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Computational Model of the
Arterial and Venous Needle
During Hemodialysis
Arteriovenous fistulae (AVF) are the favored choice of vascular access but still have poor
long-term success. Hemodynamic parameters play an important role in vascular health
and have been linked to the development of intimal hyperplasia (IH), a pathological
growth of the blood vessel initiated by injury. This study aimed to investigate the hemody-
namics surrounding the arterial needle (AN) and venous needle (VN), using computa-
tional fluid dynamics. A range of blood flow rates, needle positions, and needle
orientations were examined. Disturbed flows were found around AN tip in both antegrade
and retrograde orientations, which result in regions of high residency time on the surface
of the vein and may disrupt endothelial function. Conversely, a high speed jet exits the
VN, which produced high wall shear stresses (WSSs) at the point of impingement which
can damage the endothelium. The secondary flows produced by jet dissipation also
resulted in regions of high residency time, which may influence endothelial structure,
leading to IH. The use of shallow needle angles, a blood flow rate of approximately
300 ml/min, and placement of the needle tip away from the walls of the vein mitigates this
risk. [DOI: 10.1115/1.4034429]
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Introduction

The vascular access is a crucial component in renal replacement
therapy as it allows blood to be extracted to the dialyzer. Arterio-
venous fistulae (AVF) are the preferred choice of vascular access
as they have a greater long-term success than grafts or catheter
access [1]. Despite this, AVFs still have poor long-term success
with 1 yr patency rates approximately 70%, declining to less than
48% within 4 yr of continual dialysis [2].

Thrombosis is the most common complication leading to vascu-
lar access failure and usually occurs under low flow conditions or
when a stenotic lesion ruptures [3,4]. An effective treatment of
thrombosis is to prevent the formation of a clinically significant
stenosis. Stenosis commonly forms at the anastomosis, accounting
for 50–70% of incidents, while stenosis at the venous outflow has
the second highest number of incidents accounting for 20–50% of
incidents [5,6]. Intimal hyperplasia (IH) is the pathological thick-
ening of the blood vessel wall in response to injury and is the pri-
mary cause of stenosis formation in dialysis patients [7].

IH has been correlated with abnormal blood flows as the vascu-
lar endothelium has the ability to sense changes in wall shear
stress (WSS). Blood vessels have been shown to maintain a physi-
ological range of WSS to maintain homeostasis. Variations in
flow resulting in low WSS [8], oscillatory WSS [9], or excessively
high WSS [10,11] have been shown to induce “injury” to the
endothelial layer, initiating the inflammatory pathway leading to
IH. In particular, low WSS conditions stimulate vascular smooth
muscle cell migration and proliferation [8], while oscillatory flows
cause changes in the endothelial cell structure and orientation,
which increases vascular permeability [12]. Residency time has
become a prime indicator of intimal thickening as blood particles
caught in low and oscillatory flows inevitably have a higher prob-
ability of interacting with the endothelial layer [13]. Conversely,
exposure to high WSS in excess of 40 Pa can result in cell damage
within 1 h [11], with extensive damage occurring if the WSS

exceeds 150 Pa [14]. Prolonged exposure to impinging jets with
high WSS can injure the blood vessel by denuding the endothelial
layer resulting in intimal thickening from an inflammatory
response [10].

The flow field surrounding hemodialysis needles is dynamic
and has a direct influence on endothelial function. The venous
needle jet (VNJ) produces a high level of mixing within the vein
due to jet break down and entrainment of the core flow, with ele-
vated turbulent intensities extending up to 8 cm downstream of
the needle tip [15]. Huynh et al. [16] examined the effects of
venous needle (VN) turbulence using cultured bovine aortic endo-
thelial cells. It was shown that in the presence of the VNJ, endo-
thelial cells were sheared off. Furthermore, turbulence produced
by the needle flow resulted in a random alignment of endothelial
cells and a decreased in nitric oxide production, a key mediator in
vascular homeostasis. At the site of jet impingement, elevated lev-
els of excessively high WSS are present [17], which have been
shown to lead to endothelial denudation [10]. On the other hand,
the arterial needle (AN) produces disturbed flows as the blood is
extracted from the fistula [18]. Its design and position are funda-
mental in ensuring whether a large supply of blood is delivered to
the dialyzer; however, the AN has remained unchanged.

