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Abstract— Long-term vascular accesses are usu-
ally performed in patients submitted to renal re-
placement therapy using autologous vessels. When
arterio-venous fistula creation is impossible, animal
conduits have been used in order to obtain high
patency rates. Bovine vessel heterograft has been
introduced as a substitute for the construction of
arterio-venous fistulas. However, when experimental
research of graft failure is focused to vascular wall
properties, the ovine model is one of the more fre-
quently utilized instead of the study of bovine ves-
sels. Biomechanical vessel wall properties study is
very important, since the viscoelastic mismatch
among the fistulae conduits has been pointed out as a
determinant of intimal hyperplasia, a cause of access
dysfunction.

In this work we have analyzed viscoelastic prop-
erties of arteries and veins harvested from human
donors in brain death condition and healthy sheep.
The elastic mismatch calculus revealed that the hu-
man brachial artery and the ovine jugular veins ex-
hibit the best coupling accompanied by an optimal
viscous matching.

Keywords— hemodialysis access, arterial elastic-
ity, venous elasticity, vascular viscosity, elastic mis-
match.

I. INTRODUCTION

Renal replacement therapy is currently performed in
uremic patients through long term vascular accesses
usually confectioned using autologous vessels. Another
choice is the used of synthetic conduits, such as ex-
panded polytetrafluoroethylene (ePTFE), to obtain high
patency rates of hemodialysis fistula. However this op-
tion is limited by the high degree of elastic mismatch,
between the native vessel and the graft, an important
determinant of intimal hyperplasia development. Intimal
hyperplasia decreases the intra vascular lumen causing
severe access dysfunction (Haruguchi and Teraoka,
2003; Hofstra et al., 1995).

As was previously described, mechanical characteri-
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zation of biomechanical wall properties of arteries,
veins and prostheses is very important and usually per-
formed in animal models. The ovine model is consid-
ered to be useful and widely used to mimic the human
access function allowing the development of new graft
designs and therapies (Kohler and Kirman, 1999; Fleser
et al., 2004; Gleed et al., 1997; Bia et al., 2006a,b; Bia
et al., 2007; Zdcalo et al., 2006).

Animal heterograft has been introduced in clinical
practice in order to provide of an adequate arterio ve-
nous fistula in patients in which a vascular access using
native vessels is impossible. However, in the reported
series the heterograft is harvested from bovine animals
and, to the best of our knowledge, no ovine vessels have
been recently employed to hemodialysis access in pa-
tients with end-stage renal failure (Haimov and Jacob-
son, 1974; Hatzibaloglou et al., 2004).

Since the ovine model has been widely utilized to
study arterio-venous performance, in this work we ana-
lyzed the viscolelasic properties of arteries and veins
harvested from human donors and healthy sheep. Be-
sides a comparative study using calculated values of
elastic and viscous mismatch was performed.

II. METHODS
A. In Vitro Studies

Human and animal vessel procurements were performed
according to the Guides of the transplant program of the
National Organ and Tissue Bank of Uruguay and the
Guide for the Care and Use of Laboratory Animals pub-
lished by the US National Institute of Health (NIH Pub-
lication N° 85-23, revised 1996); respectively.
Saphenous vein, Brachial and Femoral arteries were
procured from 7 donors in brain death condition. Hu-
man donors age was 23-45 years (Mean = 29.6 years).
All segments were removed and washed with saline
solution and stored at 4°C. Each vessel was non-
traumatically mounted on a circulating loop that mimics
the human circulatory system and immersed and perfuse
with a thermally regulated (37°C) and oxygenated Ty-
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rode’s solution, with pH=7.4. The mock circulating loop
consists in a line of polyethylene tube and a Windkessel
chamber, powered by a pneumatic pump. Pump rate,
flow, resistances and waveform of pressures were regu-
lated by a console that allowed fine adjustments
(Cabrera Fischer et al., 2002; Bia et al, 2005a, b;
Zocalo et al., 20006).

Vessels from eight Corriedale sheep, weighing 25 to
35 kg, aged between 30 and 45 months old were chosen
to be in vitro analyzed in this work. During 15 days be-
fore surgery, the animals were appropriately cared, feed
and vaccinated. All animals were operated under gen-
eral anesthesia induced by thiopental sodium (20 mg/kg,
i.v.) and maintained with 2.5% enfluorane in pure oxy-
gen (4 L/min) through a Bain tube connected to a Bird
Mark VIII respirator. Segments of Jugular vein, Femo-
ral vein, Anterior and Posterior Cava vein, Ascending
Aorta artery, Descending Aorta, and Common Carotid
artery were removed and washed with saline solution
and non-traumatically mounted in the circulating loop
as was above described (Zécalo et al., 2006). In these
segments pressure and frequency levels similar to those
of human vessels were ensured, in order to obtain iso-
baric and isofrequency recordings (Cabrera Fischer et
al.,2002; Bia et al., 2005a, b, ¢; Zocalo et al., 2006).

