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Abstract

An experimental model has been built to investigate the hydrodynamics in vascular
access grafts for hemodialysis. Two types polytetrafluorethyleen (PTFE)-grafts are
tested: a straight and a tapered graft. For both grafts, two scenarios are studied.
The first is the “normal” scenario: mean inlet pressure is kept at 100 mm Hg. In
the second, low resistance”, mean outlet pressure is held at 20 mm Hg. Flow rate
varies between 500 and 1500 ml/min. Temporal pressure curves and maximum
velocity curves are measured on different locations in the model. Spatial pressure
profiles for mean and pulse pressure are derived out of these measurements. Pulse
pressure is higher in the tapered graft than in the straight and increases towards the
arterial anastomosis of the tapered graft at high flow rates. Flow in the vein has
become pulsatile where flow in normal peripheral veins is constant.

1 Introduction

Patients with renal failure need a renal replacement therapy. One of the possible
therapies is hemodialysis: the excess of water is drained and blood is purified out-
side the human body in an artificial kidney. In this artificial kidney, blood and dial-
ysis fluid are circulated countercurrently on opposite sides of a porous membrane
which allows the passage of waste metabolites and water but limits the transfer
of blood cells and proteins. To obtain a sufficiently high blood flow (400 ml/min)
through the extracorporal circulation in the artificial kidney, a vascular access is
needed [1]. Atero venous fistula (AVF) and PTFE-grafts are commonly used to
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create a vascular access. In the case of unsuitable arteries and/or veins to create an
AVF, like in diabetics and elderly, a PTFE-graft is used as a vascular access [2]. In
this article we will focus on PTFE-grafts. Normal flow rate is for a well functioning
graft 1000 ml/min, which is much higher than the 400 needed in the extracorpo-
ral system. The major problems of PTFE-grafts are venous anastomosis stenoses,
venous stenoses and thromboses at low flow rates (< 600 ml/min) [7]. Because
these phenomena are influenced by flow conditions, the complex hydrodynamics
are investigated using an in vitro model.

2 Methods
2.1 Vascular access model

A vascular access model is built with silicon arteries and veins and a polytetraflu-
orethyleen (PTFE) -graft.

Silicon arteries and veins are constructed such that the properties: diameter, rel-
ative distensibility (2) and compliance (1), are similar as in patients [3] [4]. The
diameter (D) of the arteries is £ 4 mm and of veins is £ 6 mm.

Compliance = % (1)
Relative Distensibility = Daystote — Ddiastote )

Dsystole

Vessel compliance, is a parameter which determines the buffer capacity of a blood
vessel: the higher the compliance, the more a blood vessel can store blood during
systole to release it during diastole. 8V is an elementary volume change and ép is
an elementary pressure change during the cardiac cycle. The relative distensibility,
derived from the compliance, expresses the diameter changes during a simulated
cardiac cycle. Dgyqtole 18 the diameter at systolic pressure; Dgjqstote 1S the diame-
ter at diastolic pressure. In our model, the relative distensibility is measured using
the wall track method (Pie Medical - Maastricht - The Netherlands) and are found
to be 4%, like in patients.

Two types of PTFE-grafts are studied: a straight and a tapered one. The straight
graft has a constant diameter of 6 mm and a total length of 34 cm. The diameter of
the tapered graft is 4 mm at the arterial inlet and increases smoothly up to 7 mm
the next 50 mm, the total length is 34 mm.

The PTFE-graft is sewed to a silicon artery and vein by a vascular surgeon, see
figure 1.

2.2 The setup
Blood simulating fluid is used in the setup. It is a mixture of 40% glycerine and

60% water with a dynamic viscosity (x) of 3,75 mPa.s and a density (p) of 1102,8
kg/m?® at 25 °C.



gﬁ' Transactions on Biomedicine and Health vol 6, © 2003 WIT Press, www.witpress.com, ISSN 1743-3525

Simulations in Biomedicine V. 255

s arterial inflow

: arterial connection
s distal artery

: P FE-graft

: distal vein

T venous congection

AN L BV S e

vein

e

s ventous outflow

Figure 1: The vascular access model

A pulsatile pump (P) (Harvard apparatus, pulsatile pump 1421, Model 55-3339)
pumps the fluid out of a reservoir (R) into a windkessel (W). The fluid flows from
the windkessel into the vascular access model (VA-M) which is drained into the
reservoir again, see figure 2, Physiologic pressure and flow waves are generated at
the arterial inlet of the vascular access model. The maximum pressure in the cycle
is systolic pressure, the minimum pressure is diastolic pressure and the difference
between both is pulse pressure, see figure 3. Mean pressure is the time-averaged
pressure of a cycle. Heart rate is set 90 beats per minute (BPM); a full cycle takes
0,667 seconds.
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Figure 2: The setup Figure 3: Generated pressure wave