It is hypothesized that flows produced by the hemodialysis nee-
dles may contribute to the high incidence of stenosis in the venous
outflow. The present study uses computational fluid dynamics to
assess the hemodynamic forces created by the AN and VN during
hemodialysis. Metrics of WSS are employed to determine the
extent of endothelial damage caused by the needles and to ascer-
tain how cannulation technique may reduce the risk of potential
IH.

Materials and Methods

Computational Model. An idealized model of the outflow
vein from a radial–cephalic AVF was created using SolidWorks
2012 (Dassault systems, Velizy-Villacoublay, France). To investi-
gate the full range of cannulated needle positions, a 15 gauge
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needle was placed at three angles (10 deg, 20 deg, and 30 deg),
three depths (bottom, central, and top) and three blood flow rates
(200 ml/min, 300 ml/min, and 400 ml/min). The VN was modeled
in the antegrade orientation while the AN was modeled in both
antegrade and retrograde orientations (conforming to current can-
nulation practice). The cephalic vein diameter is 10 mm (D) while
the needle diameter is 1.35 mm (d) with a wall thickness of
0.18 mm. The needle was placed 100 mm (10D) upstream to
ensure fully developed flow while a length of 200 mm (40D) was
placed after the needle to allow sufficient development of the
VNJ.

A fully structured hexahedral mesh was generated in ICEM
CFD 14.5 (ANSYS, Inc., Canonsburg, PA). The boundary layer
consisted of 40 layers with an initial size of 0.02 mm and a growth
rate of 1.05 and a total of 8� 106 elements in the entire domain.
Steady flow conditions were simulated in the grid convergence
tests. Velocity fluctuations due to poor spatial resolution were
minimized to within 1% when the mesh size exceeded 8� 106 ele-
ments. The boundary layer was also assessed using the grid con-
vergence index as outlined by Roache [19]. The maximum WSS
within the vein produced by the impinging VNJ was measured on
mesh sizes of 1, 2, 4, 8, and 16� 106 elements. A boundary layer
consisting of 40 prismatic layers yielded a difference in the maxi-
mum WSS of 3.1%, confirming grid independence to a high accu-
racy. Stereo particle image velocimetry data was previously
collected on a scaled model of the cannulation setup. The average
maximum and mean velocity variations from velocity profiles are
displayed in Table 1, ensuring validity in the simulations.

The Navier–Stokes equations were solved using Fluent 14.5
(Fluent, Inc., Lebanon, NH). A laminar model was employed with
a pressure-implicit with splitting of operators (PISO) algorithm
for the pressure–velocity coupling and spatial discretization
schemes set to bounded central differencing to stabilize the dissi-
pation of the VNJ. The walls of the vein and needle were assumed
to be rigid and smooth as the vein wall thickens from arterializa-
tion during the maturation process after the fistula is created.
Blood was modeled as a Newtonian fluid with a density of
1045 kg/m3 and a viscosity of 0.0035 Pa�s. The VN was modeled
with a constant parabolic velocity inlet with Reynolds numbers of
924, 1385, and 1847 for flow rates of 200 ml/min, 300 ml/min,
and 400 ml/min, respectively. The AN was modeled with a pulsa-
tile waveform incorporating the effects of the hemodialysis roller
pump as described in a previous study [20]. The AN waveform
has a period of 0.64 s with equivalent average Reynolds numbers
as previously mentioned. A zero pressure opening was imposed
downstream to meet flow continuity. A transient waveform with a
period of 1 s as measured by Sivanesan et al. [21] was enforced at
the cephalic vein inlet. The resultant Womersley number of the
cephalic vein waveform was 2.8 and the maximum, minimum,
and mean Reynolds numbers are 930, 225, and 553, respectively.

