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Abstract

Purpose—The purpose of the present article was to determine the changes in luminal vessel 

area, blood flow, and wall shear stress in both the inflow artery and the venous stenosis of 

arteriovenous polytetrafluoroethylene (PTFE) grafts.

Methods and materials—Polytetrafluoroethylene grafts were placed from the carotid artery to 

the ipsilateral jugular vein in 8 castrated juvenile male pigs. Contrast-enhanced magnetic 

resonance angiography (MRA) with cine phase-contrast magnetic resonance imaging (MRI) was 

performed 2 weeks after graft placement.

Results—The mean wall shear stress at the venous stenosis was 4 times higher than the control 

vein, while the inflow artery was only 2-fold higher. By day 14, venous stenosis had formed, 

which was characterized by narrowed area and elevated blood flow.

Conclusion—By day 14, there is venous stenosis formation in porcine arteriovenous PTFE 

grafts with increased shear stress with decreased area when compared to control vein.
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Introduction

There are more than 200 000 patients in the United States who have end-stage renal disease 

(ESRD) requiring hemodialysis.1 Maintenance of vascular access patency is essential so that 

optimal delivery of hemodialysis can occur. Although the arteriovenous fistula (AVF) is the 

preferred vascular access, over 50% of patients with ESRD undergoing hemodialysis in the 

United States require polytetrafluoroethylene (PTFE) grafts for access.1 Hemodialysis graft 

failure occurs because of neointimal proliferation with venous stenosis formation at the vein-
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to-graft anastomosis or proximal outflow vein.2 A recent prospective study found primary 

patency (time from graft placement to the first intervention) of PTFE hemodialysis grafts to 

be only 23% at 1 year and 4% at 2 years.3 To maintain graft patency, an estimated 1.22 

procedures on average per year are needed: 0.54 angioplasties, 0.51 thrombectomies, and 

0.17 surgical revisions. Therefore, greater than 200 000 procedures are performed annually 

in patients with PTFE hemodialysis grafts, resulting in more than 1 billion dollars cost per 

year.3 Despite the increased morbidity associated with PTFE grafts and their rising costs, the 

mechanisms initiating the formation of venous stenosis remain unknown.

Multiple hemodynamic factors have been hypothesized to cause venous stenosis formation 

such as changes in wall shear stress,4–9 turbulent flow,4,10 compliance mismatch,4,6,7 eddy 

currents,7,10 or the separation of boundary layers.10 Shear stress is the dragging force 

exerted on the endothelium by blood flow and causes activation of several important matrix 

regulatory proteins including vascular endothelial growth factor-A (VEGF-A), matrix 

metalloproteinases (MMPs), and others.9,11–14 It is hypothesized that this results in 

adventitial and medial cellular proliferation and migration leading to neointimal thickening 

and venous stenosis formation.

To better understand the mechanisms responsible for hemodialysis graft failure, the porcine 

hemodialysis access model has been used.8,11,15–17,18 The purpose of the present study was 

to investigate the vascular remodeling (wall shear stress, luminal vessel area, blood flow) 

changes that occur to the arteries and veins after the placement of hemodialysis PTFE grafts 

in pigs using magnetic resonance imaging (MRI). Luminal vessel area, wall shear stress, and 

blood flow changes were determined using cine phase-contrast MRI and contrast-enhanced 

magnetic resonance angiography (MRA). Phase-contrast MRI with MRA is a noninvasive 

technique that provides anatomy, flow, and velocity data simultaneously and reproducibly in 

a very short period of time.19,20 This information is needed to better understand the potential 

mechanisms responsible for hemodialysis graft failure and thereby develop novel therapeutic 

interventions aimed at improving hemodialysis graft patency (Tables 1–3).

Materials and Methods

Because animals were used in the present study, approval from the Institutional Animal Care 

and Use Committee was obtained before any procedures were conducted. The animals were 

housed and handled in accordance with the guidelines of the National Institutes of Health 

(20). Polytetrafluoroethylene grafts (4 mm wide × 7 cm long; Gore, Flagstaff, AZ) were 

placed to connect either the right or the left carotid artery to the ipsilateral jugular vein in 8 

castrated juvenile male pigs weighing 30 to 40 kg as described.8,11,15–18 Sham operations 

were performed on the contralateral vessels to serve as controls. Before every surgical 

procedure, food was withheld from the pigs for 12 hours. Pigs were anesthetized 

intramuscularly with a combination of 5 mg/kg tiletamine hydrochloride (50 mg/mL) and 

zolazepam hydrochloride (50 mg/mL), 2 mg/kg xylazine (Bayer, Shawnee Mission, KS), 

and 0.06 mg/kg glycopyrrolate. An intravenous fluid line was placed in an ear vein for 

administration of 5 mg/kg zolazepam hydrochloride for induction. Pigs were intubated and 

placed on a positive-pressure ventilator delivering oxygen (3–5 mL/kg) and isoflurane (1%–
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3%). The end-tidal CO2 volume, oxygen saturation, heart rate, electrocardiogram, and blood 

pressure were monitored throughout the graft procedure.

