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ABSTRACT

We present experimental results inside an upscaieeto-side model of a human
arteriovenous (AV) graft using laser Doppler aneratrsn (LDA) under steady flow
conditions. This work is to understand better thpartance of biomechanical forces in the
development of intimal hyperplasia (IH) within tleegrafts. We measured the turbulence
level and Wall shear stresses (WSS) inside an iro wnodel representing an AV
arteriovenous graft to vein connection. The stefémly had maximum and mean Reynolds
numbers of 2400 and 1400 based on the graft diaméte flow division was 80%
entering from the graft inlet and 20% entering frbra distal vein segment (DVS) for flow
meaurements. Measurements were made at twentyamiaé locations in the plane of
bifurcation at the venous anastomosis (VA). At Rega 2400, the velocity profiles were
blunt at the inlet of the arteriovenous graft. Highbulence levels and WSS were found in

the proximal vein segment (PVS). A separation negias observed at the toe side of the



arteriovenous graft. Strong secondary flows werendbat the inlet graft and inside the
PVS. These regions are considered critical redgionsedical applications because of the
lower WSS values and higher turbulence levels. Albekage of the graft was mostly seen
in this region. We find that this model was impkhtwith considered very poor

geometrical approach. The patency rate of thesestgpometrical connections will be very

low. The results of this study show the flow fighdide an AV graft to be complex.

Keywords: Arteriovenous graft, Dialysis, In vitro model, 4&x Doppler anemometry,

Steady flow
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Akis olcumleri, graft bglanti bolgesinde laser Doppler anemometri kullaaka
surekli aks sartlarinda deneysel olarak yapildi. Bu gala graft icerisindeki hicre
buylimesinden kaynaklanan biomekanik guglerin Onendaha iyi anlamak igin
yapilmstir. Arteriovenliz graft modelinin ifade eden deraysalsmada duvar kayma
gerilimi ve turbllans seviyesi Olculmgtiir. Graft capina kg olarak maksimum ve
ortalama Reynolds sayilari 2400 ve 1400 olaraklbahistir. Akis 6lgimleri igin akgin
%80'i graft girsine %20’side merkezden uzak damar kismingitdanistir. Olglimler
toplardamar boélgesindeki catailaa kisminda 13 eksende yapgtm Toplardamar
baglantisinda dainik hiz profilleri gézlemlenmtir. Merkeze yakin damar kisminda
yuksek turbulans dalgalanmalari ve yilizey gerilimesst bulunmgtur. Toplardamar
baglantisinin ¢atal kisminda ayrilma bolgesi gozlemieMerkeze yakin damar kisminin
girisinde ve icinde kuvvetli ikincil aklar bulundu. Bu bolgedeki eylemsizlik kuvvetinden
dolay! digtik gerilim stres dgerleri ve yuksek tirbilans meydana gebmi Bu nedenle
tibbi uygulamalarda kritik bolgeler olarak ginultr. Graft tikanmasi gonlukla bu
bbdlgede olgur. Bu modelin geometrik acgidan yetersiz @dubulunmytur. Bu tip



Vi

geometrik bglantilarda damarin agik kalma orani c¢oksigki olacaktir. Bu ¢agma

sonucunda toplardamardanti bélgesindeki akialaninin karmgk oldugu géralmitar.

Anahtar Kelimeler: Toplardamar bganti bdlgesi, Diyaliz, In vitro, Laser Doppler

anemometri, Surekli aki
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CHAPTER 1

INTRODUCTION

1.1 BACKROUND

Patients with end-stage renal disease (ESRD) wdigdvithin a few weeks or
months if not sustained by some form of dialysisréiphy or a kidney transplant [1].
According to the National Kidney Foundation abo@tr2illion Americans are currently
affected by kidney and urological disease and om#i more are at risk. In the US,,
approximately 300,000 patients suffer from ESRD%8% these patients will be treated
by hemodialysis. In the absence of a kidney tramgpthese patients will require
artificial hemodialysis for their lifetime.[2]. 14995, Medicare was expected to spend
nearly $8 billion, or over 4% of all total spendjingn such patients. That is about
$40,000 per beneficiary pear year [3] With the tamsincrease in the number of
people with cronic failure who have undergone dimlyn Turkey has rapidly grown.
According to the results of these statistical stadithe number of patients who
underwent dialysis during the 2003 showed approteine80,000 patients are treated
by hemodialysis [4].

For some patients, kidney transplantation is thefepred treatment. While the
transpalantation is an attractive solution in ppfes there are many difficulties in its

implementation, especially the severe shortageppfapriately matched donor kidneys

3].

Kidney transplants are seldom performed in eldpdgple. In 1985, only 56 (1
percent) of the 6,938 kidney transplants perforimeatie US were performed in patients

aged 65 to 74 years, and only 3 were performed atiemis 75 years and



older [3]. In 2003, only 1 percent of the 6,195reg transplants performed in the
Turkey we performed in patients aged 65 to 74 yeamd only 2 were performed in
patients 75 years and older [4]. At present, relimdlysis is the only widely used ESRD

treatment for elderly persons.

Healthy kidneys clean your blood by removing exdksd, minerals, and wastes.
They also make hormones that keep your bones sandgyour blood healthy. When
your kidneys fail, harmful wastes build up in ydaody, your blood pressure may rise,
and your body may retain excess fluid and not nedaugh red blood cells. When this
happens, you need treatment to replace the woygkowf failed kidneys. Hemodialysis
do exactly removes waste, salt and extra watergwegnt them from building up in your
blood. Keep a safe level of certain chemicals imryblood. Help to control blood

pressure [5].

Patients with end-stage renal disease require a replacement therapy such as
hemodialysis. The blood flow through the artificiatiney required to obtain efficient
hemodialysis is about 350 ml/min. As the mean blbod through blood vessels in the
limbs does not reach 350 ml/min, a vascular adsessnstructed [6-8].

Hemodialysis requires a direct artery-vein accéss is easy to locate and that
will provide optimal blood flow during treatment. ntbrtunately, a number of
hemodialysis patients do not have adequate vessdisrm a fistula (a connection)
between a vein and an artery; therefore, a sywthlgtift must be inserted. Synthetic
grafts like polytetrafluorethylene (PTFE) graftse @ahe most widely used types of
vascular access in US. PTFE grafts are easilytegeeasily maintained, have moderate
resistance to infection and a low incidence of aysu formation. Typically, these
grafts are placed as a straight connection or @ in either the forearm or arm
(Figure 1.1) [9]. This loop connects an artery teea and allows for easy access during

hemodialysis treatment.