The domain was initialized for ten periods of the transient pro-
file with a time step of 0.01 s to allow the flow fields produced by
the vein and needle to stabilize. To reduce velocity fluctuations
induced by inadequate time resolution, the time step was then
reduced to 0.0001 s ensuring the average Courant number
remained below one. All residual errors converged to 10�6 within
five iterations. Furthermore, a time step of 0.0001 s concurs with
the high-resolution CFD recommendations of Khan et al. [22],
who concluded that at least 10,000 time steps per cardiac cycle

are required in order to sufficiently resolve complex hemody-
namic flows.

Metric Analysis. Two WSS metrics are employed in this study
to analyze potential endothelial dysfunction: time average WSS
(TAWSS) and relative residency time (RRT). TAWSS is used to
assess excessively high WSS produced by the VNJ, which occurs
over the cardiac cycle and is defined as

TAWSS ¼ 1

T

ðT

0

jswj dt

where T is the period of the cardiac cycle and sw is the instantane-
ous WSS vector. RRT was proposed by Himburg et al. [13] and is
sensitive to both the direction and magnitude of the WSS vector.
The RRT represents the relative time a particle near the wall will
travel in one cardiac cycle and is defined as

RRT ¼ l
T

1� 2 � OSIð Þ � TAWSS½ ��1

where l is the dynamic viscosity and oscillatory shear index
(OSI) is the oscillatory shear index (OSI) introduced by He and
Ku [23]. This study utilizes the RRT as a single metric for low
and oscillating WSS, as previous studies have noted its robustness
[24] and accuracy [25] in predicting intimal thickening. These
metrics were calculated over ten cardiac cycles to sufficiently rep-
resent the time averaged affects occurring over a dialysis session.
The area of high WSS and RRT was calculated using the average
cell area and summing the total number of the cells (j) above the
maximum threshold, formulated as

A>threshold ¼
Xj

i¼1

N>threshold � Aaverage

where A>threshold is the vein area larger than the threshold value
(40 Pa), which can cause endothelial damage, N>threshold is the
number of cells above the set threshold value, and Aaverage is the
average cell area.

Results

Arterial Needle Antegrade. Figure 1 displays velocity con-
tours and streamlines on cross-sectional planes for the AN placed
in the antegrade orientation. In all cases, the blood being drawn
through the needle is localized around the needle tip and a dis-
turbed flow region exists directly above the central bore. The dis-
turbed flow region consists of blood being extracted through the
needle and its size remained consistent for all cases except when
the needle tip was placed closer to the vein wall. In these posi-
tions, the wall influenced the size of the disturbed flow region
occurring above the needle tip, where a needle placed near the
floor resulted in a larger disturbed flow region while a needle
placed near the roof had a smaller disturbed flow region. Dis-
turbed flow downstream of the needle tip along the floor of the
vein also formed at high blood flow rates, shallow needle angles,
and when the needle tip was placed toward the roof of the vein,
although the disturbed flow that formed on the floor of the vein
was not drawn into the AN.

The RRT on the surface of the vein is presented in Fig. 2, with
higher residency times coinciding with the location of the dis-
turbed flows identified previously. The isometric view of the blood
vessel highlights the three-dimensional nature of the disturbed
flows, as high residency times extend from the roof of the vein to
the side walls. A higher blood flow rate increases the strength of
the disturbed flows, while a variation of the needle angle and depth
shifts the position of high residency times within the vein. Figure 1
showed that the needle disrupts the flow downstream; however,

Table 1 Variation between simulations and experimental data

Needle
Percentage difference in

maximum velocity
Percentage difference in

mean velocity

Arterial antegrade 8.28 15.23
Arterial retrograde 5.68 4.48
Venous 17.86 20.78
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these disturbed flows do not have high residency times except when
the needle is placed near the roof of the vein.

