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Introduction

Individuals with end-stage renal disease would succumb with!§
a few weeks or months if not sustained by some form of dialysi
therapy or a kidney transplant. For hemodialysis patients, an ar

Transitional Flow at the Venous
Anastomosis of an Arteriovenous
Graft: Potential Activation of the
ERK1/2 Mechanotransduction
Pathway

We present experimental and computational results that describe the level, distribution,
and importance of velocity fluctuations within the venous anastomosis of an arteriovenous
graft. The motivation of this work is to understand better the importance of biomechanical
forces in the development of intimal hyperplasia within these grafts. Steady-flow in vitro
studies (Re=1060 and 1820) were conducted within a graft model that represents the
venous anastomosis to measure velocity by means of laser Doppler anemometry. Numeri-
cal simulations with the same geometry and flow conditions were conducted by employing
the spectral element technique. As flow enters the vein from the graft, the velocity field
exhibits flow separation and coherent structures (weak turbulence) that originate from the
separation shear layer. We also report results of a porcine animal study in which the
distribution and magnitude of vein-wall vibration on the venous anastomosis were mea-
sured at the time of graft construction. Preliminary molecular biology studies indicate
elevated activity levels of the extracellular regulatory kinase ERK1/2, a mitogen-activated
protein kinase involved in mechanotransduction, at regions of increased vein-wall vibra-
tion. These findings suggest a potential relationship between the associated turbulence-
induced vein-wall vibration and the development of intimal hyperplasia in arteriovenous
grafts. Further research is necessary, however, in order to determine if a correlation exists
and to differentiate the vibration effect from that of flow related effects.

[DOI: 10.1115/1.1537737

riovenous(AV) graft (Fig. 1) is constructed from an artery to a
ein to provide an access site. By bypassing the high-resistance
vessels(arterioles and venulgshigh flow-rates can be achieved
ethylene(PTFB), a synthetic graft material, is often used for these
grafts. Unfortunately, more than half of the AV grafts fail and

%at are necessary for efficient hemodialysis. Polytetrafluoro-
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ity of these graft failures are caused by occlusive venous anasto-
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toe. No measurements of turbulence levels were reported. Ethier
et al.[6] described separation patterns in a 45° junction that re-
Toe sembles the venous anastomosis at Reynolds numbers in the range
/ 250 to 1650. Transition to unsteadiness was observed experimen-
tally at Re=1650 but not at Re1100. A recent study by Ene-
lordache et al[25] examined the fluid dynamics of arteriovenous
fistulas using computational fluid dynami@SFD). The geometry
was based on a 3D reconstruction of a patient geometry. While
Floor this geometry differs from the end-to-side venous anastomosis, the
xD 0 +x/D high flow rate and sharp bend of the radial artery on the venous
artery caused the vessel wall to be subjected to high WSS, flow
Fig. 1 Geometry and nomenclature of the venous anastomo- circulation, and areas of elevated WSS gradients with Re values
sis A-V graft model ranging from 658 to 1275. However, they did not report transi-
tional flow. In the present study, we present experimental and
numerical results that detail the transitional nature of flow in the
motic intimal hyperplasidVAIH ), which is a stenosis or narrow- venous anastomosis of an AV graft.
ing of the vein downstream of the graft. Because the use of AV The activation of mitogen-activated protein kinagbAPKs)
grafts as hemodialysis access grafts is expected to rise, therarigl cytokines has been demonstrated in response to hemodynamic
significant interest in finding treatments that prevent or reduce tBRear forces in endothelial cella vitro. Both the stimulatory
development of VAIH in AV grafts. effects of temporal gradients in shear and the inhibitory effects of
While the natural healing response after surgery causes sost€ady shear on gene expression were found to be mediated by
degree of intimal thickening, the biomechanical environment apetivation and inactivation of immediate early geggr-1, c-jun,
pears to be responsible for progression of intimal thickening tefos) [26,27]. In other studies, MAPKs including ERK1/2 and
occlusive VAIH. Biomechanical forces in the AV graft are uniqgueJNK have been shown to play an important role in shear-stress-
with generally high wall shear streg#/SS acting on the vein, a mediated endothelial gene expressi@8]. However, the vein-
region of flow separation, and pressure fluctuations that vibraggill MAPK response to varying magnitudes of tensile and shear
the vein wall and surrounding tissue. Kanterman et al. hawgressin vivo remains largely unknown.
shown that hyperplastic stenoses occur predominantly in theAltered hemodynamics induces an adaptive response of the ves-
proximal venous segme(PVS), downstream of the graft-to-vein sel wall that involves migration and proliferation of vascular
junction [1]. This observation suggests the possible involvemesinooth muscle cell§VSMCs) in the subintimal spacg29]. The
of disturbances to flow created in the graft-to-vein junction angkllular mechanisms include the activation of intracellular signal-
advected downstream. In a canine animal model, Fillinger et #hg molecules such as MAPK§30-34. The first identified
[2—-5] measured perivascular tissue vibration and intimal hypeMAPK cascade is composed of the MAPKs ERK1 and ERK2 and
plasia (IH) in AV graft venous anastomoses, to investigate theas been best characterized as mediating signal transduction by
results of varying both flow-rate and geometric details. Thetyemodynamic forces and growth factors. Shear-induced ERK1/2
found the highest tissue vibration and IH to be correlated (activation was attenuated when endothelial cells were pre-treated
=0.92p<0.001) [4]. In the absence of direct measurements afith MAPK inhibitors [33]. Upon phosphorylated activation of
flow turbulence, they hypothesized that tissue vibration wasRK1/2, nuclear translocation of the complex is critical for early
caused by turbulent flow and that the degree of vibration wasmediate gene expressiof84,35. Specifically, within the
correlated with the blood turbulence level. They concluded thatraicleus ERK1/2 is responsible for phosphorylation of the nuclear
high flow-rate in these grafts led to flow disturbances, depositiaranscription factor Elk-1. By binding to a sequence in the pro-
of vibration energy in the vessel wall, venous intimal-mediahoter region of Egr-1, Elk-1 has been shown to be an essential
thickening, and the initiation of IH. component of shear-induced Egr-1 transcriptional activtaai.
Extensive numerical and experimental investigati@s19 of We have previously shown that following experimental arterial
the fluid dynamics of distal end-to-side anastomoses associalgdry, reduced levels of flow and hemodynamic shear upregulates
with arterial bypass grafts have been conducted, motivated by hevivo levels of Egr-1 responsible for the coordinated expression
fact that this junction is a site of particularly high risk in IH. Aof endothelial and VSMC proteins such as PDGF-A, PDGF-B,
further motivation is that the junction offers a situation providingind TGFg8 [37,38.
a complex mix of fluid-dynamic phenomena and can potentially The goal of the present research is to investigate the possible
aid the quest for causal linkages between disease localization agitionship between the hemodynamic environmgmtoulence
fluid-dynamic details for arteries in general. The fluid mechaniegnd WSS levelsof the AV graft and AV graft failure. We report
of the arterial and venous end-to-side anastomoses differ primaslyidence regarding the level and importance of velocity fluctua-
because of differences in flow-rate. This produces a much highiins within the venous anastomosis based(Bncolor Doppler
Reynolds number in the graft-to-vein junction than in the distalltrasound measurements in a human AV gréfj, experimental
arterial end-to-side anastomosis and implies a greater tendencyri@asurements of velocity within an vitro model, (3) WSS and
flow instability and turbulence, as noted by Fillinger et[8ll. In  velocity simulations using computational fluid dynamics for the
addition, mean pressure is much low@-3 time$ and overall same geometry4) vein-wall vibration measurements taken dur-
mean WSS is much greatt5—10 timeg in a venous anastomosising a porcine animal study, ar{é) preliminary molecular biologi-
compared with the arterial anastomosis. Vein grafts are knowndal studies regarding the distribution and level of activity of
remodel(arterialize when placed in an arterial circuit due to theERK1/2 at different regions of the venous anastomosis.
increased pressure and WSS environment. Thus, the remodeling
process is expected to differ within a venous anastomosis. TRfsthods
differences in hemodynamics and the biological differences in the
arterial and venous wall suggest that VAIH in hemodialysis grafts Human AV Graft Hemodynamics. Color Doppler ultra-
and IH in arterial bypass grafts should be considered as two dssund measurementédcuson 128XP/1pwere conducted to de-
tinctly different phenomen§g3,20]. termine AV graft-vein junction flow conditions and vessel diam-
Shu et al.[21-24 experimentally obtained the mean velocityeters on two dialysis patients within one month of graft
profiles and WSS inside realistic AV graft models. They implicatenplantation. The PTFE AV graft connected the brachial artery to
the low and oscillating WSS near the stagnation point and seghe basilic vein in the antecubital fossa. Based on measurements
ration region in the development of a lesion downstream of tlaken from a B-scan-mode outline, the graft lumen diamef@g} (