In patients with small or poor blood vessels suslliabetic and elderly, a PTFE
graft is often the access of choice because thedblessels of these patients do not
allow the creation of a native arteriovenous (Ajula (Figure 1.2) [7]. In Europe, the

commonly used vascular accesses like central venatigeters (10% of the cases),



arterovenous fistula (AVF) (60%), and acess grad4) are used to deliver this flow
rate [10]. In Turkey the commonly used vasculareases like central venous catheters
(3.5% of the cases), AVF (87.5%), and acess gBafi%f) and other (repeated surgery
5.5%) are used to deliver this flow rate [4]. Désghe lower primary patency rate for
the AVF (20-30% early failures), AVF have a higlsecondary patency rate (50-78%
after 3 year) than PTFE-grafts (40-59% after 3 yEED]. The main reason for PTFE-
graft failure is stenosis (Figure 1.3) developmantthe venous anastomosis (VA)

leading to thrombosis [10].

Straight graft

-._H-“-‘-\_“'-..___‘_H ‘“jlili lrtl_]—'\ .'I'|.I]1|.." -.,:l.lhil.'!l vein
@——Hﬁfy

c_:___th__hﬁ_

L.oop grafl

C’A!__ :?—‘\%
Brachial ; Arery e — ey,
Ante cubital vein

—_—

Figure 1.1 Two types of AV graft construction, straight aodp [11].

If you have small veins that won't develop propenly a fistula, you can get a
vascular access that uses a synthetic tube implamtder the skin in your arm. The
tube becomes an artificial vein that can be uspéatdly for needle placement and
blood access during hemodialysis. A graft doesedno develop as a fistula does, so it
can be used sooner after placement, often witlon 2 weeks. Compared with fistulas,
grafts tend to have more problems with clottingimfiection and need replacement
sooner, but a well-cared-for graft can last foresalryears.



For hemodialysis patients, an AV connection is toiesed from an artery to a
vein to provide an access site. By bypassing thk-resistance vessels, high flow rates
can be achieved that are necessary for efficiemiokglysis. In the US., the majority of
AV connections are constructed by using PTFE graftsortunately, more than half of
the AV grafts fail and require surgical reconstrmctwithin three years. The prevalent
cause of these graft failures is venous anastomatmal hyperplasia (VAIH)-a
stenosis, or narrowing of the vein, downstreanhefgraft [1].

Venous
needlie

Arterial
neadle

AV fistula

~ Artery

Figure 1.2 An AVF is a surgical connection between an artarg a vein, usually
in the forearm [12].



Figure 1.3 Sketch of stenosis or narrowing of the vein [9].



Changes in the VA geometry can greatly affect fldghamic variables. The
surgeon has some degree of control over this gegndeting graft construction. A
further understanding of the relationship betweén gkaft failure and fluid dynamic
variables may lead to a prediction of graft perfancte. This may lead to geometric

designs, which extend the function period before gk&ft failure occurs.

This research is an experimental study to analiigehemodynamics inside an
upscaled model of an AV graft quantitatively. Thedoeities in the bifurcation plane of
the model are measured using laser Doppler anempifiddA). The turbulence level
and Wall shear stress (WSS) are calculated quawiya The in vivo values of
velocity at the inlet of the AV graft and geometrgre measured using color Doppler

ultrasound at the CerrahyaaHospital of The University ditanbul.

Several experimental studies have employed in varal in vivo models
representing the anastomoses to investigate theodyaramic environment and its

relationship with graft failure.

Prostetic AV grafts are more prone to failure aesult of anastomotic intimal
hyperplasia than any other type of vascular gtafPTFE hemodialysis access grafts
hyperplasia causes more than 50% of all failuned,gaaft patency at 1 year is less than
80% [13]. Toward that end, study examined the efdétapered AV grafts using canine
in vivo model. Untapered 6 mm diameter polytetrafbethylene grafts were paired
with 4 to 7 mm taper or 7 to 4 mm taper grafts |B3- Several hemodynamic variables
were assesses at multiple locations, and venousahinedial thickness was measured
at locations corresponding to the hemodynamic nreasents. Color Doppler imaging
demonstrated energy transfer out of the vessebnm fof perivascular tissue vibration
signal. Differences among graft types were notedpi@ssure, flow velocity, tissue
vibration, and venous intimal-medial thickness. yrhencluded that graft geometry can
have a significant impact on hemodynamic factorgl arenous intimal-medial
hyperplasia in arteriovenous loop grafts. Flow wisances appear to cause energy
transfer through the vessel wall and into perivisctissue. Kinetic energy transfer in
the form of perivascular tissue vibration was quated in vivo and correlates strongly
with venous intimal-medial thickness [13]. In oranme study placed a Teflon tape just

after the arterial anastomosis to create diffelevtls of tissue vibration in two venous



anastomoses. They found a greater degree of intmedial thickening in the
anastomosis in which tissue vibration was more reevEhey found tissue vibration to
be most severe near the venous anastomosis. Theluded from their measurements
that turbulence was a mojor factor in the developmef venous intimal-medial
thickening in AV grafts. They also correlated Relggonumber with intimal thickening
at the venous anastomosis [14]. In another studyneed the effect of tapered AV
grafts using a canine in vivo model. The size efdghaft was 4 mm in a diameter at the
arterial end to a 7 mm in diameter at the venous Enanother group of animals, the
tapered grafts were reversed with the 7 mm endedlat the arterial anastomosis. This
created a situation where volumetric flow ratesewnsimilar, flow velocities and the
degree of turbulence were volumetric flow ratesengmilar, but flow velocities and
degree of turbulence were different. In compariiféeent graft types, they reported
that the 4-7 mm taper grafts demonstrated lessgsaular tissue vibration than did the
7-4 mm or 6 mm straight grafts. They also foundliadimg boundary layer separation

in the hood of the graft, but not in the vein itsehere hyperplasia commonly occurs.

IHT is a frequent cause of prosthetic by-pass gfafture. Induction and
progression of IHT is thought to involve a numbénechanisms related to variations
in the flow field, injury and the prosthetic natuoé the conduit [17]. Study was
designed to examine the relative contribution of S\s&d injury to the junction of IHT
at defined regions of experimental end-to-side thetsc anastomoses. The distribution
of IHT was determined at the distal end-to-sidestoraosis of seven canine iliofemoral
PTFE grafts after 12 weeks of implantation. An @bsd transparent model easy
constructed using the in vivo anastomotic geometng WSS was determined at 24
axial locations from LDA measurements of the neal welocity under conditions of
pulsatile flow. The model was constructed from dg8sd elastomer (Dow Corning,
Midland, MI) and scaled up nine times to increase spatial resolution. Dynamic
similarity between the original graft and the sdalg model was ensured by
maintaining physiologic Reynolds and Womersley narab The WSS values were
estimated from the near wall velocity measuremenike fluid was mixture of 42%
water and 58% glycerin by weight in order to mattoh refractive index of the Sylgard

model.