The area of high RRT for the AN in antegrade is summarized in
Table 2. Smaller regions were produced at lower blood flow rates,

while the largest affected area occurred at blood flow rates of
400 ml/min. The severity of the affected area also increased with
greater needle angles and a needle is placed near the roof of the
vein. Table 2 also summarizes the amount of blood entering the
back eye. The amount of flow entering the back eye remained
fairly constant in all cases except when the needle position was
varied. A needle placed toward the roof of the vein resulted in the
highest amount of blood entering the needle.

Arterial Needle Retrograde. Velocity contours and pathlines
on cross-sectional planes for the AN placed in the retrograde ori-
entation are displayed in Fig. 3. In this orientation, the region of
core flow being entrained by the needle is much smaller than the
antegrade orientation. A disturbed flow region occurs above the
needle tip and is primarily located around the needle insertion
site. Disturbed flows also occur below the needle in all cases
except at blood flow rates of 200 ml/min. The needle position and
blood flow rate have a strong influence on the size of the disturbed
flow regions.

Fig. 1 Pathlines and velocity contours on cross-sectional
planes for the arterial needle in an antegrade orientation during
diastole. (a)–(c) Variation in blood flow rate (200 ml/min, 300 ml/
min, 400 ml/min). (d)–(f) Variation in needle angle (10 deg,
20 deg, 30 deg). (g)–(i) Variation in needle position (bottom, cen-
tral, top).

Fig. 2 Relative residency time on the wall of the vein normal-
ized by the mean wall shear stress for the arterial needle in the
antegrade orientation. Low levels of high RRT (<10) have been
highlighted to emphasize regions of strong secondary flows.
(a)–(c) Variation in blood flow rate (200 ml/min, 300 ml/min,
400 ml/min). (d)–(f) Variation in needle angle (10 deg, 20 deg,
30 deg). (g)–(i) Variation in needle position (bottom, central, top).

Table 2 Summary of back eye flow and area of high RRT for all
tested parameters of the arterial needle in the antegrade
orientation

Parameter Back eye flow (%) Area of high RRT (cm2)

200 ml/min 44 3.98
300 ml/min 42 45.01
400 ml/min 41 122.51
10 deg 41 38.04
20 deg 42 45.01
30 deg 43 50.06
Needle at bottom of vein 33 43.67
Needle at center of vein 42 45.01
Needle at top of vein 48 68.64

Fig. 3 Pathlines and velocity contours on cross-sectional
planes for the arterial needle in a retrograde orientation during
diastole. (a)–(c) Variation in blood flow rate (200 ml/min, 300 ml/
min, 400 ml/min). (d)–(f) Variation in needle angle (10 deg,
20 deg, 30 deg). (g)–(i) Variation in needle position (bottom, cen-
tral, top).
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Figure 4 displays the RRT on the surface of the vein for the AN
in the retrograde orientation. Regions of high residency time coin-
cide with the locations of the disturbed flows displayed in Fig. 3.
High blood flow rates increased the area of high residency time;
however, the position of the needle tip with respect to the vein
wall had the greatest influence.

Table 3 displays the area of high RRT and amount of blood
entering the back eye for the AN in retrograde orientation. A ret-
rograde orientation displayed smaller areas of high RRT com-
pared to an antegrade orientation in all cases except for a needle
placed near the bottom of the vein. Similar trends were exhibited
where higher blood flow rates and greater needle angles increased
residency times, although the effect of needle angle was minimal.
A needle placed near the floor of the vein or with a blood flow
rate of 400 ml/min yielded the largest areas. The amount of blood
entering the back eye for a retrograde placed AN remained rela-
tively similar for all blood flow rates and needle positions. The
level of back eye flow was also lower in all cases compared to the
antegrade orientation except for a needle placed near the floor of
the vein.