DVS PVS
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Fig. 2 Color Doppler ultrasound images on a dialysis patient's graft-to-vein
junction (venous anastomosis ). Velocity traces are shown for measurements
taken near the centerline of the (a) PTFE graft, (b) proximal venous segment
(PVS), and (c) distal venous segment (DVS). Note the large magnitude of ve-
locities in the graft and PVS with significant spectral broadening in the PVS
trace.

were 6.0 and 6.7 mm. In both patients, the_proximal and diste¢locity profile and normal blood viscosity and density (
venous segmeni®VS) were of comparable diameter and some=3 g5 mPas, p= 1050 kg/ni), the above measurements lead to a
what smaller than the graft. The angle between the graft and tgsiojic peak Reynolds number of RepVaDy/pn=2700 and a

vein was approximately 45° in one patient and less than 10° in thgygiolic minimum of 1800 for one patient. For the other patient,
other patient. The anastomotic geometry varies considerably frqm3 corresponding values are 2400 and 1600. Under the assump-

patient to patient for surgical reasons. tion of a parabolic flow profile, the Reynolds numbers would be

After the flow was imaged in color Doppler scan mode, a stat|C o ;
Doppler sample volume was deposited in the center of each Vég_lf as much. The trum vivo Reynolds numbers therefore remain

: . e : upknown, although they are expected to fall somewhere between
sel, spanning approximately one-third of the vessel dlameter.\é‘?’]{ues for parabolic and flat velocity profiles. Thus, Reynolds

marker was aligned with the vessel axis, and the angle betwe . :
the Doppler line of sight and the vessel axis was computed. Sidédmbers at diastole and systole are estimated as 1100 and 1800,

the Doppler scan plane was arranged to contain the axes of fRgPectively. These Reynolds numbers correspond to flow rates of
vein and the graft at the junction, this measured angle was the &€ and 1.7 liters/min at diastole and systole, respectively for a
angle between the Doppler line of sight and the vessel axis. It wai@ft diameter of 6 mm. These values are similar to those em-
therefore possible to compute true axial velocities. ployed in studies by Shu et dl22—-24 and to humanin vivo

The velocity trace for the graft showed much higher velocitie¢alues reported in the literatufg9]. Flow entering from the DVS
than in normal arteries, with a low pulsatility index because th&as estimated to be 10% of the total blood flow; however, clinical
sonograph trace remained well above zero throughout the cyehperience is that the DVS sometimes occludes due to thrombus.

(Fig. 2a). For one patient, the instantaneous mean of the sono- . S
graph trace was estimated to be 1.5 m/s at the maximum and 1.60W Model Geometry. The anastomosis model used in this

m/s at the minimum of the cycle. For the other patient, the corratddy was that previously used by Loth et[dl2] to investigate
sponding numbers were 1.2 and 0.8 m/s. Measurements were &l hemodynamics in a distal end-to-side arterial bypass anasto-
made in the PVS and DVig. 2b & 2¢); however, determination MOsis. This model geometry also closely approximates the graft-
of the mean velocity was difficult because of the degree of spe¢€in junction of the AV graft. The model was up-scaled 7.6 times
tral broadening. The significant spectral broadening of the Dofglative to thein vivo case. The model material was a transparent
pler signal in the PVS is likely due to the transitional nature of thelastomer(Sylgard 184, Dow Corning and the walls were thick
flow within the PVS. enough that the model could be considered essentially rigid. The

Reynolds numbers for the graft are difficult to estimate becaugeaft-to-vein diameter ratio was 1.6, with a graft lumen diameter
the shape of the velocity profile is unknown and the sample va¥ 50.8 mm and a host vein diameter of 31.75 mm. The graft axis
ume does not cover the whole vessel lumen. If one assumes aifié¢rsected the host vein axis at an angle of 5°.
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In Vitro Measurements (200-1000 validated sampledhe calculations for mean veloci-