A canine animal study was conducted to simulatehtraodynamic environment
of a human AV graft [1]. In vivo measurements welgained for vein-wall vibration
(VWV), graft geometry, and blood flow rate. In orde investigate the complex flow
structure at the venous anastomosis of an AV gwdifich is thought to induce these
vibrations, a computational fluid dynamic study wamducted by direct numerical
simulation under pulsatile flow and geometry coiodis based on the animal study. The
simulation technique employs the spectral elemeathod, which is a high-order
discretizetion ideally suited to the simulationt@nsitional flows in complex domains.
The minimum and maximum Reynolds numbers entetireggraft, based on average
velocities, were 875 and 1,235, respectively. Whidocity and pressure fluctuations
are clearly present in the numerical simulatiohsjrtmagnitude and frequency do not
correlate well with the in vivo VWV meaurements. t€dial reasons for this
discrepancy are threefold. First, a quiescent wmftmndition was used in the present
computations; a more realistic inflow condition hticalter the velocity fluctuations
significantly. Second, simulations were conductdthwa rigid geometry; compliance
may play an important role in flow stability withen AV graft. Third, the fow split
between the graft and vein inlet may also an ingmartole in the stability of the flow

structures.

Boundary layer separation in models of side-to-@mastomoses used clinically in
axillofemoral and femorofemoral grafting [18]. Balary layer separation occurs when
momentum causes a fluid to flow against a locatsuwee gradient. Models of side-to-
end anastomoses were constructed from Dacronngafiaterial and from clear plastic
blocks and tubing. Water from a gravity head tamis wsed as a steady-flow source and
inlet water temperature was monitored continuouslpw was measured by timed
collection. Inlet Reynold’s numbers from 300 to@)O0were studied. Fluid energy loss
across the anastomosis was small and physiologigadlignificant. Local adverse
pressure gradients were demonstrated near theoamass. Flow visualization studies
demonstrated characteristic areas of boundary lagparation in the region of the
adverse pressure gradients. The separation regiatved both the main limb and the
side arm. The separation forms a shell or ring lofvsnoving fluid around the
mainstream. Preliminary studies with pulsatile flawd with blood demonstrate that

boundary layer separation occurs under clinicalvfloonditions. Boundary layer



separation may play a role in the development céisamotic hyperplasia and
atherosclerotic deposits in the vicinity of surdji@aastomoses.

Transition in a pipe flow with a superimposed swoidal modulation has been
studied in a straight circular water pipe using LBs&hniques [19]. The experiments
were carried out in a Plexiglass pipe. Water edténe pipe from a constant head tank
through a bell-shaped contraction. A 35 mW He-Neidan conjuction with a counter-
type signal processor (TSI Model 1990) was usethéndual-beam forward-scattering
mode to obtain the longtitudinal velocity signalathral seeding of the water was
enough to ensure a continouos velocity signal efaholog output of the counter. The
temperature of the water was kept constant (24t6@nsure a constant value of the

viscosity.

The phasic velocity field in the vicinity of the meus anastomosis in a
hemodialysis angioaccess arteriovenous fistula Igogft (AVLG) is investigated
employing a LDA system. Detailed LDA velocity prel are obtained by sectional
survey performed in a transparent, elastic flow ehachich was fabricated to represent
the geometry of the AVLG system under physiologjmassure and flow waveforms.
The transparent flow model was installed in a smedtangular plexiglass box with an
open top and flat optic glass. The space betweemtidel and the box walls was filled
with the same analog fluid to minimize laser beainaction. The blood analog fluid
used in this study was a solution of 32.7% glycamd 5.2% CaGlin distlled water.
The geometry of the flow model was based on aasikcrubber cast obtained from an
experimental dog model. Distribution of velocityofiles is obtained. The distribution
of WSS in the model is computed from the slopeheflbcal velocity profiles near the
wall. The relationship between the results obtaibgdlow visualization and the LDA
measurements is discussed [20].

Flow dynamic study of the AVLG system using thrégsgc, transparent bench-
top flow models, which were based on the geomdtsilicone rubber casts obtained at
different times from a chronic animal model [21]Jadé model thus represented a
different stage of the lesion development. Flowualgation and LDA surveys of the
flow field confirmed that the hydrodynamic factdasvour lesion development near the

stagnation point opposite the anastomotic toe, avitlee momentum of the imping jet
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stream, combined with the oscillating WSS generateithe vicinity of the stagnation
point, acts in both directions. The accumulatiortrater particles in the region of flow
separation is belived to be a combined contribufrom the hydraulic forces and the

inward motion of the vessel wall.

Flow behavior in models of end-to-side vascularftgaaastomoses was studied
for steady and pulsatile flow conditions [22]. Thegnstructed models to simulate
geometry employed in experimental studies on inithadkening in a canine model.
Sylgard model of the anastomotic region was conttrl Reynolds numbers, division
of flow in the outflow tracts and the pulsatile vedarm employed were taken from
measurements obtained in the canine model. Flowseiscaled-up, transparent models
were visualized with white, neutrally buoyant paeds which were photographed under
laser illumination and also recorded on video tapeer bright incandescent light.
Strong, three-dimentional helical patterns whichmfed in the anastomotic junction
were prominent features of the flow fields. Regiofsow wall shear, oscillatory wall
shear and long particle residence time were idedtifrom the flow visualization
experiments. Comparisons with the limited qualatidata available on inimal
thickening in vascular graf anastomoses suggestlatian between localization of
vascular inimal thickening and those surfaces a&peing low shear and long particle

residence time.

Measurements of turbulent flow through a constdcteibe with a 75%
constriction have been performed with LDA [23]. TReynolds numbers changed from
5,000 to 15,000. Velocity profiles, root mean sguaurbulence velocities, and energy
spectra were recorded along with determinatiorhefwall pressure variation and the
length of the recirculation region. Results shoveattemely high level of turbulence

within the recirculation region.