Venous Needle. The structure of the VNJ and subsequent mix-
ing are displayed in Fig. 5. At blood flow rates of 200 ml/min and
300 ml/min, the exiting jet structure is coherent and laminar. The
jet begins to break down as it approaches the vein, which indicates
that information is translated upstream as the jet approaches the
vein floor. Upon impingement on the floor of the vein, the jet
begins to spread and secondary flows develop, followed by com-
plex mixing. Secondary flows are exhibited in every case except
at lower blood flow rates. At blood flow rates of 400 ml/min, jet
dissipation occurs directly after exiting the needle. The angle of
the needle has little influence on the exiting jet structure and
downstream mixing.

Table 4 shows that the flow exiting the VN back eye is minimal
in every case, where the exiting jet structure is not influenced by
the presence of the back eye in the VN. The percentage rises
slightly when the needle is inserted at 30 deg.

The effects of excessively high TAWSS are displayed in Fig. 6.
In all cases except at shallow needle angles, a large region of high
TAWSS occurs at the point of jet impingement. Table 4 also dis-
plays the area of TAWSS above 40 Pa. High blood flow rates and
greater needle angles increase the area of excessively high
TAWSS; however, the greatest force is produced when the needle
tip is placed closest to the floor of the vein.

Fig. 4 Relative residency time on the wall of the vein normal-
ized by the mean wall shear stress for the arterial needle in the
retrograde orientation. Low levels of high RRT (<10) have been
highlighted to emphasize regions of strong secondary flows.
(a)–(c) Variation in blood flow rate (200 ml/min, 300 ml/min,
400 ml/min). (d)–(f) Variation in needle angle (10 deg, 20 deg,
30 deg). (g)–(i) Variation in needle position (bottom, central,
top).

Table 3 Summary of back eye flow and area of high RRT for all
tested parameters of the arterial needle in the retrograde
orientation

Parameter Back eye flow (%) Area of high RRT (cm2)

200 ml/min 35 1.82
300 ml/min 37 2.36
400 ml/min 37 12.90
10 deg 37 1.66
20 deg 37 2.36
30 deg 36 3.00
Needle at bottom of vein 39 55.40
Needle at center of vein 37 2.36
Needle at top of vein 37 6.98

Fig. 5 Velocity isosurfaces (1 m/s) visualizing the venous nee-
dle jet. (a)–(c) Variation in blood flow rate (200 ml/min, 300 ml/
min, 400 ml/min). (d)–(f) Variation in needle angle (10 deg,
20 deg, 30 deg). (g)–(i) Variation in needle position (bottom, cen-
tral, top).

Table 4 Summary of back eye flow and area of high RRT for all
tested parameters of the venous needle

Parameter
Back eye
flow (%)

Area of high
RRT (cm2)

Area of high (>40 Pa)
TAWSS (cm2)

200 ml/min 0.43 4.39 7.02
300 ml/min 0.29 3.73 9.92
400 ml/min 0.25 4.69 14.65
10 deg 0.07 1.31 0
20 deg 0.29 3.73 9.92
30 deg 1.99 6.13 15.06
Needle at bottom of vein 0.44 0.79 28.21
Needle at center of vein 0.29 3.73 9.92
Needle at top of vein 0.27 8.97 0.10

011005-4 / Vol. 139, JANUARY 2017 Transactions of the ASME

Downloaded From: http://biomechanical.asmedigitalcollection.asme.org/pdfaccess.ashx?url=/data/journals/jbendy/935860/ on 04/07/2017 Terms of Use: http://www.asme.org/about-asme/terms-of-use



Figure 7 displays the RRT on the vein surface and indicates
that pockets of the secondary flows contain low and oscillating
WSS. Patches of high residency time appear on the roof of the
vein above the needle tip and downstream, in the region where
secondary flows are present after jet impingement. The area of
high RRT is presented in Table 4 and shows that high (400 ml/
min) and low (200 ml/min) blood flow rates as well as sharp nee-
dle angles produce regions of higher residency times, while a nee-
dle placed near the roof of the vein produces the largest area.

