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Objectives: To use particle image velocimetry (PIV) to study the haemodynamics and shear stress associated with cuffed
and straight PTFE-venous anastomoses.
Methods: Silastic models of a straight and cuffed (Venafloe) PTFE-venous anastomoses were attached to a pulsatile flow
‘Berlin Heart’ circuit filled with glycerine/water and hollow glass tracer spheres. Instantaneous velocity fields were obtained
PIV and shear rates and patterns calculated from frame-by-frame analysis.
Results: A high velocity jet struck the anastomotic ‘floor’ and was deflected toward the venous outflow. Shear stresses near
the floor were significantly higher, in the straight anastomosis. Sites of high shear stress correlated well with the known sites
of intimal hyperplasia.
Conclusions: A cuffed anastomosis type may be favourable in terms of local haemodynamics so enhancing the long-term
patency of PTFE-venous grafts.
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Introduction

Autologous arteriovenous fistula (AVF) are clearly
preferable to PTFE grafts for long-term haemodialysis
in terms of patency and infection rates, and costs.1 – 5

The commonest cause of PTFE graft failure is intimal
hyperplasia (IH) at the venous anastomoses.6,7 Unlike
arterial hyperplasia, which appears to represent an
adaptation of the vessel wall to low-shear stress, little
is known about venous hyperplasia.8 – 10 Several in-
vitro studies have used flow visualization techniques
or computational fluid dynamics algorithms in order
to define the local haemodynamics inside cuffed and
straight configured arteriovenous PTFE grafts.11 – 15

Particle image velocimetry (PIV) combines both flow
visualization and high resolution velocity measure-
ments.16,17 The velocity maps obtained using PIV also
allow computation of other important parameters
such as shear rates, stresses and vorticity.16,18 We
therefore investigated the local haemodynamics of
cuffed and straight configured arteriovenous grafts in

an artificial circulation by means of PIV. The aim of this
study was to use PIV to study the haemodynamics and
shear stress associated with cuffed and straight PTFE-
venous anastomoses.

Material and Methods

Silastic models of a straight and cuffed (Venafloe)
PTFE-venous anastomoses were fabricated (Fig. 1).
The diameter of the recipient vein was 6 mm and the
graft diameter was 7 mm. The maximum diameter of
the cuffed anastomosis central region was 15 and
10 mm for the straight form, respectively. Anasto-
moses were attached to a pulsatile flow ‘Berlin Heart’
circuit (1 cm tubes). The flow rate was measured by
an ultrasound flow meter (T206, Transonic Systems,
Ithaca, USA) and the pressure was measured by a
Statham transducer element (Transpac IV, Abbott
Laboratories, Morgan Hill, USA). The distal ante-
grade and retrograde outlets were connected to the
venous reservoir, which provided a venous pressure
of 15 mmHg. The PIV measurements were taken at
mean flow rates of 500 ml/min. A solution containing
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about 42% glycerine (Merck, Darmstadt, Germany) and
58% water was used to provide a fluid with a viscosity
comparable to blood. The resulting viscosity was
measured by means of a capillary viscosimeter (Cavis,
Raczek, Wedemark, Germany) and the mixture adapted
to yield a viscosity of 4 mPa s. Hollow glass spheres with
a mean size of 9–13 mm (Sphericel, Potters Industries,
Parsippany, USA) were used as tracer particles and
seeded into the fluid. A circulating heating pump was
inserted into the fluid reservoir to ensure uniform
distribution of the glass spheres at a temperature of 258C.

Particle Image Velocimetry

The PIV technique allows the instantaneous acqui-
sition of an entire flow field. The light of a double
pulsed Nd:Yag laser (Minilite, Continuum, Santa
Clara, USA) was directed through a cylindrical lens

Fig. 1. Photograph showing the silastic models used for measurement of local hemodynamics. A ¼ straight arteriovenous
graft, B ¼ cuffed graft type (Venafloe). Arrows depicting flow direction.