Polytetrafluoroethylene Graft Placement

Polytetrafluoroethylene grafts were placed as described else where.16–18 Briefly, an 

arteriovenous PTFE graft (4 mm diameter × 7 cm long; Gore) was placed from either the 

right or left carotid artery to the ipsilateral jugular vein (Figure 1A) and the contralateral 

vessels were isolated to serve as controls. The animals were sacrificed at 14 days (N = 8) 

after graft placement, and vein-to-graft anastomosis with contralateral vessels were 

processed for gross histological analyses. Plavix (75 mg by mouth; Bristol- Myers Squibb/

Sanofi Pharmaceuticals Partnership, Bridgewater, NJ) was started the night before and given 

daily until the animal was sacrificed.

Cine Phase-Contrast Magnetic Resonance Imaging and Contrast- Enhanced Magnetic 
Resonance Angiography

To assess hemodynamic changes and vascular remodeling of the vein-to-graft anastomosis 

and control vessels, MRI was performed as described previously. 16,17 Animals were 

anesthetized for the procedure as described previously. Magnetic resonance imaging was 

performed prior to sacrifice at day 14 following graft placement (Figure 1B). This was 

repeated 3 times for each anatomical location and the average value was used. Luminal 

vessel area, blood flow, and graft patency were determined using MRI. Cine phase-contrast 

MRI and contrast-enhanced MRA were conducted 24 hours after graft placement and prior 

to the animal being sacrificed. The flow, velocity, and areameasurements were obtained on 

the grafted vessels and on the contralateral nongrafted vessels at 20 different phases of the 

cardiac cycle. Using the cine phase-contrast MRI and contrast-enhanced MRA data, the 

following parameters were calculated: wall shear stress, Reynolds number (Re), and luminal 

vessel area. All magnetic resonance (MR) examinations were performed using a Signa CVi 

1.5 Tesla system (GE Medical Systems, Milwaukee, WI) with a torso-phased array coil 

positioned over the upper chest. After an initial 3-plane localizing scan, a test bolus of 

gadopentetate dimeglumine (1–2 mL) was given (Magnevist; Berlex Laboratories, Wayne, 

NJ), followed by a 20-mL saline flush injected at 3 mL per second. A single slice overlying 

the thoracic aorta was scanned repeatedly about once per second, and the time delay was 

noted between the injection of the contrast medium and its arrival in the aorta.

Gadolinium-enhanced 3-dimensional (3D) MRA was performed using the following scan 

parameters: repetition time (TR) 5 milliseconds, echo time (TE) 1.7 milliseconds, flip angle 

35°, 0.75 excitations, 0.75 phase field of views (FOVs), 62.5-kHz receiver bandwidth, 

elliptic-centric phase-encoding, 256 × 192 scan matrix, and 20 cm × 15 cm FOV, giving an 

in-plane resolution of 0.78 mm × 0.78 mm. A total of 30 to 40 sections (1.2 to 1.4 mm) were 

obtained with 50% overlapping reconstruction in the z-direction. The scan time was 20 to 25 

seconds. Contrast medium (30 mL) was injected at 3 mL per second, followed by a 20-mL 

saline flush at the same rate. An appropriate scan delay derived from the test bolus sequence 

was chosen to ensure that the acquisition of the central portion of k-space corresponded with 

peak arterial enhancement.
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The 2-dimensional cine phase-contrast MRI sequences were conducted immediately after 

the 3D MRA (Figure 1B). Acquisitions were positioned perpendicular to the appropriate 

vessels at locations selected from maximum-intensity projection images and reformatted 

images from the 3D MRA as follow: (a) jugular vein 2 cm distal to the venous anastomosis 