B. Data Acquisition

Both, human and animal conduits were dynamically
studied in the circulating loop following a routine that
has been previously reported (Cabrera Fischer et al.,
2002).

In all conduits mounted in the circulating loop, the
intraluminal pressure was measured using a Konigsberg
microtransducer (1200 Hz frequency response) and the
external diameter was assessed using a pair of ultrasonic
crystals (5 MHz, 2 mm diameter), according the tech-
nique largely used by our group (Cabrera Fischer et al.,
2002; Bia et al., 2005a,b).

Similar dynamic study was followed in all conduits,
in order to characterize their mechanical properties.
Once the arteries or veins were mounted in the circulat-
ing loop, the segments were allowed to equilibrate for a
period of 10 minutes, in which a mean pressure of ap-
proximately 85 mmHg and a stretching rate of 80
beats/min (1.34 Hz) were maintained.

Both, diameter and pressure signals were measured
under dynamic conditions and displayed in real time.
All signals were digitized every 5 ms and stored in the
computer hard disk. Approximately 20 consecutive
beats were sampled for off-line analysis.

C. Data Analysis
A computerized procedure was used to obtain a pres-
sure-diameter loop that was employed to calculate bio-
mechanical parameters using specific software devel-
oped with this purpose (Armentano et al., 1995).
Viscoelastic properties of arteries and veins in vitro
analyzed were studied assuming a Kelvin-Voigt viscoe-
lastic model (spring-dashpot). According to this as-

sumption, pressure (P) developed in the conduit wall
(Pyota) can be divided in two components: an elastic (P..
lastic) and a viscous component (Pyiscous) (Armentano et
al., 1995; Bia et al., 2005a, b; Bia et al., 2006a; Bia et
al., 2007).
PTotal = PElastic + PViscous (1)

As the viscous component is proportional to the first
derivative of diameter (D) with respect to time (dD/dt)
the Pgpgic can be expressed as:

PElastic = PTotal - T]dD/dt (2)

In which n is the viscous index of the studied vessel.
Calculus of the elastic P component can be performed
subtracting the viscous term from the Py,. The proce-
dure followed consisted in minimizing the area of the P-
D hysteretic loop always preserving the clockwise di-
rection of the loop. Quantification of the elastic compo-
nent of Proa, allowed the elastic index (E) calculation
by means of the slope of the linear regression curve,
evaluated at the mean prevailing pressure recorded
(Armentano et al., 1995).

Viscous and elastic mismatch between human and
ovine segments were calculated as (Bia ef al., 2006b):
(SheepValue— Human Value)

(SheepValue+ HumanValue)

MatchingFactor =

The matching factor value would be between +1 and
—1. A value = 0 indicate optimal matching, while values
different from 0 indicate mismatch

D. Statistical Analysis

Values reported are expressed as mean+standard devia-
tion (MV£SD). Comparison among groups was per-
formed using ANOVA followed by a Bonferroni test. A
value of p<0.05 was adopted as a limit for statistical
differences.

III. RESULTS
No animal deaths or technical mistakes occurred during
the course of any surgery or anesthesia induction.
Specimens harvested from human donors were obtained
without troubles.

Both, animal and human conduits were submitted to
the same hemodynamic parameters, as can be seen in
Table 1. No statistically significant differences were
observed in diastolic, systolic, pulse and mean pressure
values of all vessels (P>0.05). As was expected several
differences in mean external diameter values were ob-
served both in sheep and human vessels (P<0.05). See
Table 1.

The highest E value was observed in the group of
Human Saphenous veins and the lowest in the ovine
Ascending Aorta.

The dynamic study of human vessels showed that
the Brachial artery calculated E value was lower than
that observed in the Saphenous veins and Femoral arter-
ies (P<0.05). See Table 2.