. ties, fluctuation velocities, and Reynolds stress are defined in the
Flow System. A flow system was designed and constructed tﬂ)llowing equations:

provide the up-scaled model with the proper inlet and outlet flow
conditions. A mixture of 42% water and 58% glycerin by weight N N N
was chosen to match the index of refractiam:(1.4lé of the E U E Vi 2 (uj—u)?
i=1 i=1
N

Sylgard model. This fluid had a density of 1110 kg/and a = = (u')2= =1
dynamic viscosity of 10 mPa at 23°C, as measured by a spindle- N ' N '
type digital viscometefBrookfield model LVTDV-II). A 1/3 HP N
split-phase centrifugal pumgreel model 1V308 provided the 2
pressure head to drive the flow. A graduated cylinder-and- .21 (vi—v)
stopwatch was used to measure the total flow-rate. The ratio of the (v')= —m——
graft inlet flow-rate to the DVS inlet flow-rate was 9:1. The DVS N
inlet flow-rate was measured by an ultrasound transit-time flow- N
meter(Transonic Systems model T20XSince fluid viscosity de- E (U= (v, —7)
pends on temperature, a heater/mixer in the downstream tank was e '
used to keep the fluid temperature at-ZB5°C during the experi- Urms= V(U")?,  vims= V(¥')%,  Uu'v'= N
ments. The model was placed in a flow circuit under steady-flow U, — instantaneous velocity componentitt particle in
conditions such that flow entered the graft from a straight tube 4 the x direction
m long with an inner diameter of 50.8 mm. Two different steady v; — instantaneous velocity componentitt particle in
flow-rates were set up, each with the same inlet flow ratio between they direction
the graft and the DVS. The correspond_ing Reynolds numbers — number of spherical particles passing through the
?g;gd on the graft flow-rate and graft diameter were 1060 and measurement volume

Laser Doppler anemometri DA) measurements were taken All data are presented at vivo sc_al_e by converting thia vitro
both in the midplane and away from the midplane for the velocijf€@surements through dynamic similarity ¢ReVDgy/ ), where
components parallel and perpendicular to the flapandov, re- e in vivo values are Dg=6.7 mm, p=1050 kami, w
spectively. For Reynolds number 1060, velocity profiles were= 3-2 mPas). Note that the Reynolds number based on the vein
measured at 13 axial locations at the midplane. Outside the m&ameter differs from that based on the graft diameter by the ratio
plane, velocity profiles were measured along five lines on the gr&ft the vessel diameters and flow-rates and is given by Re
side at a distance (8 (D=vein diameter from the hood- — (D/Dg)(Qv/Qg)Re=(1.6/0.9)Re.
midplane intersection and 11 lines on the vein sid®0®m the ) ) .
floor-midplane intersection. Preliminary measurements revealedNumerical Simulation

that_ the tu_rbulent fluctuation amplitudes within the anastomotic pjegh Development. The mesh generation involved two main
region (region between the toe and heelere comparable to or steps. First, axial images of the model bifurcation were converted
lower than those measured at the AV graft and DVS inlets (X/ito 3D-lumen geometry in a rapid-prototype file format. Second,
=<-5.2). On this basis, detailed measurements for the highgle above geometry was used to generate the vertices and connec-
Reynolds number were confined to the graft inlet, the furthegity of a CFD mesh. The Sylgard model was imaged axially
proximal axial location within the anastomosis, and the PVS. Feking a spiral computerized X-ray tomograglT) scannefhigh
Reynolds number 1820, velocity measurements were taken at §peed CTI GEwith an axial spacing of 1 mm (256256 pixels,
axial locations in the midplane and away from the midplane dield of view 120< 120 mm). The calculated pixel size was 0.5
the vein side 0.B from the floor. X0.5mm and a total of 250 axial images were acquired. The
The LDA system(DANTEC Electronics mirror-type F147/ software package Mimic&Materialise, Ann Arbor, Ml was used
B0O73, Model 5500A uses two colors (blue488 nm, green to view the images and obtain the 3D-lumen geometry. With
=514.5 nm) to measure two components of velocity. A 350 mWIlimics, edge detection by thresholding was used to determine the
argon-ion laser provided the laser output. The system consistslwhen contour for each image. After initial edge detection, images
two Bragg cells, two photomultipliers with receiving optics andvere further refined manually, pixel by pixel, to achieve the
two electronic counters. The Bragg cells enable forward and re@perator-perceivegdbest description of the lumen geomethig.
verse velocities to be distinguished. Back-scattered light comi@y Points along each contour were unevenly spaced. A FOR-
from the particles in the sample volume is collected at the photdRAN code was written to re-interpolate these points to be equi-
multiplier tube, in which the signal is amplified. The signal wa$listant along the contoui0.25 mm and to smooth the surface
processed by an electronic count®BANTEC 50N10 signal pro- geometry. The 3D geometric data represented as contour informa-
cessoy to obtain the Doppler-shifted frequency. The diametéfon were used to create a 3D mesh with the topology shown in
(d,) and length [,,) of the blue-beam ellipsoidal sample voluméi9- 42 and b. The mesh for the Rel060 case compriset{
were 0.19 and 1.66 mm, respectively. The particles used to scaffef?68 hexahedral elements. For the=Ré20 case, the mesh
the laser light were 0.99Zm-diameter polymer microspheresWas locally refined in the transitional flow region to yiekd

(Duke Scientific Corporation, Palo Alto, CA, no. 40098 he =6168 elements, as illustrated in Fige. Details of the image
concentration of particles in the water-glycerin mixture (2.58construction and mesh generation techniques are given by Ye-

x 10° particles/liter) was determined by the ratio of the total voI(-javalll et al.[40] and Lee et al[41], respectively.

ume of liquid in the system to the sample volume such that, onSolution Technique. The solution technique used a spectral
average, only one particle would be in the sample volume atefement code developed at Argonne National Laboratidligois,
given time. USA) that is designed specifically for simulation of transitional
The data acquisition program SIZEware was used to record thred turbulent flows in complex geometries. The code is based on
instantaneous velocity for steady flow. Five thousand validatélde spectral element method, which represents velocity and pres-
samples were recorded at each location in the flow field awayre asNth-order tensor-product polynomials within each Kf
from the wall, and then the mean velocity was found by taking theomputational mesh cellricks). The total number of grid-points
averages of the samples for th@nd v components of the veloc- is approximatelyK N®. The polynomials can be differentiated to
ity. Since the data rate was lower near the wall of the modelpmpute derived quantities, such as WSS, and provide for accu-
elapsed time mode was used, and data were taken for five minui® high-Reynolds number solutions with minimal numerical dis-

N
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shedding cycles. This simulation required roughly 14,000 time-
steps and about 5 days of computing time on 32 processors of the
SGI Origin2000 at Argonne National Laboratory.