Flow structures were visualized in a transparemyyvethane model of proximal
side-to-end vascular anastomoses, using planamination of suspended tracer
particles. Both the effects of geometry and flowigsion were determined under steady
and pulsatile flow conditions, for anastomosis aadl5, 30, and 45 degrees. The flow
patterns were highly three-dimentional and wereattarized by a series of vortices in

the fully occluded distal artery and two helicalrtices aligned with the axis of the



11

graft. In steady flow, above a critical Reynoldsmmer, the flow changed from a
laminar regime to one displaying time-dependentaliin. In particular, significant
fluctuating velocity components were observed ia thstal artery and particles were
shed periodically from the occuled artery into tip@ft. Pairs of asymmetry flow
patterns were also observed in the graft, befoeeotiset of the time-dependent flow
regime. The critical Reynolds number ranged fron7 4@ 473 and appeared to be
independent of anastomosis angle. The presence pétent distal artery had a
significant effect on the overall flow pattern afetl to the formation of a large
recicurlation region at the toe of the anastomoBm® main structures observed in the
steady flow, such as vortices in the distal areargl helical flow in the graft, were also
seen during the pulsatile cycle. However, the séapnflow components in the graft
were more pronounced in pulsatile flow particuladiyring deceleration of the flow
waveform. At higher mean Reynolds numbers, therg also a greater mixing between
fluid in the occluded arterial section and thatha graft [24].

A pulsatile flow in vitro model of the distal end-side anastomosis of an arterial
bypass graft was used to examine the effects tiff@reht flow ratios between the
proximal outlet segment (POS) and the distal owdgiment (DOS) have on the flow
patterns and the distributions of hemodynamic facto the anastomosis [25]. Sylgard
model was constructed. The flow system consistedstéady flow pump, a pulsatile air
pump, a timer-controlled solenoid valve, a commg@&chamber, variable resistor, a test
section, and a return tank. A concentration Dexbranveigh in distled water was used
as the circulating fluid obtain the required kindimaiscosity 0.15 criis. To achieve
minimum refraction between the viewing box, whicrasvmade of 3-mm-thick
Plexiglass, and the test section, mineral oil wittefractive index of 1.468 was used to
fill the viewing box. Amberlite particles were tiax by flow visualization to determine
overall flow patterns and velocity measurementseweade with two-dimentional LDA
to obtain detailed hemodynamic factors along therarfloor and the graft hood
regions. These factors included WSS, spatial wadlas stress gradiant (WSSG), and
osillatory index (OSI). Statistical analysis waddo compare these hemodynamic
factors between cases having different POS:DOS fltves. The results showed that
changes in POS:DOS flow ratios had a great inflaeos the flow patterns in the

anastomosis. With an increase in proximal outlewflthe range of location of the
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stagnation point along the artery floor decreasdtle the extent of flow separation
along the graft hood increased.

Turbulent flow measurements were conducted insileupscaled end-to-side
model of a human arteriovenous graft using LDA unskeady and pulsatile flow
conditions [3, 26, 27]. Turbulence intensity, Relgsostress, and mean velocities have
been measured for steady and pulsatile flow. AVtgrain junctions flow conditions
and vessel diameters were determined using Col@pleo ultrasound measurements
were conducted within one month of graft constarctiThe PTFE AV graft connected
the brachial artery to the basilic vein near thegp&is elbow. The model material was
transparent elastomer (Slygard 184, Dow Corninge Tluid employed, a mixture of
42% water and 58% gylcerine by weight, was chosenindex of refractive of the
Slygard model. A heater/mixer in the downstreanktaras used to keep the fluid
temperature at 23+0.5°C during experiments. Reynoldnbers for steady flow were
1060, 1820, 2530 and 2720. The peak, mean and mmnifReynolds numbers were
2470, 1762 and 1198 for the pulsatile flow, respett. The flow division was 90%
entering from the graft inlet and 10% entering frima distal vein segment (DVS) for
steady flow measurements. It was 85% entering fiteengraft and 15% entering from
the DVS for pulsatile flow measurements. Measurdmevere made thirteen axial
locations in the plane of the bifurcation at the .\A& high Reynolds numbers (>2000),
the velocity profiles were blunt at the inlet okthrteriovenous graft. High turbulence
fluctuations and Reynolds stress were found in ghaximal vein segment (PVS)
opposite to the vein side of the anastomosis fadst and pulsatile flows. Steady flow
fluctuation values were 20-30% larger than puleafiow values for the same
instantaneous Reynolds number. A separation ragamobserved at the toe side of the
arteriovenous graft. Strong secondary flows wemenéoat the inlet to and the PVS
under steady flow conditions. The results of tleéselarch demonstrate the level and
distribution of turbulence in an arteriovenous grédr one specific geometry.
Turbulence levels in the arteriovenous graft higbugh to cause vibration which may
stimulate tissue growth. The larger the disturbaratethe anastomosis, the greater the
release of energy. The velocity and pressure faiins that cause perivascular energy
transfer through the vessel wall cause cyclic segswvhich may trigger biochemical

mediators that ultimately result in the developma&ninhimal-medial hyperplasia. While



13

the levels are not high enough to cause red bladd damage, platelets may be
activated by the high Reynolds stresses.

Hemodialysis patients require a vascular accesdelieer sufficient blood flow to
the artificial kidney. Of these vascular acces¥6 are prosthetic graft implants.
These grafts are prone to the development of stenosthe vein due to intimal
hyperplasia, subsequently leading to thrombosis].[10hey investigate the
hemodynamics in a straight and a tapered PTFE gnaftcompare the hydrodynamical
behavior of both grafts. Two different vascularegsgeometry models were examined:
6-mm diameter straight graft and 4-7 mm taperedt.gfhe grafts were sutured to a
compliant silicon model of an artery and vein itbap configuration. Flow rate varied
between 500 and 1500 mL/min. Two conditions weséetd 1) contor; mean pressure is
100 mm Hg at the arterial inlet; and 2) low resistacondition: pressure is 20 mm Hg
at the venous outlet. Pulse pressure is 60 mm Idgeadrterial inlet for both conditions.
Pressure and flow velocity are measured continyowghile flow rate is measured

volumetrically.

Experimental study was to evaluate invasive andnvasive indices to detect
significant stenoses in a vascular access graftAGlompliant underarm loop graft in
vitro model was built and studied with 50, 65, 8Ad 90% stenosis at flow rates of 500,
1000, and 1500 mL/min. The hemodynamic measurenagatperformed on an in vitro
model with a compliant silicon artery and vein (#0) and a 6 mm graft (GORE-TEX
Stretch Vascular Graft, AZ, USA). The Newtonianddoanalog that circulates, is a
glycerine-water (40/60%) with density 1103 kd/and a dynamic viscosity 3.75 mPa.s
at 25°C. Flow in the system was pulsatile. Velpeitas measured with ultrasound
Doppler and the pressure was measured invasivélg. résistance index (RI), and
pressure ratio (PR) were calculated and comparesteAosis can be suspected when

highly frequency ultrasound velocity signals deyedd the venous anastomosis.

