AN IN VITRO INVESTIGATION OF STEADY TRANSITIONAL FLOW

IN AN ARTERIOVENOUS GRAFT-TO-VEIN ANASTOMOSIS

Abstract—This is a preliminary study to investigate the relationship between the distribution of turbulence intensity and the localisation of stenoses inside the venous anastomosis of arteriovenous (A‑V) grafts.  Turbulent flow measurements were conducted inside an upscaled end-to-side graft model under steady flow conditions at Reynolds number 2275 which is representative of the in vivo flow conditions inside a human A-V graft for dialysis access.  The distribution of the velocity and turbulence intensity was measured at several locations in the plane of the bifurcation.  Turbulence intensity was found to be greatest downstream of the anastomosis. 
INTRODUCTION

Extensive numerical (refs) and experimental (refs) investigations of the fluid dynamics of distal end-to-side anastomoses associated with arterial bypass grafts have been conducted, motivated by the fact that this junction is a site of particularly high risk / strong involvement in intimal hyperplasia and other forms of arterial disease.   A further motivation is that the junction offers a situation providing a complex mix of fluid dynamic phenomena and can potentially aid the quest for causal linkages between disease localisation and fluid dynamic details for arteries in general.


A somewhat similar geometry occurs at the downstream end of an arteriovenous anastomosis created by incorporation of a loop of graft material for the purposes of repeated high-flow-rate vascular access, as in renal dialysis.  Similar experiences of intimal hyperplasia leading to loss of patency, but now in the vein rather than the downstream artery, have as in the arterial bypass graft situation led surgeons to experiment with a variety of detailed geometries when forming the end-to-side anastomosis between the graft and the vein.  Kanterman et al. (1995) have shown that hyperplastic(?) stenoses occur predominantly in the proximal venous segment (PVS), downstream of the graft-to-vein junction, as shown in Figure 1.  This suggests the possible involvement of disturbances to flow created in the graft-to-vein junction and advected downstream. 


To date there has been only one detailed set of investigations (Shu et al., 1991; ref2) of the fluid dynamics of the graft-to-vein anastomosis. Shu et al. obtained the mean velocity profiles and WSS inside realistic A-V graft models.  They implicate the low and oscillating WSS near the stagnation point and separation region in the development of a lesion distal to the toe (see Figure 2).  No measurements of turbulence levels were reported.


Fillinger et al. (1990, 1991) measured perivascular tissue vibration and intimal thickening in A-V graft venous anastomoses, investigating in separate studies the results of varying both flow-rate and geometric details.  They found the highest tissue vibration and intimal thickening to be localised on the toe side of the proximal vein segment (PVS).  In the absence of direct measurements of flow turbulence, they hypothesised that tissue vibration was caused by turbulent flow, and that the degree of vibration was correlated with the blood turbulence level.  They concluded that a high flow-rate, in a geometry tending to cause flow disturbances, led to flow instability, deposition of vibration energy in the vessel wall, venous intimal-medial thickening and the initiation of hyperplasia.


While these studies have contributed to our understanding, blah, blah, they did not fully take into account all of the special fluid mechanical circumstances pertaining to this junction.  The major differences between these two end-to-side anastomoses, the arterial and the venous, from the fluid mechanical point of view, relate to the higher flow-rate and the reduced viscosity for the renal dialysis access graft.  Higher flow-rate is a consequence of the fact that the arteriovenous shunt bypasses the peripheral resistance, forcing the heart to increase cardiac output by virtue of the increased venous return (ref?).  Unlike the arterial bypass graft, where the predominant resistance is peripheral, and the graft therefore does not set its own flow-rate, the arteriovenous graft does; its own resistance determines the shunt flow.  Lower viscosity in chronically dialysed patients is a consequence of the accumulated blood damage in the extracorporeal circulatory loop of the dialyser, causing these patients to have a greatly reduced haematocrit.  Haematocrits as low as 25% are not atypical (ref), and this suggests a blood viscosity about 20% lower than normal.