Values of 1 calculated in ovine Carotid arteries were
the highest of both, human and animal vessels, on the
contrary sheep Ascending Aorta showed the lowest val-
ues (P<0.05). See Table 2.
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TABLE 1: HEMODYNAMIC PARAMETERS

SP DP PP MP MD
Sheep Vessels

Jugular vein 1374+42 638+26 712+49 865+3.1 13.92 +0.93
Anterior Cava vein 1394+50 646+54 732+47 88.0+53 1691 +1.11°
Posterior Cava vein 1403+52 657+43 740+40 884+32 21.19 4 1.14 *P
Femoral vein 139.6+33 66.4+45 714+£4.0 92.0+40 6.39 £ 0.61 *>¢
Carotid artery 136.4+£53 63.5+43 733+51 85.6+52 6.37 +0.30 *>¢
Ascending Aorta 137.9+47 66.1+44 726+51 89.1+42  2226+1.10*>d¢
Distal Aorta 139.1£45 679+49 735+48 87.9+43  15.76+0.93 “def
Human Vessels

Saphenous vein 141.0+48 652+50 752+43 89.1+49  6.89+0.092boke
Brachial artery 1382+49 674+43 709+49 90.0+42  6.00+0.71*>cke
Femoral artery 1424+47 655+50 744+43 914450 7.33+0.54>bedelel

VM=£SD. SP, DP PP and MP: systolic, diastolic, pulse and mean pressure, respectively (mmHg). MD: mean diameter (mm). P
values determined by the one-way analysis of variance (ANOVA) with a Bonferroni test. * p<.05 respect to jugular; ® p<.05 respect
to anterior cava; © p<.05 respect to posterior cava; * p<.05 respect to femoral vein; ¢ p<.05 respect to carotid; * p<.05 respect to
ascending aorta; ® p<.05 respect to distal aorta; " p<.05 respect to saphenous veins; ' p<.05 respect to brachial artery.

TABLE 2: BIOMECHANICAL PARAMETERS

E n
Sheep Vessels
Jugular vein 420.2+22.5 12.82£1.13
Anterior Cava vein 394.6 +31.1 11.95+1.24

19.43 +1.24 %0
20.53 +1.06 *°

658.0 £26.2 %P
692.3 £30.4 *°

Posterior Cava vein

Femoral vein

Carotid artery 553.1 +19.0*¢ 25.76 + 1.13 “bed
Ascending Aorta 26.1 +2.7+0ede 1.30 & 0.39%0ede
Distal Aorta 130.4 + 9.g*bedes 5.63 = 0.87-Peder

Human Vessels

Saphenous vein
Brachial artery

Femoral artery

958.45 + 75,31 “bedefe
417.23 +36.21 sdefeh
629.34 + 164.23>etbehi

4.17 +0.52 »bedete
12.01 + 1.44 cdefen
18.63 + 3.43 *betehi

Values are mean + SD. E: elastic index (mmHg/mm). 1: viscous index (mmHg.s/mm). * p<.05 respect to jugular; ® p<.05 respect
to anterior cava; © p<.05 respect to posterior cava; ¢ p<.05 respect to femoral vein; ¢ p<.05 respect to carotid; ' p<.05 respect to
ascending aorta; & p<.05 respect to distal aorta; " p<.05 respect to saphenous veins; ‘ p<.05 respect to brachial artery.

TABLE 3: MATCHING BETWEEN HUMAN AND SHEEP VESSELS

Human vessels

Saphenous vein Brachial artery Femoral artery

E n E n E n
Jugular vein -0.39 0.51 0.00 0.03 -0.20 -0.19
" Anterior Cava vein -0.42 0.48 -0.03 -0.01 -0.23 -0.22
g Posterior Cava vein -0.18 0.65 0.22 0.23 0.03 0.02
i Femoral vein -0.16 0.66 0.25 0.26 0.05 0.05
;13 Carotid artery -0.27 0.73 0.14 0.38 -0.06 0.18
s Ascending Aorta -0.95 -0.52 -0.88 -0.81 -0.92 -0.87
Distal Aorta -0.76 0.16 -0.52 -0.36 -0.65 -0.53

E and n: elastic and viscous index. The matching factor values are between +1 and —1; a value equal 0 indicate optimal matching.

203



C. GALLI, D. BIA, Y. ZOCALO, R. L. ARMENTANO, J. M. CAMUS, H. PEREZ CAMPOS,
M. SALDIAS, I. ALVAREZ, E. I. CABRERA FISCHER

The study of 1 in human vessels showed that values
of Brachial artery group exhibit an intermediate value
between Saphenous vein and the Femoral artery. More-
over, statistical differences were observed between the
three groups (P<0.05). See Table 2.

The elastic matching factor revealed that the best
coupling was that observed between human Brachial
artery and ovine Jugular vein. This finding was accom-
panied by a value of viscous matching near zero (0.03).
See Table 3.

Elastic and Viscous matching factor calculated be-
tween human Femoral arteries and ovine Femoral veins
showed a very good coupling, since both were near
zero. Interestingly, Elastic and Viscous matching ob-
tained between human Femoral arteries and ovine Pos-
terior Cava veins were better. See Table 3.

The elastic matching between Human Saphenous
veins and the ovine Femoral vein was the best (-0.16),
on the contrary the coupling with the ovine Ascending
Aorta was the worst. See Table 3.