(venous stenosis); (b) contralateral jugular vein (control vein); (C) carotid artery 2 cm 

proximal to arterial anastomosis (inflow artery); (d) contralateral carotid artery (control 

inflow artery); (e) carotid artery 2 cm distal to the venous anastomosis (outflow artery); (f) 

contralateral carotid artery (control outflow artery); (g) ascending aortic arch 2 cm proximal 

to the bifurcation; and (h) descending aortic arch at 2 cm distal to the bifurcation. Scan 

variables were TR 13.2 milliseconds, TE 4.9 milliseconds, flip angle 30°, 1 excitation, 

receiver bandwidth 15.6 kHz, 256 × 224 matrix, and 14-cm FOV, for an in-plane resolution 

of 0.55 mm × 0.62 mm. Slice thickness was 5 mm. The velocity-encoding gradient was set 

to 100 cm per second, unless aliasing was identified on initial acquisitions. 

Electrocardiogram triggering was provided by a peripheral pulse oximeter. Acquisition times 

generally were 20 to 30 seconds. Imaging planes (slices) were placed perpendicular to the 

artery or vein, with positioning guided by MRA images. Using retrospective gating and view 

sharing, the images were reconstructed to 20 evenly spaced time points in the cardiac cycle. 

Segmented k-space acquisition produced 8 views per segment. Quantitative flow information 

was obtained only in the direction perpendicular to the slice. All flow calculations were 

made on an Advantix Windows workstation (Cardiac and Flow Analysis Tools, AW Release 

4.0; GE Medical Systems). This was performed by a dedicated radiologist who is fellowship 

trained in MRI (J.F.G.). The flow measurements were repeated 3 times within 5 mm of each 

other at the vein-to-graft anastomosis, and the averaged values from these 3 measurements 

were used. Previous work from our institution has shown that the accuracy of blood flow 

measurements in 5-mmdiameter vessels to be 0.6% to 4.4% for blood flow rates of 315 and 

540 mL/min.21 The intra-reviewer coefficient of variability for blood flow was low between 

3 different radiologists when interpreting the images and therefore only 1 radiologist 

interpreted the blood flow images for the present study.21

Reynolds Number

At every point, where flow was laminar rather than turbulent, the Re was calculated as Re = 

(r<v>d)/ m, where r is vessel diameter, <v> is average velocity of blood, d is density of 

blood, and m is viscosity. Viscosity and density of blood were estimated as 0.00345 N s m−2 

and 1000 kg/L, respectively. A Re of less than 2000 generally indicates the lack of 

turbulence, 22 and at every point measured within the venous stenosis, the Re was less than 

2000. Thus, laminar flow was assumed to exist for all WSS (Wall Shear Stress) 

calculations.8

Calculation of Wall Shear Stress

The average wall shear stress throughout the cardiac cycle was determined using Poiseuille’s 

law. For steady laminar flow in a tube, the WSS in N/m2 may be calculated directly from the 

average velocity (<v>) in centimeters per second with the formula WSS = 8<v>a/A, where a 
is the viscosity (0.00345 N s m−2) and A is the tube diameter in centimeters.8
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Statistical Analysis

Wall shear stress and Re were calculated for each animal from the data using phase-contrast 

MRI with MRA and averaged for the cardiac cycle including the values at the anastomosed 

vein were averaged for each animal at each time point. These values as well as luminal 

vessel area and flow obtained from the phase-contrast MRI with MRA were averaged for 

day 14 for each vessel. Values are expressed as mean ± SD.

Results

Graft Patency

All grafts were patent at 14 days. By MRI, venous stenosis formed reproducibly at the vein-

to-graft anastomosis (Figure 1B).

Luminal Vessel Area

By day 14, the average area of the inflow artery was significantly higher than the control 

artery (33 ± 5 mm2, 19 ± 4.9 mm2, respectively, P = .001), Table 1. The average area of the 

venous stenosis was significantly lower than the control vein (15.1 ± 0.9 mm2, 20.6 ± 0.9 

mm2, respectively, P = .001). The average area of the outflow artery was significantly lower 

than the control outflow artery (13.8 ± 0.4 mm2, 22 ± 0.8 mm2, respectively, P = .001). The 

average area of the ascending aorta remained significantly higher than the descending aorta 

(430 ± 78 mm2, 239± 20 mm2, respectively, P= .001). Overall, these results indicate that by 

day 14, early venous stenosis has formed at the vein-to-graft anastomosis.