These factors combine to produce a much higher Reynolds number in the graft-to-vein junction than in the distal arterial end-to-side anastomosis.  Higher Reynolds number implies a greater tendency to flow instability and turbulence, as noted by Fillinger et al.  Whereas the arterial bypass junction is unlikely to be turbulent, the venous one is more than likely to be.  Evidence to support this reasoning is provided by the results of our own ultrasonic measurements of flow-rates and vessel diameters in a patient with such an arteriovenous graft, as reported below.  We assume that turbulent flow is likely in any graft-to-vein junction having the diameter and flow-rate necessary for continuing patency and dialysis use.

The overall goal of the present research is to investigate the possible relationship between turbulence level and A-V graft failure.  Herein, we report preliminary measurements under steady flow conditions of the magnitude and spatial distribution of turbulence inside an in vitro graft model representative of the graft-to-vein junction of a dialysis A-V graft.  With the exception of recent work by ??? (ref), non‑invasive measurement of turbulence in vivo is not possible.

· Patency stats on PTFE AV graft (from Fillinger 1990; in intro he cites work by Rizzuti)

· Statistics on cost of reconstruction annually in the US or world

· Does the turbulence levels in fact impact the failure rate/patency

· High shear environment should inhibit I.H. (this was demonstrated by Bassiouny et al. in dogs)

· Geometry and flow conditions change with time (vein size, flow rate, stenosis)

· Haematocrit is 25% (ref)

· Discuss pressure drop for AV versus arterial grafts

· Question: What is the turbulence level at the time of graft construction when turbulence is not due to a stenosis and flow‑rate is largest?

· How do turbulence levels vary spatially within the graft geometry?

METHODS

In Vivo Measurements
Colour Doppler ultrasound measurements (Acuson 128XP/10) were conducted on two dialysis patients to determine A-V graft-vein junction flow conditions and vessel diameters.  The measurements were conducted within one month of graft construction.  Figure 3 shows the B-scan-mode outline of the venous anastomosis in one of the patients.  The PTFE A-V graft connected the brachial artery to the basilic vein near the patient’s elbow.  As seen in Figure 3, the measured graft lumen diameter (D) for this patient was 6.0 mm; in the other patient it was 6.7 mm.  In both patients, the PVS and DVS were of comparable diameter and somewhat smaller than the graft.  The angle of between the graft and the vein was 45( in one patient and much smaller in the patient shown in Figure 3.  There is considerable variation in the geometry from patient to patient for surgical reasons.  

After imaging the flow in colour Doppler scan mode, a static Doppler sample volume was deposited in the centre of each vessel, spanning approximately one third of the vessel diameter.  A marker was aligned with the vessel axis, and the angle between the Doppler line of sight and the vessel axis was computed.  Since the Doppler scan plane was arranged to be that containing the axes of the vein and the graft at the junction, this measured angle was the true angle between the Doppler line of sight and the vessel axis.  It was therefore possible to compute true axial velocities.

The velocity trace for the graft showed much higher velocities than in normal arteries, with a low pulsatility index since the sonograph trace remained well above zero throughout the cycle.  For the patient shown in Figure 3, the instantaneous mean of the sonograph trace was estimated to be 1.5 m/s at the maximum and 1.0 m/s at the minimum of the cycle.  For the other patient, the corresponding numbers were 1.2 and 0.8 m/s.  Measurements were also made in the PVS and DVS; however, determination of the mean velocity was difficult because of the degree of spectral broadening.  