IV. CONCLUSIONS AND COMMENTS
The aim of this study was to characterize the mechani-
cal properties of both, ovine and human vessels submit-
ted to systemic pressure levels. Besides, the viscous and
elastic matching among ovine and human conduits
(veins and arteries) was analyzed.

The most relevant finding obtained was that ovine
Jugular veins exhibit the best viscous and elastic match-
ing with human Brachial arteries. As was widely de-
scribed, human brachial arteries are usually utilized in
the arterio venous hemodialysis access confection (Hat-
zibaloglou et al., 2004).

The in vitro model employed in this dynamic study
has been previously utilized to analyze arterio-venous
performance. We opted for vascular segments instead of
the most used strips or rings (Mavrilas and Tsapikouni,
2002; Silver et al., 2003), because the former are better
to reproduce the in vivo hemodynamic conditions, and
to preserve the shape and integrity of vascular/graft
wall. In this study all conduits were studied under sys-
temic isobaric levels of pressure, in order to adequately
analyze the coupling between ovine and human vessels
(Cabrera Fischer et al., 2005; Bia et al., 2006a).

The main functions of arteries are to serve as con-
duits (conduit function) and to smooth out the pulsatility
caused by the ventricular ejection (buffer function).
These functions depend on the cross-sectional area and
mechanical properties of the arteries, which in turn are
related to the structural components of the vascular
wall. From a functional point of view, the elasticity and
viscosity are the main mechanical properties of the vas-
cular wall (Bia et al., 2006a; Cabrera Fischer et al.,
2005; Armentano et al., 2006).

The “elasticity” of the arterial wall allows the wall
distension during systole and storage of part of the me-
chanical energy given by the heart, which is restored in
diastole. This behavior is important in optimizing the
heart—vessel coupling, smoothing out the pressure and

flow pulsatility and ensuring a continuous flow toward
the tissues. Additionally, it avoids over-distention of
walls due to pressure, giving structural security to the
vascular segment.

Vascular wall elasticity has been ascribed mainly to
elastin and collagen fibers, and to the smooth muscle
cells. The disparity in the behavior of vessels obtained
from different regions of human and sheep cardiovascu-
lar systems (Table 2), and between veins and arteries
would be related to differences in the relative quantity,
arrangement, and functional role of smooth muscle cells
and elastic fibers among the vessel.

The “viscosity” of the vascular wall, usually associ-
ated to an energy dissipation term (Bia et al., 2005a, b;
Bia et al., 2006a, Bia et al, 2007), helps to attenuate
traveling pressure pulses along the arteries and prevents
reflected pressure waves from resonating in the arterial
system.

Passive theories propose that viscosity is a property
of the vascular wall constituents, and recognize the
smooth muscle as the main determinant (Armentano et
al., 1995). In contrast, the active theory explains wall
viscosity taking into account the force-generating
mechanism of the muscle as well as the myogenic re-
sponse to stretching (Armentano et al., 1995). Addition-
ally, collagen-dependent vascular viscosity should be
considered because collagen fibers, particularly type III
(which is present in the vascular wall), when loading
have shown not only an elastic energy storage by the
stretching of flexible molecular domains, but also an
energy dissipation due to fiber slippage (Silver et al.,
2003). Therefore, it is comprehensible that several fac-
tors could be responsible for vascular wall viscosity and
that the differences among the behaviors of veins and
arteries, from human and sheep (Table 2) could be re-
lated not only to the relative amount, but also to the ar-
rangement of different structural constituents of the vas-
cular wall.

Viscous and elastic values obtained in this work in
both, ovine and human conduits, are similar to those
previously reported (Zoécalo et al., 2006; Bia et al.,
2006a, Armentano et al., 2006; Cabrera Fischer et al.,
2005). These results allowed the calculi of all possible
couples among them. To the best of our knowledge this
analysis has been never performed.

Our results are relevant because ovine vessels have
been employed as vascular substitutes for hemodialysis
access construction in humans several years ago (Enzler
et al., 1996; Wang and Chu, 1996; Berardinelli, 2006).
Furthermore, the elastic vessel wall values appear to
play a major role in the pathogenesis of intimal hyper-
plasia of the vascular access, and the elastic mismatch
per se has been involved in the genesis of intimal hy-
perplasia (Cabrera Fischer et al., 2005; Hofstra et al.,
1994; Lemson et al., 2000). Consequently, reduction of
elastic mismatch using conduits with similar elastic
properties could ameliorate the long-term access viabil-

ity.
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In this study we included a viscous analysis because
previous reports have pointed out that conduit such as
ePTFE, whose employment results in a high rate of in-
timal hyperplasia development, shows low values of
wall viscosity (Armentano et al., 2006; Bia et al,
2006a, Cabrera Fischer et al., 2005).