Porcine AV Graft Model

Animal Model. Three male miniature swiné€25-30 kg fed
normal pig chow were used for the study. Anesthesia was induced
by intramuscular injection of ketamine hydrochlori@?2 mg/kg,
xylazine (2.2 mg/kg, telazol (4.4 mg/kg, and atroping0.4 mg/
kg) and was maintained with 1-2.5% isoflurane via endotracheal
intubation. To reduce the incidence of graft thrombosis, all ani-
mals were given 80 mg of aspirin orally one day preoperatively
and postoperatively for the duration of the selected time course.
Heparin sulfate(100 1U/kg was administered intravenously 5
minutes prior to implantation of the infrarenal aorta-to-external-
iliac-vein AV grafts to minimize perioperative graft thrombosis.
Animals were killed by a lethal intravascular injection of sodium
pentobarbital under general anesthesia following intervention.
Housing and handling of animals were compliant with “Principles
Fig. 3 Computerized tomography images of the AV graft of Laboratory Animal Care” and “Guide for the Care and Use of
physical model used to measure the 3D lumen geometry Laboratory Animals”(NIH publication #80-23, revised 1985

The aorta-to-external-iliac-vein graft implantation was per-

formed as follows. By means of a retroperitoneal right flank inci-

sipation and dispersion. Third-order-accurate time stepping wsisn, the parietal peritoneum was reflected off the iliopsoas
employed, and the solution was stabilized by using the filter deruscle. The distal infrarenal aorta and external iliac vein were
scribed by Fischer and Mulld42]. Temporal and spatial conver- dissected. The internal iliac vein was ligated at its confluence to
gence results have been presented previdésy Further details create a relatively generous proximal outflow segment with no
of the discretization and solution method are given by Fischeide branches such that the turbulent flow field properties were not

et al.[44]. influenced by convergence or mixing of blood flow. A 4—7 mm

Fully developed Poiseuille flow was imposed at the graft anekternally reinforced PTFE graft was anastomosed proximally to
vein (DVS) inlets, and stress-free boundary conditions were inthe partially side-clamped aorta in an end-to-side fashion with 6/0
posed at the PVS outlet. Blood was approximated as a Newtonjmlene suture. The graft was positioned in the retroperitoneal
fluid and the venous anastomosis was assumed to be rigid. Epace by using a loop configuration. The external iliac vein was
present calculations were conducted with=7. Short-time nu- subsequently controlled with atraumatic clamps remote from the
merical convergence studies Bt=9 andN=11 confirmed the planned anastomotic site. A longitudinal venotomy was created by
adequacy of the spatial resolution. The simulations were initiateding a #11 knife along the anterolateral aspect and extended to a
at Re=60 and smoothly ramped to RA060 by reducing the length equal to 1.5 vein diameters. The 7 mm end of the graft was
viscosity. The solution was then interpolated onto ke 6168 trimmed to the length of the venotomy and anastomosed in an
mesh and ramped to Rel820. The flow field downstream of the end-to-side fashion with 6/0 prolene suture. After flushing any
toe became unsteady, with periodic shedding of coherent strpotential air or debris, the aortic and venous clamps were released.
tures (hairpin vortices. The initial conditions were flushed The constructed graft geometry is sketched in Fig. 5.
through the domain prior to accumulation of statistics, which were
taken over a 0.04 s interval corresponding to roughly 28 vort%

Vein-Wall Vibration MeasurementsNon-contacting measure-
ents of radial vein surface motiofvibration velocity were
made by using laser Doppler viboromethDV, Polytec CLV-800

on each porcine AV graft vein anastomosis on the porcine animal
model on the exposed lateral wall at three regions indicated in Fig.
5. Similar measurements have been reported in the literature
[45,46 on a soft tissue phantom. The measured velocity levels
were several orders of magnitude larger than the threshold sensi-
tivity of the LDV (0.3 um/s). Vein-wall vibration velocity was
recorded at a sample rate of 2048 Hz for 4 s using a dynamic FFT
signal analyzefHewlett Packard model 356Y.0Due to the Ny-
quist criterion and necessary signal conditioning, this yielded
measurements of vibratory motion up to 800 Hz with a frequency
resolution of 0.25 Hz. Pressure during the cardiac cycle was also
measured with a high fidelity pressure catheflillar Instru-
ments Inc., Micro-tip Catheter Transducer, Model SPR-524, 3F
introduced via the distal external iliac venous segment. In addi-
tion, pulsatile blood flow rate in the proximal AV graft vein was
measured by a transit time flow met@ransonic Ing.

Molecular Biology. Frozen tissue from the vein segment was
homogenized with a Polytron PCU-2-110 homogenidéme-
matica on ice in the lysis buffer containing 50 mM Trih 7.6,

Fig. 4 Three curved tubes with two angled surfaces (a) are 0.5% Triton X-lOO_, 150 mM NaCl, 5.”.‘"" EDTA, 1 mM N&O,,
joined to create the 3-D bifurcation representing the arterio- 10 pg/ml leupeptin, 10ug/ml aprotinin, 25 mM p-nitrophenyl
venous geometry (b). This mesh is refined and extensions are p’-guanidino-benzoate, 1 mM PMSF, 1 mM NaF, 1@/ml
added to produce the final mesh  (c). trypsin inhibitor, 1 mM benzamidine. The homogenate was incu-

(a) (b)
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Fig. 5 Sketch of the aorto-external iliac vein graft (LEFT) and the anastomotic
geometry with defined regions for biomechanical and biologic studies (RIGHT)

bated on ice for 15 min and centrifuged at 14,000 g for 30 minvere determined; a standard density scale ranging from 210 to
The supernatant was harvested, and protein concentration 285 was used for densely stained areas with ERK1/2.
measured by the Bradford method.