Reynolds numbers for the graft are difficult to estimate, since the shape of the velocity profile is unknown and the sample volume did not cover the whole vessel lumen.  Based on the velocity measured in the sample volume (V), and assuming normal blood viscosity (( = 3.5 mPa s), the above measurements lead to a systolic peak Reynolds number of 2700 and a diastolic minimum of 1800 for the patient shown in Figure 3 (Re = (VD/(, where ( = blood density, 1.05 g/ml).  For the other patient, the corresponding values are 2400 and 1600.  Two assumptions are here implicit: 1) that the velocity profile is flat, and 2) that the patient has normal haematocrit.  The true profile is something between flat and parabolic; if one assumes a relationship between spatially averaged and centreline velocity midway between these extremes, the Reynolds number is reduced by 25%.  If viscosity is reduced by 20% as suggested in the Introduction, the Reynolds number is increased by 25% (1/0.8 = 1.25).  The true in vivo Reynolds number therefore remains unknown; however, the range appears to span the critical number for transition to turbulence in a circular pipe (Recritical ( 2300).  

Model Geometry
The anastomosis model used in this study was that previously used by Loth et al. (1997) to investigate the haemodynamics in a distal end-to-side arterial bypass anastomosis.  This model geometry also closely approximates the graft-vein junction of the A-V graft.  The model was scaled up eight times (still true?) relative to the in vivo case.  The model material was a transparent elastomer (Sylgard 184, Dow Corning), and the walls were thick enough that the model could be considered essentially rigid.  The graft‑to-vein diameter ratio was 1.6, with a graft lumen diameter of 50.8 mm and a host vein diameter of 31.75 mm.  The graft axis intersected the host vein axis at an angle of 5(.

Measurements

Flow System  


A system was designed and constructed to provide the upscaled model with the proper inlet and outlet flow conditions.  The fluid employed, a mixture of 42% water and 58% glycerine by weight, was chosen to match the index of refraction of the Sylgard model (n=1.41).  This fluid had a refractive index of 1.41, a density of 1.16 g/ml, and a dynamic viscosity of 10 mPa s as measured by a Wells-Brookfield ???? micro-viscometer at 25(C.  A 1/3 HP ???c split-phase pump provided the pressure head to drive the flow.  The total flow-rate was measured by bucket and stopwatch.  Clinical experience is that the vein distal to the graft-vein junction often occludes; when it remains patent the flow-rate is typically small (less than 10% of the total flow-rate into the venous anastomosis).  The ratio of the graft inlet flow-rate to the DVS inlet flow-rate was here chosen to be 90:10.  The DVS inlet flow-rate was measured by an ultrasound transit‑time flowmeter (Transonics T3??).  Since fluid viscosity depends sensitively on temperature, a heater/mixer in the downstream tank was used to keep the fluid temperature at 25±0.5(C during the experiments.

 The model was placed in a flow circuit under steady flow conditions such that flow entered the graft from a straight tube four metres long with an inner diameter of 50.8 mm.  The fluid was a mixture of 58% glycerine and 42% water by weight to match the index of refraction of the model.  Four different steady flow rates were set up, all with the same inlet flow ratio between the graft and the DVS.  The corresponding Reynolds numbers based on the graft flow-rate and graft diameter were 1060, 1820, 2530 and 2720.

Laser Doppler Anemometry 

Velocity profiles were measured as millimetre-spaced points along two perpendicular diameters of the cross-section, that in the bifurcation plane, and that normal to it.  At Re = 1060, thirteen axial locations along the vein axis were examined, starting distally (upstream) at x = –6.8D relative to the toe position, and extending proximally to x = +3.6D.  Preliminary measurements revealed that the turbulent fluctuation amplitudes within the anastomotic region were comparable to or lower than those measured at the graft inlet (x = –6.8D).  On this basis, detailed measurements for the higher Reynolds numbers were confined to the graft inlet, the furthest proximal axial location within the anastomosis, and the PVS.  The two components of velocity were measured simultaneously with a two-colour laser system (TSI), which used a Lexel 4W argon-ion laser (blue = 488 nm, green = 514.5 nm).   The system consists of two(are you sure of that?) Bragg cells, two photomultipliers with receiving optics and two electronic counters.  The Bragg cells were included so that forward and reverse velocities could be detected.  The ellipsoid probe volumes had diameters of 70 and 80(m with axial lengths of 360 and 450 (m for the blue and green beams, respectively.  The particles used to scatter the laser light were 0.993 (m diameter polymer microspheres (Duke Scientific Corporation, Palo Alto, CA, cat. no. 4009B).  The concentration of particles in the water-glycerine mixture (1.27 ( 109 particles/litre) was determined by the ratio of the total volume of liquid in the system to the probe fringe volume such that on average, only one particle would be in the probe volume at a given time.  At each measurement location, data were collected for time periods of 1–5 seconds in order to collect 100 points.  The data were then interpolated in time to remove velocity biasing and averaged to determine the steady flow velocity at that measurement location.