The knowledge of the basic biomechanical behavior
of the different vascular heterograft would be crucial at
the time of selecting a graft for a vascular access, in
order to minimize the mechanical mismatch. In this con-
text, this dynamic study identified the ovine vessels that
exhibit the best viscous and elastic matching with hu-
man arteries and veins currently used in the hemodialy-
sis access confection.

Finally, we want to point out that ovine vessels used
as arterio-venous bridging graft for hemodialysis access,
at present are being replaced by another substitute: bo-
vine bioprosthesis (Berardinelli, 2006). More studies
would be necessary to identify the best bovine vessels to
be used in arterio venous fistulae in patients submitted
to hemodialysis.

ACKNOWLEDGMENT

This work was partially supported by research grants
Programa Desarrollo de las Ciencias Bésicas
(PEDECIBA) and Programa “Recursos Humanos” of
Comision  Sectorial de Investigacion Cientifica-
UDELAR, Republica Oriental del Uruguay. The authors
gratefully acknowledge, the technical assistance of Mr.
Elbio Agote and Dr. Sebastian Laza (Depto. Anatomia,
Facultad de Medicina, UDELAR), and the financial
support by Buquebus (Ms. Rosario Garcia).

REFERENCES

Armentano, R.L., D. Bia Santana, E.I. Cabrera Fischer,
S. Graf, H. Pérez Campos, Y. Zoécalo German,
M.C. Saldias and I. Alvarez, “An in vitro study of
cryopreserved and fresh human arteries: a com-
parison with ePTFE prostheses and human arteries
studied non-invasively in vivo,” Cryobiology, 52,
17-26 (2006).

Armentano, R.L., J.G. Barra, J. Levenson, A. Simon and
R.H. Pichel, “Arterial wall mechanics in conscious
dogs. Assessment of viscous, inertial, and elastic
moduli to characterize aortic wall behaviour,”
Circ. Res., 76, 468-478 (1995).

Berardinelli, L., “Grafts and graft materials as vascular
substitutes for haemodialysis access construction,”
Eur. J. Vasc. Endovasc. Surg., 32,203-211 (20006).

Bia, D., R.L. Armentano, Y. Zbécalo, W. Barmak, E.
Migliaro and E. Cabrera Fischer, “In vitro model
to study arterial wall dynamics through pressure-
diameter relationship analysis,” Latin American
Applied Research, 35, 217-224 (2005a).

Bia, D, 1. Aguirre, Y. Zdécalo, L. Devera, E. Cabrera
Fischer and R. Armentano, “Regional differences
in viscosity, elasticity and wall buffering function
in systemic arteries: pulse wave analysis of the ar-
terial pressure-diameter relationship,” Rev. Esp.
Cardiol., 58, 167-174, (2005b).

205

37:201-206 (2007)

Bia, D, E.I. Cabrera Fischer, Y. Zocalo, W. Barmak, F,
Pessana and R. Armentano, “Differences in con-
duit and buffering function among arteries, venous
grafts and synthetic prosthesis: Implicances in the
development of intimal hyperplasia,” Latin Ameri-
can Applied Research, 36, 29-36 (2006a).

Bia, D., Y. Zocalo, F. Pessana, R. Armentano, H. Perez,
E. Cabrera, M. Saldias and 1. Alvarez, “Viscoelas-
tic and functional similarities between native
femoral arteries and fresh or cryopreserved arterial
and venous homografts,” Rev. Esp. Cardiol., 59,
679-687 (2006b).

Bia, D, W. Barmak, Y. Zocalo, C. Galli, H. Perez Cam-
pos, M. Saldias, W. Silva, 1. Alvarez Saldias, E.I.
Cabrera Fischer and R.L. Armentano, “Hemodia-
lysis access failure: Viscoelastic vascular proper-
ties and intimal hyperplasia development,” Latin
American Applied Research, 36, 121-125 (2007).

Cabrera Fischer, E.I., R.L. Armentano, F.M. Pessana, S.
Graf, L. Romero, A.I. Christen, A. Simon and J.
Levenson, “Endothelium-dependent arterial wall
tone elasticity modulated by blood viscosity,” Am.
J. Physiol. Heart Circ. Physiol., 282, 389-394
(2002).

Cabrera Fischer, E.I., D. Bia Santana, G.L. Cassanello,
Y. Zbcalo, E.V. Crawford, R.F. Casas and R.L
Armentano, “Reduced elastic mismatch achieved
by interposing vein cuff in expanded polytetra-
fluoroethylene femoral bypass decreases intimal
hyperplasia,” Artificial Organs, 29, 122-130
(2005).