Discussion

Dialysis needles may influence the formation of IH and may
contribute to the high incidence of stenotic lesions, which develop
in the venous outflow of AVFs. Stenotic lesions often lead to
thrombosis, the primary reason of reduced patency in vascular
access, due to reduced flow conditions or lesion rupture [3,25].
Stenosis due to IH develops as a response to endothelial injury
and has a high correlation with blood flows, in particular low
WSS [8], oscillatory WSS [9], or excessively high WSS [10,11].

Arterial Needle. Results for the AN in an antegrade and retro-
grade orientation demonstrated strong secondary flows localized
around the needle tip, as the blood was withdrawn from the vein.
In the antegrade orientation, the flow must travel around the nee-
dle before being entrained through the central bore. The disturbed
flow region is created from reduced flow produced by the drag
force of the needle. Its size and strength are therefore highly
dependent on the position of the needle within the vein. This was
most clearly demonstrated when the needle was placed close to
the vein floor, resulting in the strongest disturbed flows. Another
disturbed flow region also formed along the floor of the vein at
high blood flow rates and shallow needle angles and was most
pronounced when the needle tip was placed toward the roof of the

vein. The risk of access recirculation may be higher when the nee-
dle is in these positions. Rothera et al. [26] examined the influence
of needle separation distance on access recirculation and found
that needles placed within 2.5 cm of each other do not result in
access recirculation, which is similar to the results found in our
study where secondary flows did not extend further than 2.5 cm.
Ultrasound guides may be used to optimize the needle position
within the blood vessel to minimize potential access recirculation
and the risk of intimal thickening, which is prone to developing in
disturbed flows. The region of core flow being entrained in the ret-
rograde orientation is much smaller compared to the antegrade
orientation. In this orientation, the disturbed flow region was
located around the needle tip and insertion site due to the drag
forces imposed by the needle body, which retards the flow. A
larger disturbed flow region also formed below the needle which
may contribute to access recirculation. However, this only
extended a few centimeters downstream indicating that the risk of
access recirculation is not dependant on AN orientation. Ozmen
et al. [27] also reported no statistical difference in access recircu-
lation between antegrade and retrograde orientation.

Endothelial cells are sensitive to flow reversal and oscillating
flows as these flows change the structure of the endothelial layer
from regular striated patterns to random orientations, which
increases vascular permeability and endothelial cell turnover,
leaving the blood vessel susceptible to deposition of inflammatory
mediators [12,28]. The strong secondary flows around the AN
coincided with regions of high residency time, which may lead to
IH. For the antegrade orientation, they extend from the roof of the
vein to the side walls while the retrograde orientation showed
localized areas around the insertion site and floor of the vein. The
localization of high residency time flows may have a direct impact
on vascular patency as the insertion site forms a direct pathway to
transport inflammatory mediators into the underlying layers of the
vascular wall. Aneurysms commonly form at the needle insertion
sites due to a weakened blood vessel from repeated needle punc-
ture [29]. The localization of disturbed flows around the insertion
site may be a contributing factor to this complication.

Fig. 6 Time average wall shear stress on the wall of the vein
for the venous needle. Values < 10 Pa have been highlighted to
emphasize regions of excessively high stress. The scale has
also been capped at the threshold reported to cause endothelial
damage (40 Pa). (a)–(c) Variation in blood flow rate (200 ml/min,
300 ml/min, 400 ml/min). (d)–(f) Variation in needle angle
(10 deg, 20 deg, 30 deg). (g)–(i) Variation in needle position (bot-
tom, central, top).