Blood Flow Measurements

By day 14, the average blood flow of the inflow artery was significantly higher than the 

control artery (1122 ± 304 mL/min, 250 ± 41 mL/min, respectively, P < .001), Table 2. The 

average blood flow of the venous stenosis was significantly higher than the control vein (372 

± 81 mL/min, 124 ± 10 mL/ min, respectively, P = .04). The average blood flow of the 

outflow artery was significantly lower than the control outflow artery (103 ± 18 mL/min, 

289 ± 18 mL/min, respectively, P = .0002). The average blood flow of the ascending aorta 

remained significantly higher than the descending aorta (4286 ± 757 mL/min, 2929 ± 467 

mL/min, respectively, P = .001). Overall, these results indicate that by day 14, the shear 

stress at the venous stenosis has started to approach that of the inflow artery.

Wall Shear Stress

By day 14, the Reynolds number for ascending aorta, descending aorta, inflow artery, 

control artery, outflow artery, control outflow artery, venous stenosis, and control vein was 

less than 1000, and therefore we assumed that there was lack of turbulent blood flow. By day 

14, the average shear stress of the inflow artery was significantly higher than the control 

artery (2.5 ± 0.8 N/m2, 1.3± 0.6 N/m2, respectively, P = .02), Table 3. The average shear 

stress of the venous stenosis was significantly higher than the control vein (2.6 ± 0.5 N/m2, 

0.6 ± 0.07 N/m2, respectively, P = .001). The average shear stress of the outflow artery was 

significantly lower than the control outflow artery (0.9 ± 0.01 N/m2, 1.6 ± 0.2 N/m2, 

respectively, P = .05). The average shear stress of the ascending aorta remained significantly 
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higher than the descending aorta (0.2 ± 0.08 N/m2, 0.3 ± 0.09 N/m2, respectively, P = .001). 

Overall, these results indicate that by day 14, the shear stress at the venous stenosis is 

significantly higher than the control vein almost 4-fold. Meanwhile, at the inflow artery, the 

shear stress is significantly higher than the control artery, almost 2-fold.

Discussion

On a cellular level, hemodialysis PTFE graft failure is caused by adventitial and medial 

cellular proliferation and migration resulting in thickened media and neointima resulting in 

venous stenosis formation.23 Many different factors have been hypothesized to cause venous 

stenosis formation, including changes in wall shear stress with elaboration of several 

important matrix regulatory proteins including MMPs, VEGF-A, and others resulting in 

cellular proliferation and migration causing neointimal formation and venous stenosis 

formation.23 Therefore, understanding the changes in wall shear stress is important as it 

could provide insight into the pathophysiology of hemodialysis graft failure.

In the current study, we determined the changes in wall shear stress, blood flow, and luminal 

vessel area in anastomosed arteries and veins following placement of PTFE grafts using cine 

phase-contrast MRI with MRA. Following the placement of PTFE grafts, anastomosed 

arteries and veins respond to increased blood flow differently with respect to wall shear 

stress, luminal vessel area change, and blood flow. This is consistent with previous studies 

that have investigated the changes in mean luminal vessel area increases and the mean wall 

shear stress decreases and in the aorta and anastomosed artery supplying the PTFE 

grafts.23–26 However, in the anastomosed vein, the mean luminal vessel area decreases and 

the mean wall shear stress and mean intima to media ratio increased over time.9,27

There have been many previous studies using ultrasound with arteriovenous PTFE 

hemodialysis grafts.4,28 In the current study, we used MRI with MRA because it has several 

advantages over ultrasound. First, it can provide both anatomic data (angiogram) and 

physiologic flow data reproducibly in a relatively short period of time.10,29,30 Second, it 

allows for flow and velocity measurements to be obtained throughout the cardiac cycle, 

which can be used to estimate the wall shear stress and wall shear stress rate; both of which 

are felt to be important in stenosis and atherosclerotic plaque formation.10,29,30 Finally, MRI 

is not limited to evaluating superficial structures as is ultrasound. The MRI data can be used 

with computational fluid dynamic modeling to determine in vivo wall shear stresses.10,29–31

The results from the current study are in agreement with previous studies using ultrasound or 