Computational fluid dynamics (CFD) whether differemrterial anastomositic
geometries result in a different hemodynamics at drterial anastomosis (AA) and
(VA) of hemodynamics vascular access grafts [8leylhave studied a 6 mm a graft
(CD) and a 4-7 mm graft (TG). A validated three-dimional CFD model is developed
to simulate flow in the two graft types. Only théA Ayeometry differs. The baundary



14

conditions applied are a periodic velocity signalttze arterial inlet and a periodic
pressure wave at the venous outlet. Flow rateti®osBED00 ml/min. The time dependent
Navier-Stokes equations are solved. WSS, WSSG aadsyre gradient (PG) are

calculated.

The hemodynamic in the vascular access graft afleenced by the flow
aspirated and injected through the two needlesnduniemodialysis [7]. For the first
time, the impact of needle flow on vascular acgesformance, measured in an in vitro
set up, is reported. A vascular access model, stmgi of a loop
polytetrafluoroethylene graft sewn to a complianéry and vein, simulated the patient.
The extracorporeal circuit was connected to the ehothree mean access flow rates
and five roller pump flow rates were studied. Mesystolic, and diastolic pressure and
according pressure drops were derived at 14 Idus Study demonstrates the need for a
well-functioning vascular access to perform adeguditlysis and to avoid venous

system loading.

LDV was used to compare the levels of turbulencthatvenous anastomosis in
the presence and absence of a venous needle JetdJ@8siderably higher turbulence
was observed downstream of the venous needle, mpaason to graft flow alone
without the needle. Turbulent intensities were Bates greater in the presence of the
needle, in comparison with graft flow alone. Sihegnodialysis patients are exposed to
needle turbulence for four hours three times a wéak role of post-venous needle
turbulence may be important in the pathogenesi8\ofgraft complications. A better
understanding of the role of needle turbulencehan mechanisms of AV graft failure
may lead to improved design of AV graft and venoasdels associated with reduced
turbulence, and to pharmacological interventiorst thttenuate IH and graft failure

resulting from turbulence.

1.2 IMPORTANCE OF THE STUDY

The major complication observed in grafts is theell@oment of IH near the
anastomoses. IH leads stenoses and finally results trombosis. Vascular access

complication, including stenosis and trombosis l& WA, are a major cause of
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morbidity in hemodialysis patients. They accountdoer 20% of hospitalization, and
consume more than 10% of the total cost of cordiaf/sis patients in the US or about
$1.5 bilion/year [29-32]. Patients receiving henabgBis are usually referred to the
dialysis unit three times a week; the exact dunatba hemodialysis session depends
on the personal need of the patient. Venous neahtinyperplasia followed by
thrombosis is the major cause of PTFE graft failtitee economic impact of AV access
and its related morbidity approaches one billiotladle annually in the US [33]. At
present, PTFE grafts are inverted in approxima2€ly,000 ESRD patients per year in
the US, more than 30% of all dialysis patients. fibmber of dialysis patiets in the US
is expected to double by 2010 [34]. Changes invmeous anastomosis geometry can
greatly affected fluid dynamic variables. The same has some degree of control over
this geometry during graft construction. A furthemderstanding of the relationship
between AV graft failure and fluid dynamic variablmay lead to a prediction of graft
performance. This may lead to geometric designchliextend the functional period

before AV graft failure occurs.

The goal of the present study is to determine unaulence and WSS levels of the
in vitro AV graft. We find that this model was ingpited considered with very poor
geometrical approach. Further studies should be donAV grafts with the different

geometric design to find the optimum fluid dynamandition.



CHAPTER 2

EXPERIMENTAL SETUP

21 FLOW SYSTEM

An experimental flow system was designed and luailprovide the scaled-up
model with the desired inlet and outlet conditioAsschematic of this system is shown
in Figure 2.1a, a picture of this system is showrFigure 2.1b and picture of model
geometry is shown in Figure 2.1c. A glycerin-watakture of 60% and 40% water by
weight was selected to match the index of refractid the Pyrex glass model. The
Pyrex glass model was installed in a small rectimgulexiglass box with an open top.
The space between the model and the box was vilikdthe same mixture to minimize
laser beam refraction. The fluid must be affordabiempatible with the other
components of the system, stable in use [35]. fikid has a refractive index of 1.41, a

density of 1.11 g/ml, and a dynamic viscosity ofgl@entipoise at 20°C [36].

A 1/5HP centrifugal pump [Type U83B1, FASCO] supglithe pressure head to
drive the flow. A PC computer (hp1702) was usecetmrd the flowrate. The flow was
monitored by two Electromagnetic Flow Meter (EMFJype MAG 5100W)
manufactured by SIEMENS Inc. The EMF meters meastive total flow entering the
graft model and the flow rate entering from the DWVY8e EMF meter was calibrated by

the bucket and stopwatch method.
An upstream tank was used to stabilize the flovtieAthe upstream tank, the fluid

enters a 1 meter Plexiglas tube with an inner dieama 25.4 mm (1 inche). The flow
exits the model through the PVS into a downstresami.t

16
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The procedure setup is important to ensure accuawy repeatability of
measurements. An experimental system was designddcanstructed to provide
upscaled model with the proper inlet and outletwfloonditions. The alignment

procedure is the following:

1. Control the valves,

2. Operate the pump,

3. The heater/cooler was adjusted to control the teatypes at 24 °C. Temperature was
important because changing the fluid temperatu?€ thanged the fluid viscosity
approximately three percent,

4. Control the flowmeter to measure the total floweemty the graft model and the
flow rate entering from the DVS.

5. Traverse controller is operated.

6. Signal p rocessor is operated.

7. LDA measurement must be made to match the refraatidices of all the materials
exposed to the laser beam. The laser probe wasddcat the beam entering point
on one side of the box and then at the existingntpon the opposite side. The
distance between these two points was measureda3éebeam coming from laser
probe was focused at the measurement point laeathé midplane of the model.

8. The laser beams are very important to obtain cbrfiege spacing inside the
ellipsoidal beam-crossing section to find the p#etivelocities. Laser beams are
checked if the surfaces of two beams are perpeladitmeach other
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Temperature differences between air in the room #ed fluid caused local
changes in the fluid temperature inside the engrdnbe. While the fluid is heated (or
cooled) at the outer radius of the tube, the visgand density variations created
locally were large enough to cause the steady fioofile to become skewed The
second chamber in the downstream tank had a hg#®eDA, Type T/P Nr: VD3029)
to control the fluid temperature. The heater wagisidd to control the temperature
24+0.5°C. The accuracy of the fluid temperature wgsortant because changing the
fluid temperature 1°C changed the fluid viscosippraximately three percent. A
mercury thermometer was also used to monitor tbenrambient temperature to insure

that it was also maintained at 24+0.5°C.