Enzler, M.A., T. Rajmon, M. Lachat and F. Largiader,
“Long- term function of vascular access for hemodi-
alysis.” Clin. Transplant., 10, 511-515 (1996).

Fleser, P.S., V.K. Nuthakki, L.E. Malinzak, R.E. Calla-
han, M.L. Seymour, M.M. Reynolds, S.I. Merz,
M.E. Meyerhoff, P.J. Bendick, G.B. Zelenock and
C.J. Shanley, “Nitric oxide-releasing biopolymers
inhibit thrombus formation in a sheep model of ar-
teriovenous bridge grafts,” J. Vasc. Surg., 40, 803-
811 (2004).

Gleed, R.D., H.J. Harvey and A. Dobson, “Validation in
the sheep of an ultrasound velocity dilution tech-
nique for haemodialysis graft flow,” Nephrol.
Dial. Transplant., 12, 1464-1467 (1997).

Haimov, M. and J.L. Jacobson, “Experience with the
modified bovine arterial heterograft in peripheral
vascular reconstruction and vascular access for
hemodialysis,” Ann. Surg., 180, 291-295 (1974).

Haruguchi, H. and S. Teraoka, “Intimal hyperplasia and
hemodynamic factors in arterial bypass and arte-
riovenous grafts: a review,” J. Artif. Organs., 6,
227-235 (2003).

Hatzibaloglou, A., I. Velissaris, D. Kaitzis, D. Grekas,
A. Avdelidou and D. Kiskinis, “ProCol® vascular
bioprothesis for vascular access: Midterm results,”
The Journal of the Vascular Access, S, 16-18
(2004).

Hofstra, L, D.C.J.J. Bergamns, A.P.G. Hoeks, P.J.E.H.



C. GALLI, D. BIA, Y. ZOCALO, R. L. ARMENTANO, J. M. CAMUS, H. PEREZ CAMPOS,
M. SALDIAS, I. ALVAREZ, E. I. CABRERA FISCHER

Kitslaar, K.M.L. Leunissen and J.H.M. Tordoir,
“Mismatch in elastic properties around anasto-
moses of interposition grafts for hemodialysis ac-
cess,” J. Am. Soc. Nephrol., 5, 1243-1250 (1994).

Hofstra, L, D.C.J.J. Bergmans, K.M.L. Leunissen,
A.P.G. Hoeks, PJ.EHM. Kitslaar, M.J.A.P.
Daemen and J.H.M Tordoir, “Anastomotic intimal
hyperplasia in prosthetic arteriovenous fistulas for
hemodialysis is associated with initial high flow
velocity and not with mismatch in elastic proper-
ties,” J. Am. Soc. Nephrol., 6, 1625-1633 (1995).

Kohler, T.R. and T.R. Kirkman, “Dialysis access fail-
ure: A sheep model of rapid stenosis,” J. Vasc.
Surg., 30, 744-751 (1999).

Lemson, M.S., JHM. Tordoir, M.J.A.P. Daemen,
P.J.E.H.M. Kitslaar, “Intimal hyperplasia in vascu-
lar grafts,” Eur. J. Vasc. Endovasc. Surg., 19, 336-
350 (2000).

Mavrilas, D. and T. Tsapikouni, “Dynamic mechanical
properties of arterial and venous grafts used in
coronary bypass surgery,” J. Mech. Med. Biol., 2,
1-9 (2002).

Nichols, W.W. and M.F. O’Rourke, McDonald’s Blood
Flow in Arteries: Theoretical, experimental and
clinical principles (4th ed.). Edward Arnold, Lon-
don, UK (1998).

Silver, F.H., P.B. Snowhill and D.J. Foran, “Mechanical
behavior of vessel wall: a comparative study of
aorta, vena cava, and carotid artery,” Ann. Biomed.
Eng., 31,793-803 (2003).

Wang, S.S. and S.H. Chu, “Clinical Use of omniflow
vascular graft as arteriovenous bridging graft for
hemodialysis,” Artificial Organs, 20, 1278-1281
(1996).

Zobcalo, Y., F. Pessana, D. Bia Santana and R.L. Armen-
tano, “Regional differences in vein wall dynamics
under arterial hemodynamic conditions: compari-
son with arteries,” Artificial Organs, 30, 265-275
(20006).

206

Received: September 28, 2006.
Accepted: February 13, 2007.
Recommended by Subject Editor Eduardo Dvorkin.