Fig. 2. Diagram showing the Particle image velocimetry
setting. A laser light sheet is used to illuminate a central
plane of the fluid.
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where it diverged and formed a light sheet (Fig. 2). The
sheet was used to illuminate a central plane of the fluid
flow. The motion of the seeded particles was recorded
twice, using a delay of 500 ms, by means of a CCD-
Camera (Flowmaster II, Lavison, Göttingen,
Germany), which was positioned at 908 to the laser
sheet. The displacement of the particles between the
two-recorded images was directly proportional to the
local fluid velocity. The images were analyzed using a
cross-correlation algorithm yielding the local displace-
ment vector for each interrogation area (Davis 6.2,
Lavision, Göttingen, Germany). The laser timing unit
was triggered to the beginning of the systole by means
of the flowmeter signal. This allowed a frame-by-
frame analysis of selected time points within the
cardiac cycle. PIV measurements were obtained
sequentially at recurring 100 ms segments beginning
50 ms after the onset of systole. Therefore, using a
heart rate of 60/min a total of ten PIV recordings per
cardiac cycle were obtained. For each time step five
measurements were averaged. Applying a systolic
duration of 45%, systole ended after 450 ms. The
venous anastomoses and outflow areas were mapped
using sequential measurements taken at different parts
of the anastomoses. The individual recordings were
eventually used to reconstruct the entire anastomosis
(Fig. 3).

Postprocessing of the Data

The vector data for each interrogation area were
visualized using an arrow with a length proportional
to the local fluid velocity (Fig. 3). For comparison of
mean velocities at comparable regions within the
anastomoses, rectangular areas covering 20–30 vec-
tors were selected and averaged for each time step.

The velocity fields obtained by PIV were further-
more used to calculate shear rates shear stress and
vorticity (fluid rotation in z-direction) using the partial
derivatives of the velocity components to both x and y
(Figs 3 and 4).18 The shear stresses near the venous
floor were calculated for four areas (Fig. 3).

Statistics

Data are expressed as mean ^ standard deviation. A
Student t test was used to compare velocities and shear
stresses at the venous floor. P-values ,0.05 were
considered statistically significant.

Results

The flow visualization revealed a high velocity jet
entering the anastomoses center of both forms, striking
on the venous floor and turning toward the distal
outflow (Fig. 3). During the acceleration phase of the
systole a small retrograde venous flow was visible
toward the incoming vein. At the hood region of both
the straight and the cuffed anastomoses a large
separation area developed, which lasted through the
entire cardiac cycle. The mainstream of the straight
form showed a sharp deflection near the venous wall
toward the distal venous outlet, while the velocity
distribution within the Venafloe was more hom-
ogenous, which was attributed to the larger anasto-
mosis area. The highest shear stresses were found near
the venous wall where the mainstream jet impinged
on the venous floor. Along the upstream wall of the
recipient vein the shear stresses were finally decreas-
ing in both anastomoses.

However, the systolic shear stresses inside the
straight form were significantly higher compared to
the cuffed anastomosis, while the velocities near the
venous floor were comparable for both anastomotic
configurations (Fig. 5). Mean systolic centerline vel-
ocities at the deflection point of the conventional form
were 0.29 ^ 0.09 m/s and 0.31 ^ 0.08 m/s at compar-
able areas of the Venafloe (measured at 500 ml/min)
ðp ¼ n:s:Þ:

The vorticity (flow rotation in z-direction) distri-
bution was more uniform inside the cuffed anastomo-
sis showing smooth transitions between mainstream
and separations zones (Fig. 4). In contrast, the vorticity
pattern, particularly at the high shear stress areas near
the venous floor, was very irregular presenting with
higher peak vorticities and wider high vorticity
regions compared to the Venafloe anastomosis. A
significant reduction of vorticity strength was
observed for several locations inside the cuffed
anastomosis compared to the straight graft. Especially
at the turning point of the high velocity mainstream
towards the venous inlet and along the transition zone
between the mainstream and the large hood separ-
ation the total flow circulation was decreased.

Discussion

Unfortunately, about 60% of synthetic grafts fail within
the first year after surgery mainly due to the
development of IH at the venous anastomosis.19 – 21

However unlike arterial remodeling, which develops
in areas with low shear stresses, the onset of venous IH
is probably due to high shear flow.9,10,22,23 Similar to
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arterial hyperplasia is the venous type of IH equally
limited to certain points within the venous anasto-
moses. A number of animal studies using PTFE loops
reported a uniform distribution of IH inside the
venous anastomoses.9,13,24 In all studies, the site of
maximum IH was found on the floor of the recipient
vein opposite of the anastomotic hood. The local
development was attributed to local flow disturbances

although the exact flow environment in this area has
not been defined. However, several flow visualization
and computational fluid dynamics studies showed
that a high velocity jet entered the anastomosis
impinging on the venous floor and it appeared that
the point of maximum velocity impingement corre-
lated with the site of maximum IH development.13,