22 FLOW CONDITION (IN VIVO MEASUREMENT)

The measurements were conducted at the Cemgahpaspital andistanbul
Training and Research Hospital. Measurements wesdenusing a color Doppler
ultrasound device and BT angiography. The basiengéxy of the venous anastomosis
was measured in the plane of the bifurcation asveha the three Duplex ultrasounda
images Figures 2.3a and 2.3b. The results of tlrasolund study are summarized in
Table 2.1.

Measuring ultrasound, Doppler and BT angiographglitain geometry and flow
conditions from three different patients who arafigd with AV:

For this purpose, at first, graft diameter, dainsetef graft arterial and venous
junction regions, graft wall and the existence teihssis in lumen and native arterial
venous vascular sections are investigated by grale $JS. At the same time, flow in
the graft, the characteristics of the flow at tmelse of graft arterial and venous, the
existence of turbulence inside the graft or anastsnregions are searched by using
color Doppler US. Flow speed, Pulsatility index)(FResistivity index (RI) values
inside the graft and arterial venous anastomosggoms are calculated separately

numerically and spectrally.
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Table 2.1 Parameter of Color Doppler ultrasound measuremtzkisn on a dialysis
patient’'s AV Graft

Parameter PTRE
Graft Value

Diameter (mm) 5.2
Mean Velocity (m/s) 1
Peak Velocity (m/s) 15
Mean Flowrate (ml/sec) 21
Peak Flowrate (m/sec) 32
Mean Reynolds Number 1560
Peak Reynolds Number 2340

Flowrate values computed from Q 3 MA
Reynolds number: Re gD/
Properties of blood used in calculation: p=0.3®¢gksn,p=1.05

The cases which are not suitable for our studya&cbuded according to US and
Doppler results. In one of them there is intendeifczation on the graft walls. In the

other one, there is hemodynamic stenosis at theugeanastomosis end of the graft.

The three cases we think to be suitable for oudystare processed for BT
angiography by arranging hemodialysis day. BT i&mled using contrast matter from
intravenous path. The obtained and raw pictureseatuated and their convenience is
verified. 3D BT angiography of these three casesbisined by using post processing
and volume rendering technique (VRT). The pararsetide graft location, graft
diameter, lumen diameters of arterial venous reggibrmen inner structure — wall, the

existence of stenosis are compared with US.

As a result, US color Doppler and BT angiographtadd the three cases which
are suitable for our study are written on a CD. ddmplication developed in patients

after these processes.



Figure 2.2 The image of AV graft to vein connection takemfrdialysis patient
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23 LASER DOPPLER ANEMOMETRY (LDA)

Laser Doppler anemometry was used to take velocggsurement inside model.
1-D LDA Flow is a DANTEC Electronics flow exploraype 62N01, FlowExplorer
Standard System, comprising 65X11, 62N60 and62S3%8 Blow Software. Laser
output was provided by operating in a wavelength.5hm. The laser beam diameter is
2.5 mm. A one-color laser arrangement is used tasome one components of velocity.
In order to measure the velocity direction, colserdivided into two beams of equal
intensity, and one beam is passed through a Braljghoorder to shift its frequency by
80 MHz. The Dopller shifted frequency is converted particle velocity using a

software called BSA Flow Software.

The particles used in the flow system are poyyaseeding particles (PSP) (5u-
10 p) from the Dantec Dynamic A/S (Code 9080A30The number of particles put
into tha water-glycerin mixture was determined ly tatio of the total volume of liquid
in the system to the probe fringe volume. Ideatigly one particle should be in the

probe volume at a given time.

The raw data collected with LDA system is usedalzulate the mean velocities,
fluctuating velocities (s and Wall shear stress ] by using the data processing BSA
Flow Software . The scaling between in vivo and/itno measurements under steady
conditions was done by using dynamic similarity {ReReio). The density,
kinematix viscosity, and the diameter under in viemditions were 1.05 g/cin3.5 cP,
and 5.2 mm, respectively. Under in vitro conditiotiee density, kinematic viscosity,
and the diameter were 1.06 gfrh0 cP, and 25.4 mm, respectively.

The basic configuration (Figure 2.4) of an LDA casis of a continuous wave
laser, transmitting optics, including a beam spliind a focusing lens Receiving optics,
comprising a focusing lens, an interference fiétnel a photodetector, signal conditioner

and a signal processor.

The output of the Bragg cell is two beams of edqotEnsity with frequencies f
and fhi. These are focused into optical fibres bringirgntito a probe. In the probe, the

parallel exit beams from the fibres are focusedablens to intersect in the probe
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volume. The photo-detector converts the fluctuatiigipt intensity to an electrical
signal. The Doppler bursts are filtered and anegdifin the signal processor

The frequency shift obtained by the Bragg cell nsatke fringe pattern move at a
constant velocity. Particles which are not movindl wenerate a signal of the shift

frequency §ni. The velocities will generate signal frequenciespectively.
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Transmitfing/
receiving optica
Optical fibres

Time sarles Data
analysis
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Figure 2.4 LDA Principle [37]
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24  SELECTION OF PARAMETER

The setting of parameters in the BSA Flow Softwanegram is very important to
obtain reliable measurements with laser systemreTaee three parameters affecting the
data rate. They are validation level, Photomukipl(PM) tube voltage and gain.
Validation level is the ratio of signal to noisechanges from 97-100% in the Dantec
system used for these experiments. The PM tubagmltontrols the volume of the
ellipsoid through which particles pass. The PM tuodtages vary from 1000V to
2000V. Gain setting is related to the size of gt inside the flow. It is set low to get
the signal from big particles and set high to petdignal from particles. Since the data
rate changes with these parameters we performeddtgoof experiments. The first set
of the experiments was done near the wall and ¢bergl one was in the center of the
model. In a bounded flow like the flow is in pipeschannels, the low inertia flow is
always near the wall and high inertia flow is i ttenter. This means that the data rate
(the number of the particles passing through aipéacation per unit time is low near
the wall and high in the center of flow. The PMéulmltage was varied from 1000V to
2000V. And the gain was set to high and low at acgjg bandwidth to find the
optimum values. These parameters can change fereht studies. It is recommended
to do this type of study before using the laser epsystem. For this research; the

voltage values were selected between 1000V and\1200

25 FLOW INLET CONDITION

The inlet conditions were measured before takirtg deside the graft geometry to
be able to repeat the experiment. Velocity profiles steady flow were measured
upstream of the graft. The measured values fordgtélaw were then compared to
theoretical solutions to gain insight into the aecy achievable in the system. The
velocity profiles at Re=1400 and 2400 for steadyvflWwere measured upstream of the

anastomosis parallel to the plane of bifurcation.
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26  STEADY FLOW

The program BSA Flow Software was used to recoedittantenous velocity for
steady flow. Two thousand (2000) validated samplese recorded inside flow field
and then the mean velocity was found by taking dkerage of the samples for v
component of the velocity. Since the data rate maer near the wall of the model and
data was taken for two minutes. The fluctuatioroey was found by substracting the
mean velocity from the intantenous velocity at etiote step and then averaged over
the specified number of validated samples to fimel variables at each measurement
location. The notations for mean velocities, flattan velocity and Wall shear stress

are defined in the following equations.