Western blot analysis was performed on one animal 4 hours
after graft creation to measure protein levels of ERK1/2 and JNRESUlts
in the extracts of porcine grafts. The protein extrdd® ug/lane
\F’)Vﬁ;fehbeﬁg?s; 97?0?12% SDH;I?QHM&U?ZQDA(; db%g)?'\glg;?g: turbulence fluctuation amplitudes and Reynolds stresses for Re

X =1060. Sl units are used except for the Reynolds stresses, where
phoresis then was performed on 10% SDS-PAGE under rEduc'([j%es/crﬁ follow the convention established in the hemolysis and
conditions. The gels were placed onto Immobilon-P shédik

lipore, Bedford, MA that previously had been wetted with aarterial-wall-disease literature. AX=—-6.6D, flow enters the
' o . . model via the graft and DVS with a fully developed laminar
buffer containing 25 mM Tris and 39 mM glycine, pH 8.9. BlOt'gParaboli() velocity profile (Fig. 6a). The two streams enter the

ting was performed on a horizontal semi-dry electroblot apparat : : . .
(Pharmacia-LKB, Piscataway, Nat 0.8—1 mA/CrA for 45 min at Rastomosis region and merge, accelerating as they move proxi

room temperature. The blots were blocked in PBS containing
0.05% Tween 2QPBST) and 5% nonfat dry milk, followed by
incubation with the monoclonal antibody against phosphorylate
ERK1/2 (pERK1/2 (Santa Cruz Biochem, Santa Cruz, CAhe
blots were then washed and incubated with antimou———#¢
horseradish-peroxidase-labeled 1gG. Subsequently, the blots w
developed with the ECL Western Detection Reag@mhersham
according to the manufacturer’s instruction. The blots wel 68 6 -5.2 -4 -
stripped in PBST(pH 2.5-2.8 for 1 hour, were labeled with a X/D
monoclonal antibody againg-actin (Sigma, and were then de- | ———__
veloped as described above. Graphs of blots were quantified ¢ | (b) Urms
normalized to the levels of actin by scanning densitomésip-
Rad 620 scanner, Richmond, CAf graphs. R ——
Immunocytochemical staining and analyses were used to det
mine the distribution of ERK1/2 in cross-sectional slices of th
venous anastomosis on two animals 4 hours and 4 weeks a ~
graft implantation. Immunocytochemistry was performed on frc__
zen sections as follows. The tissue was embedded in OTC & 5
frozen in Freon cooled in liquid nitrogen. Cross secti@s8 um () Vims 0 0.625m/s
thick) were cut in a cryostat at 20°C and then brought to room f——
temperature at the time of staining. Sections were washed in PI____——
guenched with 3% hydrogen peroxide for 5 min, and blocked wit
10% normal goat serum in 1% BSA-PBST for 30 min. Sectior—
were incubated with various primary antibodies at 4°C overnigt
After washing with PBS, the sections were incubated with corr____
sponding biotinylated secondary antibodies for 30 ffnvision T (@ puVv’
kit). The antigen-antibody binding was detected by DAB substra P 0 780 dynes/cm?
chromogen systertHK153-5K from Biogenex The slides were ___ | —
washed, counterstained with hematoxylin for 60 s, dehydrate -
and cover-slipped. For a negative control, the sections were inc
bated in PBS without the primary antibody. With a digital light
microscope facility(Zeiss Axioskop microscope, Zeiss Axiocam
camera with PhotoShop plug-in and Power Macintosh 9600/3uu
computey, each cross-section was scanned and saved for furthgy 6 DA velocity measurements at Re  =1060 in the plane of
analysis. With the aid of Adobe PhotoShop and NIH Image 1.6the bifurcation: (a) mean velocity vectors, (b) u-component tur-
semi-quantitative measurements of the denSitypixels) of the bulent fluctuations, U, (€) v-component turbulent fluctua-
specific immunostains for ERK1/2 in the intima for each quadratibns, v,,s, (d) Reynolds stress, pu’v’

Experimental MeasurementsFigure 6 shows velocity vectors,
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Fig. 7 LDA velocity measurements at Re
the bifurcation: (a) mean velocity vectors, (b) u-component tur-
bulent fluctuations, u,,s, (¢) v-component turbulent fluctua-
tions, v.ns, (d) Reynolds stress, pu'v’

=1820 in the plane of

mally because of the reduction in cross-sectional area. A sm

separation region downstream of the toe is evidenced by a ret———L

grade vector near the wall &= +0.4D. Turbulent fluctuations
and Reynolds stresses are small except near the toe side of
PVS starting atX=+2.0D (Figs. &, c, andd). The maximum
fluctuation amplitude s at X=+2.0D) is 0.3 m/s, which is
~25% of the local mean velocity.

The normally quoted threshold Re for transition in a pipe is ¢
best approximate and is valid only for an extremely long an
smooth straight pipe. Turbulence can be tripped at lower Reynol
numbers but cannot be sustained below about 2300. T
recirculating-flow rig used here was not designed with speci
precautions against flow instability, since no such ideal circun
stances can be assumed in biological flows. A=R820(Fig. 7),
we observed a small but distinct degree of blunting of the gre
inlet profile, indicating the flow to be near transition. The velocit
profile at the downstreartproximal) end of the anastomosis was
not greatly different from that at Re€l060, but the turbulent fluc-
tuation amplitude was considerably high@rd7 m/s, although it
was lower as a percenta@e 15%) of the local mean velocity. The
fluctuation amplitude was nearly constdBt5%) across the ves-
sel just before {0.4D) and after (-0.4D) the entrance to the
PVS. The separated eddy just downstream of the toe penetre
further into the lumen aX= +0.4D than at Re=1060, but reat-
tachment still occurred befor€=+1.2D. This penetration dis-
tance was examined more carefully in separate experiments
was found to be~0.1D diameters measured from the hood side

Further downstream, the profiles generally resembled those founu

at Re=1060, except that aX=+3.6D the u-component profile
had become blunt and almost symmetrical. Turbulent fluctuatio
and Reynolds stresses were elevated relative to those at

=1060 and reached significant amplitudes closer to the toe, at>omponent turbulent fluctuations,

Journal of Biomechanical Engineering

I
52D .-44D -3.6D -2.8D -2.0D Re=1060

(a)
-~ &I
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Fig. 8 LDA measurements of mean velocity for velocity com-
ponent parallel to the plane of the bifurcation and perpendicu-

lar to the floor of the graft (v, at different axial locations. (&)
secondary flow within the anastomosis at Re  =1060, (b) sec-
ondary flow within and just downstream of the PVS at Re
=1060, and (c) secondary flow within and just downstream of
the PVS at Re=1820. 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.

