnation point floor A v
Energy dissipation v A
Wall shear stress (WSS) floor v A
toe - -
heel v A
Oscillatory shear index (OSI) floor A v
toe - -
heel A v
WSS spatial gradient (WSSG) floor v A
toe v A
heel v A
WSS temporal gradient (WSST) floor - -
toe - -
heel - -

A : increases with the parameter in the column heading, ¥ : decreases with the parameter, -

does not change substantially with the parameter
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Figure legends
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Fig. 1: Schematic drawing of the experiment setup (a) shows pulse generator with stepper
motor (1), pressure tank (2) with compressor (3), the bypass model (4), terminal tank with
overflow (5), and valves, taps, and sensors (not labeled). The high-speed camera was
recording a circular region (red circle) that is shown in the model (a) and on visualization of
the flow using particle image velocimetry in models with different diameter ratios of Py=1.25
(c) and P»=0.77 (d). A stagnation point (e) is a location, where the fluid stagnates (blue
arrow) and fluid in the proximal and distal vicinity has opposite flow direction (red and light

blue arrows).
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Fig. 2: Flow visualization for Pyy=1.25 and Py=0.77 in an anastomosis with 25° angle at

different time points of the pulse wave with a period denoted by T. Arrowheads mark the

stagnation point which is well defined in 1/4T and 2/4T.
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Fig. 3: Location of the stagnation point in a 45° anastomosis with equal diameters of the
bypass and the target vessel (black curve) as the boundary between areas of positive (red
color) and negative (blue color) wall shear stress changes during the pulse wave cycle (a, b).
In an anastomosis with wider bypass (Pu=ratio of diameters between the bypass and the target
vessel) and more acute angle (a), the stagnation point oscillates in a greater range and it is
located more proximal to the anastomosis (c). Energy dissipation Ey is minimal with an acute

anastomosis angle and wide bypass (d).
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Map of maximal wall shear stress projected on side wall of the target vessel
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Map of maximal wall shear stress temporal gradient
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Fig. 4: Map of maximal wall shear stress (WSS), oscillatory shear index (OSI), wall shear
stress spatial gradient (WSSG), and wall shear stress temporal gradient (WSST) projected on
side wall of the target vessel in a 45° distal end-to-side anastomosis with three different
bypass to target vessel ratios. Red arrow marks the toe of the anastomosis, chevrons indicate

flow direction. Note that color scale ranges vary among images.