Fig. 7 Relative residency time on the wall of the vein normal-
ized by the mean wall shear stress for the arterial needle in the
retrograde orientation. Low levels of high RRT (<10) have been
highlighted to emphasize regions of strong secondary flows.
(a)–(c) Variation in blood flow rate (200 ml/min, 300 ml/min,
400 ml/min). (d)–(f) Variation in needle angle (10 deg, 20 deg,
30 deg). (g)–(i) Variation in needle position (bottom, central,
top).
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For both needle orientations, the blood flow rate had the great-
est influence on the area affected by high RRT, where higher
flows coincided with a larger region of RRT. The position of the
needle shifted the affected region, with the greatest reduction evi-
dent when the needle tip was located in the center of the vein at a
shallow angle, away from the walls of the blood vessel. For an
AN in antegrade or retrograde orientation, the results of this study
suggest that the optimum method to reduce the risk of IH is to use
lower blood flow rates. However, it is noted that this can require
longer dialysis sessions to attain the required clearance, which
may conflict with the patient’s lifestyle. Ensuring the needle tip is
placed away from the walls of the blood vessel may also reduce
the risk of intimal thickening. While this study found larger
regions of RRT with an antegrade orientation indicating an
increased risk of IH, Parisotto et al. [30] reported an 18% increase
in risk of access failure with the retrograde orientation. Access
failure can occur from a range of factors such as infection or aneu-
rysm blow out. The higher access failure of retrograde orientation
has been attributed to the endothelial flap which is created with
retrograde puncture, which may be held open through fistula flow
forces after the needle is removed.

For the antegrade orientation, the amount of blood entering the
back eye remained consistent, between 41% and 44% for all nee-
dle angles and blood flow rates. Needle depth had the greatest
influence on back eye flow due to the resistance imposed by the
walls of the blood vessel. The amount of flow entering the back
eye was lower in the retrograde orientation than antegrade orienta-
tion, remaining consistently between 35% and 39% for all needle
positions and blood flow rates. This result is explained through the
position of the back eye, whose role is to reduce the resistance in
the central bore. In the retrograde orientation, the path of least
resistance for the core flow is directly through the central bore due
to the direction of needle placement. This study indicates that nee-
dle orientation influences the resistance of flow entering the AN,
where an antegrade orientation may increase the negative pressure
in the arterial line due to higher back eye efficiency.

Venous Needle. A high speed jet was shown to exit the VN.
Upon impingement on the vein floor, the jet begins to spread and
creates complex secondary flows. These complex secondary flows
were examined in every case except at blood flow rates of 200 ml/
min. The jet is coherent and laminar at lower blood flow rates but
unstable at 400 ml/min. The potential core of all jets does not con-
tain turbulent mixing and maintains a constant velocity [31],
which explains the coherent structure seen in most cases. At
higher blood flow rates, the length of the potential core is reduced
and the flow exiting the central bore becomes transitional as seen
at blood flow rates of 400 ml/min. The increase in jet dissipation
which occurs close to the impingement zone is due to a rise in
static pressure near the wall following the decrease in momentum
[32]. The effects of the wall are subsequently translated upstream
through the jet, triggering early jet break down. The minimal flow
through the back eye shows that this feature has very little influ-
ence on the exiting jet structure. The slight rise in back eye flow
when the needle was placed at 30 deg can be attributed to the
increased exposure to the core flow.

Elevated level of TAWSS (above the threshold reported to
denude the endothelium) was identified at the impingement zone.
The region of high TAWSS is caused by the translation of
momentum upon impingement. Higher blood flow rates, greater
needle angles, and a needle tip placed closer to the vein floor pro-
duced larger regions of elevated TAWSS. In these cases, the
velocity of the jet is higher or the effects of dissipation are con-
strained, as the jet travels a shorter distance resulting in a greater
force upon impingement. High WSS has been shown by others at
lower jet heights and higher jet Reynolds numbers on jet impinge-
ment on a flat plate at normal incidence [31]. Only a shallow nee-
dle angle prevented a region of high TAWSS, as the jet is
provided a longer distance before impingement, providing greater

dissipation which reduces the velocity of the jet. Therefore, lower
blood flow rates, shallow needle angles, and placement of the nee-
dle tip away from the floor of the vein can reduce the high
TAWSS occurring at the point of jet impingement.