=+1.2D. The maximum Reynolds stress was 2030 dyne&/cm
whereas the maximum at RA060 was 390 dynes/émAt both
Reynolds numbers, the primany,,s peak on the toe side split into

a double peak as the maximum amplitude decayed proximally in
the PVS.

A L%
| T | _ Re=1060
E: i ’ , 0 25m/s (@
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Fig. 9 CFD velocity results in the plane of the bifurcation: (a)

Rean velocity vectors at Re  =1060, (b) mean velocity vectors at
e=1820, (c) u-component turbulent fluctuations, Ums » (d)

Vrms
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Fig. 10 CFD simulation of the instantaneous vorticity distribution at Re =1060 (top) and 1820
(bottom ) in the plane of the bifurcation

The model was constructed to be symmetric about the planepgssure distribution on the lumen surface and onxthésosur-
the bifurcation such that velocity profiles were expected to Haces.
symmetric about the centerline. Symmetry is evident in the pro- Figure 12 shows the time-average predicted WSS within and
files of velocity taken perpendicular to the midplane shown in Figust before the PVS portion of the venous anastomosis on the
8. Secondary flow was more pronounced at the higher Reynolisod and floor. WSS is generally high throughout the PVS as
number, as expected. expected because of the large flow-rate in these AV grafts. A spike
in the WSS is present at the toe as a results of the cusp in the
odel geometry. WSS is directed upstream in the small region of
w reversal that extends roughly @7and 0.® downstream of
e toe for Re=1060 and 1820, respectively. The distribution of
WSS magnitude in the axial and circumferential directions is

Numerical Simulations. The velocity results of the CFD simu-
lations are shown in Fig. 9 for Reynolds numbers 1060 and 18
in the plane of the bifurcation. Good agreement is observed b(ﬁ
tween these CFD findings and the experimental red#igs. 6

. - . > -vectors acting on the lumen surface at=R&820 are of a complex
Urms profile exhibits a sharp spike near the onset of transition, fillg, e, and not all directed axially. These WSS patterns are trans-
out, and becomes skewed toward the hood side at succes

. SIMED downstream as the generating coherent structures are ad-
downstream stations. The double-peaked structure observed mf@ 9 9

- . X i X : Eted with the flow.
experimental results is also evident in the numeriggl profiles.

At Re=1060 the flow is essentially laminar, while at Re Vibration Measurements.Passive measurements of vivo
=1820 coherent structures can be observed downstream of #aén surface motiorn(radial vibration velocity were made with
separation point near the toe. This is shown in the comparisonlddV at regions A, B, and QFig. 5. The smallest and largest
instantaneous spanwise vorticity in the plane of the bifurcatidavels of vein vibration were detected at positions A and B respec-
(Fig. 10. The coherent structures are more clearly identified kjvely, as seen in Fig. 14. Regional variation in turbulence-induced
using the\, criterion of Jeong and Hussdjid7] as shown in Fig. vibration intensity was evaluated by computing the root mean
11. The colors in these figures represent the instantaneous 3Quared(RMS) value of the vibration velocity in the frequency

with the experimental results. As in the experimental results, tI%E
\

Fig. 11 Coherent structures (vortices ) identified using the \, criterion of Jong and Hussain
[47]. Color represents the instantaneous 3D-pressure distribution. Left-full view, Right-detailed
view downstream of toe.
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Fig. 12 Time average WSS computed from CFD simulations (a) axial distribution (#=0°) at
Re=1060, (b) axial distribution (#=0°) at Re=1820, (c¢) axial and circumferential distribution at
Re=1820. (Note: the spike in WSS at the toe of the graft is caused by the sharp angle of the flow
model. )

range 40—800 Hz. The low-frequency range40 Hz was ex-

cluded by frequency-domain truncation because vein-wall vibr=- 1F - - 3
tion in this frequency range is not related to turbulent fluctuatior
of velocity and pressure. The turbulence intensity was two- ai o[ v g e b30-41
five-fold greater at position B when compared with positions ¢ A
1 n 1 J
0.5 1 1.5
Vein Wall
Vibration
(mm/s)
-1 X L
0 0.5 1 1.5
Time (seconds)
Fig. 13 Instantaneous view from the CFD results of the WSS Fig. 14 Vein-wall vibration velocity measured directly on the
vectors on the lumen surface  (LEFT), zoom view in which the vein during surgery. Note the greater vibration at region B com-
complex pattern of WSS magnitude and direction is evident pared to regions A and C. Regions of anastomosis are shown in
(RIGHT) Fig. 5.
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Fig. 15 MAP kinase assay (top panel ) and Western blot assay
(center and bottom panels ) for ERK1/2 activity and phosphory-
lation from different regions (A and B) of anastomotic vein and
normal control vein  (NV). The bands of p-Actin indicate the
loading conditions.

Fig. 17 Immunolocalization of ERK1 /2 at four weeks in (a) re-

gion of reduced vein wall vibration ~ (region A ) and (b) region of
and A, respectively. In a related study examining multiple A¢levated vein-wall vibration  (region B ). Densitometric analysis
grafts (48), not all measurements showed this distribution of viof immunostaining intensity for (&) and (b) is shown in (c) and
bration intensity. However, the overall trend in vibration intensitflr‘]jt)i;nERKl/2 immunostaining is predominately localized in the

was consistent with this sample measurement al region and is 2.5 fold greater in (b) compared to (a).
’ Magnification 40X.