<<
  /ASCII85EncodePages false
  /AllowTransparency false
  /AutoPositionEPSFiles true
  /AutoRotatePages /All
  /Binding /Left
  /CalGrayProfile (Dot Gain 20%)
  /CalRGBProfile (sRGB IEC61966-2.1)
  /CalCMYKProfile (U.S. Web Coated \050SWOP\051 v2)
  /sRGBProfile (sRGB IEC61966-2.1)
  /CannotEmbedFontPolicy /Warning
  /CompatibilityLevel 1.4
  /CompressObjects /Tags
  /CompressPages true
  /ConvertImagesToIndexed true
  /PassThroughJPEGImages true
  /CreateJDFFile false
  /CreateJobTicket false
  /DefaultRenderingIntent /Default
  /DetectBlends true
  /DetectCurves 0.0000
  /ColorConversionStrategy /LeaveColorUnchanged
  /DoThumbnails false
  /EmbedAllFonts true
  /EmbedOpenType false
  /ParseICCProfilesInComments true
  /EmbedJobOptions true
  /DSCReportingLevel 0
  /EmitDSCWarnings false
  /EndPage -1
  /ImageMemory 1048576
  /LockDistillerParams false
  /MaxSubsetPct 100
  /Optimize true
  /OPM 1
  /ParseDSCComments true
  /ParseDSCCommentsForDocInfo true
  /PreserveCopyPage true
  /PreserveDICMYKValues true
  /PreserveEPSInfo true
  /PreserveFlatness true
  /PreserveHalftoneInfo false
  /PreserveOPIComments false
  /PreserveOverprintSettings true
  /StartPage 1
  /SubsetFonts true
  /TransferFunctionInfo /Apply
  /UCRandBGInfo /Preserve
  /UsePrologue false
  /ColorSettingsFile ()
  /AlwaysEmbed [ true
  ]
  /NeverEmbed [ true
  ]
  /AntiAliasColorImages false
  /CropColorImages true
  /ColorImageMinResolution 300
  /ColorImageMinResolutionPolicy /OK
  /DownsampleColorImages true
  /ColorImageDownsampleType /Bicubic
  /ColorImageResolution 300
  /ColorImageDepth -1
  /ColorImageMinDownsampleDepth 1
  /ColorImageDownsampleThreshold 1.50000
  /EncodeColorImages true
  /ColorImageFilter /DCTEncode
  /AutoFilterColorImages true
  /ColorImageAutoFilterStrategy /JPEG
  /ColorACSImageDict <<
    /QFactor 0.15
    /HSamples [1 1 1 1] /VSamples [1 1 1 1]
  >>
  /ColorImageDict <<
    /QFactor 0.15
    /HSamples [1 1 1 1] /VSamples [1 1 1 1]
  >>
  /JPEG2000ColorACSImageDict <<
    /TileWidth 256
    /TileHeight 256
    /Quality 30
  >>
  /JPEG2000ColorImageDict <<
    /TileWidth 256
    /TileHeight 256
    /Quality 30
  >>
  /AntiAliasGrayImages false
  /CropGrayImages true
  /GrayImageMinResolution 300
  /GrayImageMinResolutionPolicy /OK
  /DownsampleGrayImages true
  /GrayImageDownsampleType /Bicubic
  /GrayImageResolution 300
  /GrayImageDepth -1
  /GrayImageMinDownsampleDepth 2
  /GrayImageDownsampleThreshold 1.50000
  /EncodeGrayImages true
  /GrayImageFilter /DCTEncode
  /AutoFilterGrayImages true
  /GrayImageAutoFilterStrategy /JPEG
  /GrayACSImageDict <<
    /QFactor 0.15
    /HSamples [1 1 1 1] /VSamples [1 1 1 1]
  >>
  /GrayImageDict <<
    /QFactor 0.15
    /HSamples [1 1 1 1] /VSamples [1 1 1 1]
  >>
  /JPEG2000GrayACSImageDict <<
    /TileWidth 256
    /TileHeight 256
    /Quality 30
  >>
  /JPEG2000GrayImageDict <<
    /TileWidth 256
    /TileHeight 256
    /Quality 30
  >>
  /AntiAliasMonoImages false
  /CropMonoImages true
  /MonoImageMinResolution 1200
  /MonoImageMinResolutionPolicy /OK
  /DownsampleMonoImages true
  /MonoImageDownsampleType /Bicubic
  /MonoImageResolution 1200
  /MonoImageDepth -1
  /MonoImageDownsampleThreshold 1.50000
  /EncodeMonoImages true
  /MonoImageFilter /CCITTFaxEncode
  /MonoImageDict <<
    /K -1
  >>
  /AllowPSXObjects false
  /CheckCompliance [
    /None
  ]
  /PDFX1aCheck false
  /PDFX3Check false
  /PDFXCompliantPDFOnly false
  /PDFXNoTrimBoxError true
  /PDFXTrimBoxToMediaBoxOffset [
    0.00000
    0.00000
    0.00000
    0.00000
  ]
  /PDFXSetBleedBoxToMediaBox true
  /PDFXBleedBoxToTrimBoxOffset [
    0.00000
    0.00000
    0.00000
    0.00000
  ]
  /PDFXOutputIntentProfile ()
  /PDFXOutputConditionIdentifier ()
  /PDFXOutputCondition ()
  /PDFXRegistryName ()
  /PDFXTrapped /False