25 – 27 The use of PIV provided both flow visualization

Fig. 3. Reconstruction of the velocity fields obtained using particle image velocimetry. A high velocity mainstream entered
the central anastomosis turning toward the venous outflow. Large separation areas developed at the toe of the anastomoses.
Comparison of four selected areas near the venous floor revealed significantly higher shear stresses inside the straight graft,
even though velocities were comparable.
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and high resolution velocity measurements. The
velocity fields obtained with this method allowed
computation of shear rates and shear stresses as well
as vorticity in a high resolution. Vorticity is a measure
of local fluid rotation in z-direction indicating
rotational shear forces. The flow visualization revealed
the non-uniform distribution of the high velocity

mainstream with higher velocities on the lateral than
on the medial wall of the graft. The mainstream
entered the anastomosis center forming a jet with high
velocity and momentum, which finally impinged on
the floor of the vein. This flow pattern was earlier
described by several authors.14,15,26,27 The mean
velocities in the anastomotic center near the venous

Fig. 4. Velocity and vorticity (rotation in z-direction) plots of the straight and cuffed (Venafloe) arteriovenous PTFE graft
anastomoses. The vorticity pattern inside the cuffed form was more homogenously distributed. The transition zones between
mainstream and separation of the straight anastomosis were wider and the vorticity peak levels were higher compared to the
cuffed design.
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floor were comparable between the cuffed and the
straight form, but there were remarkable differences
between the shear forces at these sites. The shear
stresses near the venous floor in the straight configur-
ation were much higher compared to the Venafloe
anastomosis. Although the shear stresses decreased
downstream on the floor they were always signifi-
cantly higher in the straight graft anastomosis. These
high shear stress areas were located in the particular
area where the mainstream jet impinged on the venous
wall and they correlated spatially with the reported
regions of maximum IH development. Therefore, in
contrast to arterial remodeling as a response to low-
shear forces the venous type probably results from
high-shear flow creating strong hydraulic forces on the
endothelial cells, as previously hypothized by Fill-
inger, Longest and others.8 – 10,26,27

Unfortunately, unlike the proliferative response of
the arterial wall to low-shear, little is known about
the biological sequence of venous hyperplasia. The
arterial remodeling represents an adaptation of the
wall in order to re-establish normal shear stress
levels (5–30 dynes/cm2). It was shown that endo-
thelial cells are capable of sensing shear stress and
are able to modulate biological processes that lead
to proliferation of subendothelial cells resulting in
the wall thickening known as IH.28 – 30 The purpose
of the hyperplastic response of the vein wall and
the underlying biologic pathways remain unknown.
The abrupt increase in pressure, distension, vessel
diameter and wall shear stress, probably leads to

the hyperplastic response to reinforce the vein wall,
in order to stabilize it and prevent a rupture, but
this remains speculative. However, the site of
maximum hyperplasia development coincides with
the point where maximum mechanical forces are
acting on the venous wall.

In this regard, one aspect is particularly import-
ant. The wider anastomosis area of the cuffed
anastomosis obviously mitigates the peak shear
stresses by providing a wider mainstream with a
more homogenous velocity and vorticity distri-
bution. This is supported by the fact, that both the
shear stresses near the venous floor as well as the
flow rotation (indicated by vorticity strength) within
the anastomosis center were significantly decreased
in the cuffed anastomosis. The assumed benefits of
the cuffed anastomosis type were confirmed by
recent randomized clinical trials using the new
cuffed Venafloe graft for haemodialysis access.31,32

They clearly demonstrated the superiority of the
Venafloe graft in terms of patency compared with a
conventional straight PTFE graft. In addition, a
venous outflow stenosis was three times more
frequently observed in the standard group than in
the Venafloe group.

In summary, the results of this study support the
use of the cuffed PTFE graft for haemodialysis access.
The wall shear stresses near the venous floor were
significantly lower in the Venafloe anastomosis,
hypothetically preventing the hyperplastic response
of the vessel wall.

Fig. 5. Comparison of velocity and shear stress profiles at different locations near the venous floor. While the velocity profiles
during the cardiac cycle were almost identical, the systolic shear stresses of the straight configured arteriovenous graft were
significantly higher.
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