MRI arteriovenous hemodialysis grafts used to estimate wall shear stress.10,29–31 Using 

dogs, Fillinger et al28 placed bilateral 6-mm diameter PTFE loop grafts were placed to 

connect the femoral artery to femoral vein in dogs with 1 side being banded to reduce blood 

flow by 50% and the other side being unbanded and the normal diameter.28 In these 

experiments, Fillinger et al showed that there was increased turbulence at the anastomosed 

vein with Re number in the range of 500 to 1000. Furthermore, a correlation between 

increased turbulence and thickness of the intima and media at the anastomosed vein was 

identified, which was observed in unbanded grafts when compared to banded grafts.4 As 

expected, unbanded grafts had higher blood flow and blood velocity measurements when 
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compared to the banded grafts. Similar findings were observed in a separate study with 

tapered grafts in which 4- to 7-mm taper grafts had decreased venous anastomotic narrowing 

when compared to 7- to 4-mm taper grafts and 6-mm straight grafts.4

Recently, a study was performed in pigs in which straight 4-mm × 2-cm PTFE grafts were 

placed to connect the iliac artery to iliac vein.9,11,32–34 By day 14, the mean wall shear stress 

at the venous stenosis was significantly elevated at 2.5 N/m2 when compared to the control 

vein (0.6 N/m2). The inflow artery supplying the graft had a mean wall shear stress of 1.5 

N/m2 while the control artery was 0.6 N/m2. More recently, there was a study performed in 

pigs with renal insufficiency and arteriovenous PTFE grafts placed to connect the carotid 

artery to jugular vein.9,11,32–34 In this study, the investigators observed that the mean WSS at 

the vein-to-graft anastomosis had a bimodal peak. The mean WSS was 7.3 ± 2.1 N/m2 by 

day 1, decreased to 5.1± 1.8 N/m2 by day 3, subsequently peaked at 8.8± 1.6 N/m2 by day 7 

(P < .05, compared to days 3 and 14) and was 4.3 ± 0.5 N/m2 by day 14. These 2 studies are 

in agreement with our present work. In the current study, we observed significantly 

increased shear stress 2.6 N/m2 when compared to the control veins. Similarly, the shear 

stress of the inflow artery was 2.5 N/m2 when compared to control artery. However, the 

shear stress in the control vein was half of that of the control artery.

There are several limitations that need to be discussed. The major limitation of the current 

study is that mean wall shear stress was calculated with the law of Poiseuille, which assumes 

that the vessels are circular. For most arteries, this is a reasonable assumption, but it does not 

hold true for veins as they are elliptical. In addition, this law assumes that there is steady 

laminar flow within a uniformly shaped tubular structure, which is not entirely true, 

particularly within venous stenosis where local turbulent flow may occur. Visually, turbulent 

flow was observed at the venous stenosis during the phase-contrast MRI measurements. 

Future experiments are being planned to determine time-dependent changes in the grafted 

vessels as well as using the MRI data and combining it with computational fluid dynamic 

modeling.

Arteries supplying hemodialysis grafts and outflow veins respond to the increased blood 

flow differently. At the venous anastomosis, high blood flow results in increase mean wall 

shear stress and decreased mean luminal vessel area. The decrease in the mean area results 

from neointimal hyperplasia, which may be caused by increased shear stress that activates 

matrix regulatory proteins leading to neointimal hyperplasia.9,11,32–34 Understanding the 

interaction between shear stress and these proteins will help provide insight into the 

pathophysiology of hemodialysis graft failure, thereby improving outcomes in patients.
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Figure 1. 
Schematic representation of arteriovenous fistula creation (A) with representative MRI (B).
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Table 1

Average Luminal Vessel Area at Day 14 (mm2)

Day 14

Inflow artery 33 ± 5

Control artery 19.1 ± 4.9

Venous stenosis 15.1 ± 0.9

Control vein 20.6 ± 0.9

Outflow artery 13.8 ± 0.4

Control outflow artery 22 ± 0.8

Ascending aorta 430 ± 76

Descending aorta 239 ± 20
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Table 2

Average Blood Flow Measurements at Day 14 (mL/min)

Day 14

Inflow artery 1122 ± 304

Control artery 250 ± 41

Venous stenosis 307 ± 70

Control vein 124 ± 10

Outflow artery 103 ± 18

Control outflow artery 289 ± 18

Ascending aorta 4286 ± 757

Descending aorta 2929 ± 467
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Table 3

Average Wall Shear Stress (N/m2) at Day 14 (D14)

Day 14

Inflow artery 2.5 ± 0.8

Control artery 1.3 ± 0.6

Venous stenosis 2.6 ± 0.5

Control vein 0.6 ± 0.07

Outflow artery 0.8 ± 0.01

Control outflow artery 1.6 ± 0.2

Ascending aorta 0.2 ± 0.08

Descending aorta 0.3 ± 0.09
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