A 1/3 HP centrifugal pump provided the constant pressure head to drive the flow.  TiO2 particles (5 (m) were used as the scattering medium for laser Doppler anemometry measurements.  A Dantec two-colour argon-ion laser system was used to measure time-averaged mean velocities and turbulent fluctuations.  The two measured velocity components were in the plane of the bifurcation; the u-component was parallel to the vein axis and the v-component was perpendicular to it.

Scaling

All measurements were scaled to in vivo values (Vvivo=3.9Vvitro).

Turbulence Characterisation

Data processing details

(urms and vrms)

(R
RESULTS

In The Plane Of The Bifurcation

Figure 4 shows velocity vectors, turbulence fluctuation amplitudes and Reynolds stresses for Re = 1060.  SI units are used except for the Reynolds stresses, where dynes/cm2 follow the convention established in the haemolysis and arterial wall disease literature.  At x = –6.8D, flow enters the model via the graft and DVS with a fully developed laminar (parabolic) velocity profile (Figure 4a).  The two streams enter the anastomosis region and merge, accelerating as they move proximally due to the reduction in cross‑sectional area.  A small separation region downstream of the toe is evidenced by a retrograde vector near the wall at X = +0.4D.  Turbulent fluctuations and Reynolds stresses are small except near the toe side of the PVS starting at X=+2.0D.  The largest fluctuation amplitude (urms at x = +2.0D) reaches ?25?% of the local mean velocity.


The normally quoted threshold Re for transition in a pipe is at best approximate, and is valid only for an extremely long and smooth straight pipe.  Turbulence can be tripped at lower Reynolds numbers, but cannot be sustained below about 2300.  The recirculating-flow rig used here was not designed with special precautions against flow instability, since no such ideal circumstances can be assumed in biological flows.  At Re = 1820 (Figure 5), we observed a small but distinct degree of blunting of the graft inlet profile, indicating the flow to be near transition.  The velocity profile at the downstream (proximal) end of the anastomosis is not greatly different from that at Re = 1060, but the turbulent fluctuation amplitude is considerably higher, (??)reflecting the fluctuation amplitude at the graft inlet.  The maximum amplitude at x = –0.4D reached __% (?5%; note—compute X-sectional area and correctly weighted average at the section) of the local mean velocity averaged over the cross-section.  The separated eddy just downstream of the toe now penetrated further into the lumen at x = –0.4D, but reattachment occurs before x = +1.2D.  Further downstream, the profiles generally resembled those found at Re = 1060, except that at x = +3.6D the u-component profile had become blunt and almost symmetrical.  Turbulent fluctuations and Reynolds stresses were elevated relative to those at Re = 1060, and reached significant amplitudes closer to the toe, at x = +1.2D.  The maximum Reynolds stress was (?)1300 dynes/cm2, whereas the maximum at Re = 1060 was (?)360.


By Re = 2720 (Figure 6), graft inlet flow is turbulent, with a characteristically blunt mean‑velocity profile and m-shaped urms profile.  Flow in from the DVS remained laminar.  At the proximal end of the anastomosis region, the peak of the mean-velocity profile is shifted towards the floor.  (at this point, Frank dog-eared figure 6).  Further substantial increases in turbulence amplitudes and Reynolds stresses occur, and a second peak in fluctuation amplitude arises towards the floor side of the PVS, for both urms and vrms.  For urms, this second spatial peak of amplitude exceeds the primary peak at locations downstream of x = +2.0D.  The primary urms peak is detected still closer to the toe than at Re = 1820, at x = +0.4D.  At all three Reynolds numbers, the primary urms peak on the toe side itself splits into two as the maximum amplitude decays proximally in the PVS.