Molecular Biology. pERK1/2 and its activitfElk1l phospho-
rylation) were measured at the different regions of the anastomotic = ) . » o .
vein segment with higliregion B and low (region A vibration V|t_>rat|on intensity and normal vein. Addltlona!ly the intima/media
intensity levels, 4 hours after creation of the anastomosis. THickness was greatémore than 2 fold at region B when com-
ERK1/2 activity was determined by phosphorylation of the inmgRared with region AFigs. 1a andb). o _
diate downstream transcription factor Elk-1 that is known to be We conducted cellular immunolocalization studies in contigu-
involved in growth and differentiation. Using densitometric analyoUs cross-sections, hm apart, located approximately 4-5 mm
sis, we found a three-fold increase in pERK1/2 at this early tinféom the suture line in regions of reduced and elevated vein wall
point at region B when compared to region (Big. 15 center V|br§lt|on (regions A and B, respectivelyThe sections were in-
pane). This was associated with a corresponding increase in ti@stigated at 4 hours and 4 weeks. At 4 hours there was minimal
phosphorylation of the EIk1, implicating enhanced vein-wall viJ cell (anti-CD4 antibody and macrophagéanti-CD11b/-Macl
bration in the rapid activation of the putative mechanotransducti@ftibody infiltration across the anastomotic regions. ERK1/2 im-
pathways(Fig. 15, top panél The bands of-Actin indicate that Munostaining was |n<_:reased, howe\_/er, in region _B W|_th|n e_ndot-
the loading conditions were similar for each céBiy. 15, bottom helial (anti-CD31 antibody and medial VSMC(anti-actin anti-
pane). body), as shown in Fig. 16. At 4 weeks, a modest increase in T

At 4 hours ERK1/2 localized predominantly at regions of ellymphocyte and macrophage infiltration was observed across the
anastomotic regions. This is illustrated in Fig. 18, where the

evated vibration intensitregion B within the intimal and medial ERK1/2 immunostaining is noted in the intiniig. 18a) with no
VSMCs. Densitometric analysis revealed at least a three-foRyidence of colocalization of T-lymphocytésig. 1&) and mac-
increase in ERK1/2 immunostaining at region B when comparé@Phage infiltration(Fig. 1&) in immediately adjacent cross-
to normal control vein and regions exposed to reduced vibrati§§ctions(5 u apan.
intensity(region A as shown in Figs. 18 b andc. This pattern of . .
localization persisted at 4 weeks. Densely stained regions och'—SCUSS'OH
pied close to 37% of the intimal/medial area at regions of elevatedThe results presented describe many of the key features of the
vibration intensity compared to 10-15% in regions of reduceftbw field to be expected within the venous anastomosis of a di-

Fig. 16 Immunolocalization of ERK1 /2 at four hours in (a) normal vein, (b) region of reduced vein wall vibra-
tion (region A ), (c) and region of elevated vein wall vibration (region B ). ERK1/2 immunostaining is represented
by dark brown color in the intima and media. Note the markedly increased ERK1 /2 density in the intimal and
media of vein wall with elevated vibration (c) relative to (a) and (b). Internal elastic lamina is indicated as IEL
(40X magnification ).
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Fig. 18 Immunostaining for (a) ERK1/2, (b) T-lymphocytes and (c) macrophages in region of
elevated vein wall vibration  (region B ) at 4 weeks in immediately adjacent cross sections Gpu
apart). Note the lack of co-localization between ERK1 /2 and the inflammatory cells.

alysis patient’s blood-access AV graft. The experimental and nu-Both the experimental and computational models were symmet-
merical models have examined Reynolds numbers representiigabout the bifurcation plane. Symmetry is not physiological.
peak and mean values of the physiological range indicateith by Sherwin et al[18] examined the influence of out-of-plane geom-
vivo measurements. At these Reynolds numbers, the flow is higldiry on flow within the end-to-side anastomosis. They found that
unsteady, complex, and three dimensional, with transition to tutenplanar flow notably alters the distribution of velocity and
bulence as a prominent featuta.vivo measurements on the por-WSS. This observation underscores the importance of subject-
cine AV graft model identify regions of high vein-wall vibration specific geometry in the study of graft hemodynamics. The
downstream of the toe in the PVS, where significant velocity flupresent results provide insight into the features of transitional flow
tuations are indicated by the experimental and numerical moddls.a symmetric AV graft geometry that may also be present in
This high vein-wall vibration region was associated with elevatetbnplanar flows. Future studies in nonplanar geometries at these
activity levels of ERK1/2 and intimal thickening. This work givesReynolds numbers may identify new features that are specific to
preliminary evidence of a possible relationship between vein-wailbnplanar flow.
vibration and the ERK1/2 mechanotransduction pathway. How- The distinguishing feature in the AV graft is its transitional
ever, more detailed studies are required to understand the indepmature. However, strong secondary flow patterns were also present
dent role of WSS and vein-wall vibration on VAIH at the venousind found to be opposite to those normally reported for anasto-
anastomosis of an AV graft. motic geometries. Previous research on arterial distal end-to-side
In normal arterial flows, pulsatility plays an important role, an@nastomoses reported a classic Dean flow pattern in the distal
a quasi-steady inflow assumption may not apply. AV graft flowsutlet segmentDOS) [12,1€], which is referred to as the PVS
are abnormal in this respect, in that the elevated mean flow-rdttere. In particular, Ojha et dl16] found the velocity profiles in a
gives rise to a reduced pulsatility index. The results under steadijferent geometry to be skewed toward the floor at Reynolds
inflow conditions are therefore useful for several reasons. Firstnambers 250—1300. The turning of the flow as it enters the DOS
low pulsatility index implies that the unsteadiness is of reduceskts up a Dean flow pattern in which flow on the lateral walls
importance. Second, steady inflow provides insight into the causesves upwardtoward the hoof This same pattern was observed
of specific flow features, which may also exist in pulsatile flonhy Loth et al.[12] with the geometry of the present study and low
and allows them to be specifically identified as geometric ph&eynolds number (Rel40). In addition, each of these studies
nomena rather than unsteady phenomena. Third, numerical saliffered from the present study in DVS flow direction and mag-
tions of the Navier-Stokes equations require experimental meagtude.
surements for code validation. Such measurements are particularlyn the present study, the PVS secondary-flow pattern shown in
needed for transitional flows. These results provide data for coBg. 8 is set up when the graft inlet flow impinges on the anasto-
validation of the 3D steady-flow solution inside a mathematicalljnosis hood and is deflected downward. This downward stream
defined, but clinically realistic, venous anastomotic geometry. curvature causes a Dean’s flow opposite to that observed in
Both the experimental and computational models were rigifiL2,1€]. This pattern persists when the graft inlet flow enters the
We expect the rigid-model assumption to be reasonable becaB&S and merges with the weaker stream arriving from the DVS.
both vein and PTFE have small compliance at these pressures @mte the two streams merge in the PVS, the flow is undeveloped
because the pressure variation in the AV graft is much lower thand consequently has a reduced tendency to form a Dean flow
that in arteries. The mean and variation in pressure measuredattern as flow from the graft turns to align with the horizontal
our animal study were-20 and+1 mmHg, respectively, versus vein axis. As can be seen in Figsa,67a, 9a, and %, the axial
~100 and*=20 mmHg for arteries. While the compliance of theprofile in the PVS is skewed toward the toe side, again, opposite
porcine vein at 20 mmHg has not been reported in the literatutte, that reported i12,16. The PVS secondary flow pattern is
Brossollet [49] measured the compliance of a healthy caningualitatively similar at both Reynolds numbers examined but is
saphenous vein to be 0.13%/mmHg at 21 mmHg andiivo strongest at Re1820.
length. Brossollet also reported compliance results based on &he coherent structures observed in Fig. 11 are similar to the
polynomial fit method he developed. The mean and standard @&ains of hairpin vortices associated with transitional and turbu-
viation of compliance for 19 specimens were 0.28 and 0.11%nt boundary layer§50,51. The hairpin exhibits bilateral sym-
mmHg, respectively, using this method. Thus, vein-wall motiometry about the bifurcation plane, with a central head that lifts
associated with the cardiac cycle is significantly lowefi.0% of down (away) from the toe-side and that is connected to a pair of
the diameterthan that typically found in arteries. In addition, thecounter-rotating vortices that form the legs of the hairpin. The
high frequency pressure fluctuations did not create significamtation of the legs is such that it sweeps near-wall fluid in toward
vein-wall displacement. The high-frequency vein-wall motion wathe symmetry plane. As described [i49,50, the tails of each
quantified by integration of thén vivo vein-wall velocity data hairpin vortex intertwine with the tails of the hairpin immediately
(Fig. 14 after band-pass filteringd0—800 Hz to remove effects upstream.
of vein translation. The amplitude of vein-wall displacement in An important feature of the Av-graft hemodynamic environ-
this frequency range was smé#1 um, or 0.025% of the diam- ment is the high frequency of the WSS and pressure fluctuations.
eten. Velocity-time traces from the numerical simulation at=Ri320
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indicate a fundamental frequency of 715 Hz in the PVS dowmgreater WSS fluctuation. Further downstream, vein-wall vibration
stream of the toe X/D=+0.4, region B associated with the and velocity fluctuations decrease. Since the region of large vein-
passage of coherent structures. Peak power values of vein-wedlll vibration is near the region of the flow separation, it is diffi-
vibration during then vivo study were~300 Hz as taken from a cult to separate their effects. This is a limitation of the presented
power spectrum of time trace B shown in Fig. 14. The velocityesults. Further research must be conducted in which the detailed
time traces from the LDA experimental provide RMS and Reyeircumferential distribution of ERK1/2 is examined, since the
nolds stress values. However, the data rate was insufficient!@w-WSS region is confined to the toe-side of the PVS while
provide quantitative information about the spectral content of thein-wall vibration appears to be more diffuse, encompassing the
velocity fluctuations. The fact that the numerical frequency i€ side, side walls, and floor side of the PVS. However, based on
larger than that measuréd vivo is probably attributable to the the results from Fillinger et al. on the correlation between tissue
variations in geometry and different Reynolds numirervivo Vibration and VAIH in a canine studyt] and present preliminary
(typical mean Rg,,~1100—1500). While the Strouhal numberesults, we suspect that vibration plays a more dominant role than
(non-dimensional frequengyshould be the same for a fixed ge-WSS within the AV graft. Fillinger et al. also found VAIH to be
ometry and Reynolds number, the dimensional frequency will (s@related with Reynolds number. It seems unlikely that grafts
proportional toV/D. The increase in vein-wall vibration down-With greater Reynolds numbers would also be associated with
stream of the toe is in agreement with numerical and experiment@ger regions of low and oscillating WSS. Nonetheless, in the
results. However, vein-wall vibration was larger in region B whilduturé we plan to investigate both vein-wall vibration and WSS
the numerical and experimental results indicate velocity fluctugdthin experimental AV grafts in further detail, with the aim of
tions to be the same in regions B and C or even higher in regigRParating these two effects.