  /Description <<
    /CHS <FEFF4f7f75288fd94e9b8bbe5b9a521b5efa7684002000500044004600206587686353ef901a8fc7684c976262535370673a548c002000700072006f006f00660065007200208fdb884c9ad88d2891cf62535370300260a853ef4ee54f7f75280020004100630072006f0062006100740020548c002000410064006f00620065002000520065006100640065007200200035002e003000204ee553ca66f49ad87248672c676562535f00521b5efa768400200050004400460020658768633002>
    /CHT <FEFF4f7f752890194e9b8a2d7f6e5efa7acb7684002000410064006f006200650020005000440046002065874ef653ef5728684c9762537088686a5f548c002000700072006f006f00660065007200204e0a73725f979ad854c18cea7684521753706548679c300260a853ef4ee54f7f75280020004100630072006f0062006100740020548c002000410064006f00620065002000520065006100640065007200200035002e003000204ee553ca66f49ad87248672c4f86958b555f5df25efa7acb76840020005000440046002065874ef63002>
    /DAN <>
    /DEU <>
    /ESP <>
    /FRA <>
    /ITA <>
    /JPN <>
    /KOR <FEFFc7740020c124c815c7440020c0acc6a9d558c5ec0020b370c2a4d06cd0d10020d504b9b0d1300020bc0f0020ad50c815ae30c5d0c11c0020ace0d488c9c8b85c0020c778c1c4d560002000410064006f0062006500200050004400460020bb38c11cb97c0020c791c131d569b2c8b2e4002e0020c774b807ac8c0020c791c131b41c00200050004400460020bb38c11cb2940020004100630072006f0062006100740020bc0f002000410064006f00620065002000520065006100640065007200200035002e00300020c774c0c1c5d0c11c0020c5f40020c2180020c788c2b5b2c8b2e4002e>
    /NLD (Gebruik deze instellingen om Adobe PDF-documenten te maken voor kwaliteitsafdrukken op desktopprinters en proofers. De gemaakte PDF-documenten kunnen worden geopend met Acrobat en Adobe Reader 5.0 en hoger.)
    /NOR <>
    /PTB <>
    /SUO <>
    /SVE <>
    /ENU (Use these settings to create Adobe PDF documents for quality printing on desktop printers and proofers.  Created PDF documents can be opened with Acrobat and Adobe Reader 5.0 and later.)
  >>
  /Namespace [
    (Adobe)
    (Common)
    (1.0)
  ]
  /OtherNamespaces [
    <<
      /AsReaderSpreads false
      /CropImagesToFrames true
      /ErrorControl /WarnAndContinue
      /FlattenerIgnoreSpreadOverrides false
      /IncludeGuidesGrids false
      /IncludeNonPrinting false
      /IncludeSlug false
      /Namespace [
        (Adobe)
        (InDesign)
        (4.0)
      ]
      /OmitPlacedBitmaps false
      /OmitPlacedEPS false
      /OmitPlacedPDF false
      /SimulateOverprint /Legacy
    >>
    <<
      /AddBleedMarks false
      /AddColorBars false
      /AddCropMarks false
      /AddPageInfo false
      /AddRegMarks false
      /ConvertColors /NoConversion
      /DestinationProfileName ()
      /DestinationProfileSelector /NA
      /Downsample16BitImages true
      /FlattenerPreset <<
        /PresetSelector /MediumResolution
      >>
      /FormElements false
      /GenerateStructure true
      /IncludeBookmarks false
      /IncludeHyperlinks false
      /IncludeInteractive false
      /IncludeLayers false
      /IncludeProfiles true
      /MultimediaHandling /UseObjectSettings
      /Namespace [
        (Adobe)
        (CreativeSuite)
        (2.0)
      ]
      /PDFXOutputIntentProfileSelector /NA
      /PreserveEditing true
      /UntaggedCMYKHandling /LeaveUntagged
      /UntaggedRGBHandling /LeaveUntagged
      /UseDocumentBleed false
    >>
  ]
>> setdistillerparams
<<
  /HWResolution [2400 2400]
  /PageSize [612.000 792.000]
>> setpagedevice