In The Perpendicular Plane
The model was constructed to be symmetric about the plane of the bifurcation such that velocity profiles are expected to be symmetric about the centerline.  Symmetry is evident in the profiles of velocity, turbulent fluctuation amplitudes, and Reynolds stress as shown in Figure 7.   umean umean, urms, vrms.

DISCUSSION

The results presented herein detail the nature of the flow field to be expected within the venous anastomosis of a dialysis patient’s blood-access A-V graft.  We have examined a range of Reynolds numbers spanning the physiological range indicated by our own in vivo measurements.  The flow field is complex and three-dimensional in nature, with transition to turbulence as a prominent feature.  In normal arterial flows, pulsatility plays an important role, and a quasi-steady flow assumption may not apply.  A‑V graft flows are abnormal in this respect, in that the elevated mean flow rate gives rise to a reduced pulsatility index.  The results under steady flow conditions are therefore useful for several reasons.  First, a low pulsatility index implies that the unsteadiness is of reduced importance.  Second, steady flow provides insight into the causes of specific flow features which may also exist in pulsatile flow, and allows them to be specifically identified as geometric phenomena rather than unsteady phenomena.  Third, numerical solutions of the Navier-Stokes equations require experimental measurements for code validation.  Such measurements are particularly needed for transitional flows, where numerical techniques are still unproven.  The present results provide data for code validation of the 3‑D steady flow solution, inside a mathematically defined, but clinically realistic, vascular graft geometry.  This is a necessary step on the way to a pulsatile solution.


The secondary flow patterns found in the proximal vein segment (the outflow) are at first sight surprising, in that the predominant flows toward the floor are close to the lateral walls.  To aid terminology, it helps to consider the graft as though the plane of the bifurcation is vertical and the floor is horizontal and at the bottom, while emphasising that any such convention is purely arbitrary.  Based on this convention, since the downward-directed stream from the graft must turn to align with the horizontal vein axis, the opposite pattern of secondary flow would be expected: the stream curvature would then suggest that the predominant downward stream in the PVS be on the anastomosis plane of symmetry, with compensating upward flows on the lateral walls.  In fact the whole secondary flow pattern is dictated by that set up when the inlet flow from the graft impinges on the anastomosis hood and is deflected downward.  This stream curvature causes lateral downward flows, which persist when the same stream meets that which has arrived from the DVS.  This latter stream is laminar at all flow‑rates investigated, and therefore predominantly has momentum near the vein axis.  This profile further aids the secondary flow pattern noted already, of upward flow in the bifurcation plane in the PVS, because the stream from the graft is able to deflect the lateral fluid more readily than that on the vein axis.  A third contributing factor to this overall picture is the relatively flat profile of the inlet graft flow at all but the lowest Reynolds number; this flow has much lateral momentum already, which is deflected by the hood to form strong downward-directed lateral streams.  On the other hand, a flat profile with boundary layers forms a weaker Dean vortex flow than does a parabolic one, all other things being equal, so flatness at the inlet from the graft has both contributory and opposing effects.  Once the two streams merge in the PVS, the flow is undeveloped and consequently has a reduced tendency to form the classical Dean secondary flow pattern; this counts as yet a fourth contributing factor to the observed pattern of upward flow in the bifurcation plane.  The PVS secondary flow pattern is qualitatively similar at all three Reynolds numbers examined, but is strongest at the intermediate Re = 1820.  Reduced secondary flow at Re = 2720 is due to increased momentum diffusivity through turbulence (ask Steve for reference).

· In the absence of boundary layers altogether, a flat profile exhibits higher axial velocity on the inside of a bend, owing to the inward-directed pressure gradient.  This well-known effect is manifested in our results at the position x = +0.4D, where the axial profile at all Reynolds numbers is skewed toward the toe side.  By x = +1.2D, the stream curvature is finished, and this skew is already being abolished.