C. In addition to differences in geometry and Reynolds number,

the transfer of vibration energy from velocity fluctuations to th€onclusions

vein wall may alter the vein-wall vibration distribution and modu-

late the frequency. is of f i tional .
Immunocytochemical qualitative and semi-quantitative analys\ller.]ous anastomosis of an AV graft is transitional for cases in
Wwhich the Reynolds number is under 2000. First, this was dem-

of ERKUZ co-localization with T-Iymphoc_ytes, macrophages, El¥nstrated by spectral broadening of the velocity measurement on a
dothelial cells and VSMCs_ at the suture-line region _and at regiogs an by Doppler ultrasound. Second, large values of velocity
of the venous anastomosis were performed on regions where \fitictuations were measured within a modelvitro that closely

ied levels of vein-wall vibration prevail proximal and distal to ther resents the vivo geometry under steady-flow conditions that
suture-line junction. Such studies were conducted at 4 hours ang % +"the mean-flow conditions obseniadvivo. Third. numeri-

weeks after porcine AV graft implantation. These studies indicateC | simulations on the same geometry for steady-flow conditions

(1) ERK1/2 co-localizes predominately in the intiiendothelial : -

. . evealed the detailed pattern of coherent structures within the PVS
_cells) and to a Ie_sser degree in the medlaI_VSM(E, ERK1/2 and demonstrated the large WSS values present at these Reynolds
immunostaining is greatly enhanced in regions of elevated Vel ers - Fourthin vivo LDV measurements showed vein-wall
wall vibration when compared with regions of suture-line iNUrYipration with dominant frequencies that are high300 H2 and

or reduced vein-wall vibration, anB) ERK1/2 immunostaining qnsistent with those observed in the experimental and numerical

appears unreIaFed to T-lymphocyte a_nd macrophag_e_ infiltratiqRngels. Additionally, we have presented preliminary results that
This is most evident at the suture region where significant mur;

- ; . ; . ~implicate vein-wall vibration as a possible biomechanical stimulus
injury and inflammation are present yet ERK1/2 immunostaining, the activation of ERK1/2 in the vein wall. Future work is
is less striking than at regions of elevated vein-wall vibration,aeded to determine the precise relationship between AV graft

These findings indicate that biomechanical variables, namefy; e and fluid-dynamic variables such as velocity fluctuations
turbulence-induced vein-wall vibrations may play an importan{q \wss as well as their relative importance.

role in regulating MAPK activation in the intimal endothelial cells
of the venous wall. The contribution of inflammation to ERK1/2
activation appears minimal in this experimental model. Acknowledgments
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