Conversely, regions of high RRT were found on the roof of the
vein downstream of the needle tip, which coincided with the sec-
ondary flows produced by jet break down. This indicates that
steady secondary flows occur in the disturbed flow regions, which
result in high residency times. High RRT can stimulate vascular
smooth muscle cell migration and proliferation [8] and increases
vascular permeability [12], potentially leading to IH [25]. Similar
regions of high RRT were found at blood flow rates of 200 ml/min
and 400 ml/min, indicating that low blood flow rates produce
steady secondary flows while high blood flow rates produce more
pockets of complex secondary flows. This is linked to the transi-
tional flow in the VN, where Reynolds numbers range between
924 and 1847, indicating that an optimum blood flow rate exists
which can minimize RRT. Ponce et al. [33] showed patients were
at a significantly higher risk of AVF failure at blood flow rates
below 310 ml/min and greater than 400 ml/min. Sharp needle
angles and a needle tip placed near the roof of the vein also pro-
duced regions of higher residency time as these parameters influ-
enced the production of secondary flows. Therefore, a blood flow
rate around 300 ml/min, shallow needle angles, and placement of
the needle tip away from the roof of the vein may minimize the
risk of IH.

Influence of the Needles. The influence of the needles can be
examined in cases where cannulation is not conducted, such as
animal models of fistulae and in patients who received a kidney
transplant whose fistula was not tied off. Patard et al. [34] exam-
ined fistulas which remained open after kidney transplant and
found that only 17.5% of AVFs thrombosed, over a mean time of
39 months representing a 4 yr patency rate of 61%. Similar results
have been reported in other studies over comparable time frames
[5]. These figures compare favorably to the 48% 4-yr patency rate
found by Kazemzadeh et al. [2], indicating that the needles influ-
ence the development of vascular complications. However, Wang
et al. [6] identified intimal thickening in the proximal vein of pig
AVFs within 42 days of surgery, showing that other factors stimu-
late the development of IH.

Regions of high TAWSS and RRT were found downstream of
the VN while disturbed flow regions with high RRT surround the
AN, which may contribute to endothelial damage and IH. Glashan
and Walker [35] examined vein samples in hemodialysis fistulas
and found endothelial damage and loss in the vicinity of the nee-
dle tip. However, stenosis commonly forms at the anastomosis in
AVFs [21,36], despite the high potential of endothelial damage
near the needles. This suggests that endothelial recovery plays an
important role in vascular health. Reidy and Schwartz [37] used
rats to study denudation and recovery by removing endothelial
cells in the aorta. Reendothelialization through migration and pro-
liferation was complete after 2–4 days, highlighting the ability of
the blood vessel to recover. Endothelial denudation has been
shown to lead to intimal lesions if the period of denudation contin-
ues for several days [38].The time frames of recovery are signifi-
cant as hemodialysis sessions are usually conducted every 2–4
days, indicating that the blood vessel may recover from any dam-
age caused by the needles, thus explaining why stenosis more fre-
quently form at the anastomosis.

Conclusion

Regions of high residency time corresponding to areas of dis-
turbed flow were examined on the vein wall for both needles.
High TAWSS, above the threshold reported to cause endothelial
damage, was also measured downstream of the VN coinciding
with the point of VNJ impingement. These regions of high resi-
dency time and high TAWSS indicate potential sites of endothe-
lial dysfunction which may lead to IH. The use of shallow needle
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angles, a blood flow rate of approximately 300 ml/min, and place-
ment of the needle tip away from the walls of the vein mitigates
this risk.
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