Two scenarios are considered in the setup. Mean arterial inlet pressure is kept

constant at 100 mm Hg in the "normal” scenario. Mean venous outlet pressure is
held to 20 mm Hg in the “’low resistance” scenario. Pressure is measured with a
fluid filled catheter connected to a pressure transducer (BD).
Flow rates are varied between 500 ml/min and 1500 ml/min in each scenario. A
volume flow of 500 ml/min corresponds with thrombosis risk, 1000 ml/min with a
normal functioning access graft and 1500 ml/min with hemolysis risk. Mean flow
is measured volumetrically. The velocity (v) change in time is measured in the
center of the blood vessel with an ultrasound machine (VINGMED CFM 800, GE
Medical systems Benelux).
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Considering all these parameters, it can be found that the Womersley number (3),
varies between 6,25 and 9,40 and the highest Reynolds number (4), is 2800. D is
the diameter of the blood vessel, w is the pulsatility of the fluid, p is the density of
the fluid, p is the dynamic viscosity and v is the mean velocity.

_D fwp
D

v
Re=p— 4
pu 4)

3 Results

Pressure variation in time is measured at different locations in the vascular access
model: at the arterial inlet ("0 cm”), 2 cm before the arterial anastomosis(”13 ¢cm™),
in the arterial anastomosis(”15 cm”), different points in the graft, in the venous
anastomosis(”49 cm™), 3 cm after the venous anastomosis (52 ¢m”) and at the
venous outflow (66 cm”). Out of these temporal pressure curves, spatial pressure
curves can be calculated for mean and pulse pressure. In figure 4 spatial curves for
mean and pulse pressure are plotted in the “"normal” scenario at a flow rate of 1000
ml/min. In this figure difference between both graft types can be seen.
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Figure 4: Comparing "straight” and “tapered” graft types at 1000 ml/min
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Figure 5: Comparing “normal” and "low resistance” scenario at 1000 ml/min in
the straight graft

In figure 5 pulse pressure in the different scenarios are plotted for a flow rate of
1000 ml/min in the straight graft.

In figures 6, 7, 8 and 9 time varying velocity magnitude measured in the center
of the blood vessels in the straight graft model in the "normal® scenario are shown.

Figure 6: Velocity measured at 15 om, Figure 7: Velocity measured at 49 cm,
1000 mb/min 1600mlAnin

Figure 8: Velocity measured at 15 cm,  Figure 9: Velocity measured at 49 cm,
500 ml/min 500 ml/min
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4 Discussion and Conclusion

As pulse pressure is higher in the tapered graft than in the straight graft (see Fig-
ure 4), the artery and vein get an increased function as compliance chambers in
the tapered graft. For the tapered graft another observation is that pulse pressure
increases at the arterial anastomosis, especially at high flow rates, which means
that the artery at the arterial anastomosis acts as a buffer chamber. Fluid is col-
lected in that artery during systole and drained during diastole. This might induce
wall fatigue around the arterial anastomosis resulting in intimal hyperplasia lead-
ing to stenosis.

Pressure loss at the arterial anastomosis of the tapered graft is twice as much as in
the straight graft. Pressure in the vein is higher than the physiological 20 mm Hg
in the tapered graft model.

In both grafts, pressure recovery exists at the inflow of the graft, however the phe-
nomenon is stronger and over a smaller distance in the tapered graft. At the venous
anastomoses, were the diameter mismatch is lower, also a lower local pressure loss
i8 seen,

Comparing the "normal” and the "low resistance” pressure data, a difference in
the pulse pressures can be seen. Pulse pressure is higher in the "normal” case, thus
artery and vein act more as a buffer chamber in that case (see Figure 5).

Mean velocity increases at the anastomoses, which may confirm a local effective
diameter decrease and consequently the existence of vortexes [5]{6].

The flow through the model is a typical low-resistance flow [7] with a high maxi-
Mum vy,4, and mean velocity and a positive minimum velocity ;. This can be
seen in the velocity images captured with pulsed Doppler (see figures 6,7,8,9). At
low flow rates (500 ml/min) Av(= Vraz — Ymin ) increases and the mean velocity
is lower. The minimum velocity decreases down to 0.3 m/s in the center of the
blood vessel. Near the vessel wall, velocities will be lower or even zero. This has
an effect on shear stress (5), which is proportional to the radial velocity gradient in
the blood vessel (g—}’).

&
Ty ®)

Near the vessel wall very low shear stresses and shear stress gradients appear,
which can induce the development of intimal hyperplasia and stenoses [7]. Another
observation is that the flow in the vein is still pulsatile, Av is 0,4 m/s, where in
normal peripheral veins flow is quasi constant. This venous pulsation combined
with the high pressure level, might also induce vessel wall fatigue,
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