· Separation ( velocity profile inflection point ( Kelvin-Helmholtz instability ( coherent structures  break-up downstream to random turbulence  high urms, etc.  high Reynolds stress (same picture for the inflection point on the other side created by the coming-together of the two streams)

· urms peak at 1.2D (e.g. Rey = 1500) becomes inner part of split peak further downstream; out part is similar to that on the other side and on the lateral walls (caused by high-shear turbulent flow) — (?)seen downstream only when developing b.l. is resolved by LDA

· discuss comparison with 80:20 — where the predominant things are spreading of the inflow, and consequently low shear on the hood, then Dean in the DOS (check flow vis., and note diameter ratio) — turbulence or not is secondary

· Frank’s idea of inertia

· exercise and utility in respect of arterial bypass-graft downstream anastomosis 

· Glagov re differences between arterial and venous i-h development.

· Fillinger et al. (1989) re Rey correlation with venous intimal-medial thickness at toe (note final point off the line, at Rey = 2530!).

· ultrasound was used instead of phase contrast MR velocity since turbulence can cause signal loss with MR (also for resolution); explain shortcomings of in vivo turbulence measurements.

· Laufer’s profile

CONCLUSIONS

The distribution of turbulence inside a venous anastomosis was simulated using an upscaled in vitro model under steady flow conditions.  The highest turbulent intensities and Reynolds stresses were found at the toe side of the PVS.  This coincides with previously reported locations of stenosis formation in A‑V grafts which implicates turbulence as potential cause of A-V graft failure.  Future studies using pulsatile flow and realistic A-V graft models will be conducted to characterise further the importance of turbulence.  An understanding of the relationship between graft failure and turbulence levels may lead to graft design criteria to maximise A-V graft patency rates.
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CAPTIONS

Figure 1
Distribution of hyperplastic(?) stenoses according to Kanterman et al. (1995).

Figure 2
Geometry and nomenclature of the venous anastomosis A-V graft model.

Figure 3
Ultrasonic B-mode scan of a dialysis patient’s graft-to-vein junction (venous anastomosis).

Figure 4

Velocity measurements at Re = 1060 in the plane of the bifurcation: (a) mean velocity vectors, (b) u‑component turbulent fluctuations, urms, (c) v‑component turbulent fluctuations, vrms, (d) Reynolds stress, (u(v(.

Figure 5

Velocity measurements at Re = 1820 in the plane of the bifurcation: (a) mean velocity vectors, (b) u‑component turbulent fluctuations, urms, (c) v‑component turbulent fluctuations, vrms, (d) Reynolds stress, (u(v(.

Figure 6

Velocity measurements at Re = 2720 in the plane of the bifurcation: (a) mean velocity vectors, (b) u‑component turbulent fluctuations, urms, (c) v‑component turbulent fluctuations, vrms, (d) Reynolds stress, (u(v(.

Figure 7
Velocity measurements at the plane perpendicular to the bifurcation plane: (a) umean at Re = 1060, (b) umean at Re = 2720, (c) urms at Re = 2720, (d) vrms at Re = 2720, (e) (R at Re = 2720.

Figure 8
Profiles of vmean on orthogonal diameters of the vein cross-section.  The vertical profile is in the plane of the bifurcation; the horizontal profile is normal to that plane.  Six locations, circle plots (perpendicular and in-plane), Re = 1060.  Note that these are 1-D vectors of v-component amplitude; the other component in the cross-section plane, the w‑component (flow normal to the bifurcation plane) was not measured.  To avoid confusion, the vertical profile is shown with arrowheads only.

Figure 9
Two graphs showing vmean perpendicular plane, for Re = 1060, 1820, 2720 at –0.4 and +3.6 (?+2.8)

Figure 10
Nur maybe has some detailed measurement for discussion (this could be in the form of measurements in the separation region or measurements with the shaker detailing coherent vorticies).
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