U = instant velocity component df particle along x direction

i = mean velocity

N = Number of spherical particles passing throtighmeasurement volume.

The equations used for mean velocities, fluctmatelocities and Reynolds

stresses are as follows:

Mean value
N
U,
— — i=1
u N 1p.
Variance

N 2.2)



Fluctuation Velocity (Urms)

Wall Shear stress

H is the dynamic viscosity
u is the flow velocity parallel to the wall

y is the distance to the wall

ou
Ty = /u(a—y) y=0
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CHAPTER 3

EXPERIMENTAL RESULTS
(VELOCITY FIELD)

We present the flow measurements inside an upsealdeto-side model of a
human AV graft to vein using LDA under steady floanditions. The ratio of the graft
inlet flow-rate to the DVS inlet flow-rate was cleosto be Graft:DVS=80:20. Because
the flow rate is less than 20% of the total floweran the venous anastomosis. Reynolds
numbers at mean and maximum are estimated as 14®400. These Reynolds
numbers correspond to flow rates of 1.0 and 1esdlimin at mean and maximum for a
graft diameter of 5.2 mm, respectively. Velocitydawall shear stress values are scaled

to in vivo values by dynamic similarity,

lovitrovvitro - Iovivovvivo j ) (3.1)

vitro Iuvivo

Re&ivo=RS&itro, (

31 MEASUREMENTSAT THE MIDPLANE (Re = 1400, Graft:DV S=80:20)

The velocity measurements were performed at tle arld entrance of the graft,
DVS and PVS and inside the graft, DVS and PVS aioua positions as shown in
Figure 3.2. Turbulence levels and Wall shear stiesgere calculated as explained in
Cahapter 2.6. The velocity components u, v and eviarthe x, y and z directions,
respectively. In plane of bifurcation, u is parhkfie the floor of the graft and v is
perpendicular to the floor, while w is perpendicutathe plane of bifurcation. At each
Reynolds number, the one-component LDA measuregwrklocity components. This
section describes the primary flow field, turbulenevels and WSS at the midplane. It

also describes aspects of secondary flow motions.

30
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At Re=1400, flow enters the model with a fully developed jdeofrom the graft
and DVS. The flow entering from the graft meetshvilte flow entering from DVS in
the anastomosis. The profiles at position -18.2,25nd -5.2 have parabolic shapes in
the graft (Figure 3.3, 3.4 and 3.5). The graft &S entrance velocity profiles along
the lines that are parallel to the floor at positié8.2 and -11.2 are shown in Figure 3.2.
The maximum fluctuation velocity wasmg=13cm/s which is 4% of mean velocity, u
indicating low turbulence level at the graft inlét position -4.2, the velocity profile
slightly skewed towards the hood side of the gffeiijures 3.6 and 3.7). The hood side
of the graft has more favorable pressure gradiesm the heel side, which causes the
flow to move toward the hood side. At position Béfore entering the anastomosis (in
the direction of x), the velocity profile is M shep which is general characteristic
secondary flow in the curved pipes (Figures 3.9, 3.10, 3.11, 3.12, and 3.13). The
turbulence level at position 0 (in the direction>f was measured asmg20 cm/s
which is 1.5% of w.

The velocity profile at the inlet of the DVS is phplic as shown in Figure 3.14,
3.15. At position -4.2 the velocity profile slighttkewed towards the heel side (Figures
3.16, 3.17, 3.18).This can be because of the teatyrerchange between the room and
water glycerin mixture inside the model. The maximiluctuation velocity at the inlet

was Ums 4 cm/s.

The velocity profile at the entrance of the PV®lisnt near to the toe side with
high velocity gradient near the wall and increasetbcity component. A separation
region downstream of the toe by a retrograde vestar the wall at position +0.4
(Figures 3.19, 3.20, 3.21, and 3.22). The lengtthefseparation region is estimated to
be one diameter. Peak velocity is around 89 cmpmsition of +0.4 and changed to 83
cm/s at position +2.4. Turbulence levelndiin the PVS at position +0.4 shown in
Figure 3.19 was 33 cm/s which is the 26% of medocitg. Then the turbulence level,
Ums, decreased to the value of té/s at position +6.4 through PVS, Figure 3.27.
Figures illustrating the mean velocities and flations velocities are shown by Figures
3.23, 3.24, 3.25, 3.26, 3.28, 3.29, 3.30, and 3.31.

At Re=2400, The flow field is similar to the one with Re=1400structure but

not in magnitude. The velocity profile at the intétthe graft is still parabolic (Figures
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3.3, 3.4 and 3.5). The inlet profile in the DVShklint (Figures 3.14 and 3.15). At
position -18.2 and -5.2 have blunt shape thatesctiaracteristic of transition/turbulent
flow. The graft and DVS entrance velocity profiEeng the lines that are again parallel
to the floor at position -18.2 and -11.2 are shawfRigure 3.2. The flow entering from
graft at position -18.2. The maximum fluctuationlooty was w,<=8 cm/s. which is
10% of mean velocity glindicating low turbulence level at the graft inlé&t position -
2.5, the velocity profile slightly skewed towardethood side of the graft (Figures 3.8
and 3.9). At position 2.5 before entering the amasisis (in the direction of x), the
fluctuation velocity profile is again M shaped (&igs 3.8, 3.9, 3.10, 3.11, 3.12 and
3.13). Mean velocity profile is shifted towards ftaor side compared to measurements
made at 1400 Reynolds number. The turbulence kvpbsition 0 (in the direction of

X) was measured as=18 cm/s which is 22% of local mean velocity. u

At position -4.2 the velocity profile slightly sked towards the heel side (Figures
3.16, 3.17 and 3.18). This can be because of thpdrature change between the room
and water glycerin mixture inside the model. Theximaim fluctuation velocity at the

inlet was s 20 cm/s.

The velocity profiles in the entrance to the PV8 still blunt near the floor side
with high velocity gradient near the wall. Seperatis still present on the toe side of the
PVS (Figures 3.19, 3.20, 3.21, 3.22 and 3.23).l&hgth of the separation region is still
estimated to be one diameter. The magnitude offloacldecreases with increasing
Reynold number. The velocity decrease slightly néer center from 4 Figures
illustrating the mean velocities and fluctuatioreoeities are shown by Figures 3.24,
3.25, 3.26, 3.27, 3.28, 3.29, 3.30 and 3.31.
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32 WALL SHEAR STRESS CALCULATIONS (Re=1400)

The shear stress value near the wall is the WS®reviH development is
associated with. Normal WSS values are below 0&6Pveins and between 1 and 3
Pa in large arteries and between 2 and 6 Pa inade®[36]. WSS values in arteries and
below 1 Pa are associated with IH development [8Z]well as WSS values above 35
Pa [38].

When a vascular access is constructed, flow thrahghvessels of the access
increases. Increases blood flow results in incek&¥8S for a constant vessel diameters
[39]. For arteries it is known that they remodelntaintain WSS at the normal level,
about 1.5 Pa [40].

Velocity measurements near to the walls of gralW,SDPVS and anastomoses
were taken at 26 locations (Figure 3.32). Wall shsteess was calculated from the
product of the instantaneous velocity gradienthat wall. The intantenous velocity
gradient at the wall was calculated taken thre®@orsl measurements. The velocity
measurements were done at the points of -4.2, # fe2 floor, -4.2 to -3.2 for DVS,
0.4 to 2.4 for PVS and 0 to 1 for graft (in theedtion of x). In figure 3.33 the trend
observed was change of WSSs from 0.55 N\briL0.93N/mimoving distal to proximal
along the artery floor. In figure 3.34 WSSs valuese in the range of 0.79 and 1.56
N/m?. In figure 3.35, the mean WSSs transitioned bem@d43 to 2.28N/fh WSSs
varied range of OD to 1D along the graft and becarfé N/nf (Figure 3.36). In figure
3.37, the mean WSSs values were in the range tif 0953 N/n.
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Figure 3.32 Wall shear stress distribution longitudinal sectiedispayed from the
PVS, DVS, and graft
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Figure 3.33 WSS estimation along the floor side of VA at Re=040
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10,00
9,00 1
Gralt
8,001 ms
7,00 A
6,00
5,00 1
4,00 -
3,00 1
2,00 1
1,00 4
0,00 T T T T
0,00 0,50 1,00 1,50 2,00 2,50

Location mm

Figure 3.35 WSS estimation at the PVS at Re=1400
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Figure 3.36 WSS estimation at the graft at Re=1400
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Figure 3.37 WSS estimation at the graft at Re=1400
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33 WALL SHEAR STRESS CALCULATIONS (Re=2400)

Near wall velocity measurements were taken at 2&tions along the graft, distal
and proximal vein segments (Figure 3.32). Wall shsteess was obtained from the
product of the instantaneous velocity gradienthat wall. The intantenous velocity
gradient at the wall was estimated three velocigasurements near the wall. The
velocity measurements nearest to the wall rangedh fr4.2 to -3.2 for distal vein
segment, from 0.4 to 2.4 for proximal vein segméoitn O to 1 for graft. In figure 3.38
the trend observed was change of WSSs from 0.87t8 R/nf moving distal to
proximal along the artery floor. In figure 3.39 Ws&S&lues were in the range of 1.1 and
0.5 N/nf. In figure 3.40, the mean WSSs transitioned betwi&21 to 4.86N/fh WSSs
varied range of OD to 1D along the graft and becarBeN/nf (Figure 3.41). In figure
3.42, the mean WSSs values were in the range fta.7.93 N/m.

2
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Grah - 25

Dvs s

20 1

151

WSS N/m2

101

; ; : & . . ;
-4,5 35 2,5 -1,5 05 0,5 15 25
Location mm

Figure 3.38 WSS estimation along the VA at Re=2400
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Figure 3.39 WSS estimation at the DVS at Re=2400
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Figure 3.40 WSS estimation at the PVS at Re=2400
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Figure 3.41 WSS estimation at the inner graft at Re=2400
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Figure 3.42 WSS estimation at the outer graft at Re=2400
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CHAPTER 4

CONCLUSION

The objective of these to characterize the flowldfiavithin the venous
anastomosis of a dialysis patient’s AV graft siflael dynamics has been implicated as
a cause graft failure. The flow field was examimedletail using LDA meaurements

inside an in vitro model of the venous anastomosder steady flow condition.

Flow velocity measurements were done inside andyfaft to vein connections at
two Reynolds numbers of 1400 and 2400 values ustkady flow conditions. They
represent the maksimum and average flow Reynoldesan pulsatile flow conditions.
The flow measurements were at eighteen points erfltlor side of the anastomosis,
eleven points inside the graft. Mean velocity valaed fluctuation velocity values were
calculated. WSS were calculated in twenty six inside graft and floor side of the
anastomosis. WSS values along the floor vary froBnt® 11 N/ for Re= 1400 and
from 1 to 28 N/mfor Re=2400. The flow was determined as blunt atitiet of the
graft and progresses to the M shaped profiles ensgite curve of the graft then
continued upto the inlet of the graft to the anamisis region. The flow velocity
profiles were parabolic at Reynolds number of 1408 2400. The flow entered to the
anastomosis region slightly skewed to the hood.fldve region inside the anastomosis
Is chaotic due to the mixture of the flow comingrir graft and DVS. Two streams from
graft and DVS merge inside the anastomosis andladtgh the PVS. At the entrance
of the PVS, the velocity profile becomes more blwith high velocity near the hood
and floor. Flow was separated at the inlet of tN& Ppart. Strong secondary flow was
found in anastomosis and PVS. The separation regasndetected at the toe side of the

PVS at two Reynolds number. The maximum negatiVecity measured in separation
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bubble was -0.37 m/s which is small compared tanthgimum value of mean velocity,

0.77 m/s at x/D=+0.4 for Re=2400. The length of $kparation was almost one vein
diameter long. Turbulence levels were found higaethe inlet of the PVS. These
regions are considered critical regions for medaggplications because of the lower
shear stress values and higher turbulence duetbigier inertial forces. The blockage
of the graft was mostly seen in this region. Wael finat this model was implanted very
poor geometrical approach. The patency rate fosethgpes geometrical connections

will be very low.

The results of this study show the flow field iresidn AV graft to be complex.
The velocity flow field was found to be turbulenithva region of a separated flow
which created a WSS region. These velocity flowtggas may contribute to the

development and localization of inimal hyperplasia.

To fully understand the relationship between hemadyics and graft failure will
require further investigation of the flow field ide an AV graft under the possible

different flow and geometrical conditions.
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