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Abstract  This work describes the biophysical 

basis of blood vessels' wall dynamics and reports a 

methodology developed in our laboratory to charac-

terize mechanical vessels´ wall properties and those 

of vascular prostheses.  

Our study includes in vitro measurements of arter-

ies, veins and ePTFE conduits placed in a circulating 

loop. Segments are allowed to equilibrate for a pe-

riod of 15 minutes under a steady state of flow (150 

ml/min) and a mean pressure of 93 mmHg, at a 

stretching rate of 110 beats/min. 

Data analysis consisted in obtaining pressure-

diameter loop in order to calculate: Incremental 

elastic modulus, wall viscosity, Peterson modulus, 

pulse wave velocity, characteristic impedance, stiff-

ness index, cross sectional compliance and distensi-

bility. 

Incremental elastic modulus of ePTFE (48.56 0.82

107dyn/cm2) was significantly higher than that of the 

veins (26.19 19.90 107dyn/cm2) and that of the arter-

ies (4.06 2.55 107dyn/cm2).

This is an important approach, since mechanical 

wall dynamics plays a major role in vascular disease.  

Keywords  arterial wall, circulating loop, viscos-

ity, elasticity. 

I. INTRODUCTION 

The main function of the systemic circulation is to hold 
a constant blood flow through the capillary vessels. One 
of the determinants of left ventricular performance is the 
mechanical behavior of systemic arteries. In those ves-
sels with large diameters, the mechanical properties are 
mainly set by the viscoelastic individual contribution of 
each structural constituent (Armentano et al., 1995a). 

It has been reported that arterial diseases, such as hu-
man hypertension and atherosclerosis, are associated 
with modifications of physical properties of large arter-
ies (Armentano et al., 1998). Besides, biological or syn-
thetic tubular segments used as vascular prostheses are 
characterized by a high elastic modulus and cause modi-
fications in the arterial wall-blood dynamics. In fact, 
viscoelastic properties of saphenous vein or expanded 

polytetrafluoroethylene (ePTFE) conduits usually used 
for coronary and peripheral vascular bypass grafting, 
differ from the native artery resulting in a mechanic 
mismatch that determines the development of intimal 
hyperplasia (Armentano et al., 2004). 

The aim of this work is to describe the biophysical ba-
sis of blood vessels' wall dynamics and to report the 
methodology developed in our laboratory to character-
ize mechanical vessels' wall properties and those of vas-
cular prostheses. Experimental results will also be pro-
vided.  

II. STRUCTURAL INTEGRATION OF THE 

ARTERIAL WALL 

The wall of the arteries consists of a tunica intima, tu-
nica media and tunica adventitia. The intima is the in-
nermost layer and is composed of a single layer of 
squamous endothelial cells, a thin basal lamina and a 
subendothelial layer composed by collagen, smooth 
muscle cells and fibroblasts (Clark and Glagov, 1985).  

The tunica media is composed of smooth muscle cells, 
elastic sheets and collagenous fibrils. In the human be-
ing the number of elastic lamellae is related to the anat-
omic location of the artery; muscular arteries have only 
one internal and external elastic lamina while in the 
aorta there are about 60-90 elastic laminae. Their num-
ber decreases gradually toward the periphery of the arte-
rial segment (Wolinsky and Glagov, 1967).  

Figure 1 shows that, arterial elastic lamellae and 
smooth muscle cells are wrapped by a network of colla-
genous fibrils. An elastic lamina is concentrically ar-
ranged such that collagen bundles are better recognized 
though electron micrograph. Most of the collagen fasci-
cles are oriented circumferentially but some are oriented 
obliquely and others longitudinally (Clark and Glagov, 
1985). This lamellar unit of arterial medial structure 
contributes to the mechanical properties of the arterial 
wall.

The tunica adventitia is the outermost layer of the arte-
rial wall and consists of dense fibroelastic tissue, vasa 
vasorum and nerves. This tunica is very important be-
cause the vasa vasorum supplies most of tunica media 
and adventitia with nutrients. The external elastic lam-
ina is the limit between the tunica media and adventitia 
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layer (Wolinsky and Glagov, 1969).  

Figure 1. Schematic representation of the medial layer of the 
arterial wall. In arteries with only one elastic lamina, the latter 
serves as the border of the intima layer (in contact with the 
blood flow). The elastic lamina and smooth muscle cells are 
held together by a network of collagenous fibrils.  

III. ARTERIAL WALL MECHANICAL 

BEHAVIOR

Arterial wall dynamic properties depend on the me-
chanical role exerted by passive components (elastin 
and collagen fibers) and active components (vascular 
smooth muscle cells). These components determine the 
elastic, viscous and inertial properties of the vessel, be-
ing the inertial component negligible (Armentano et al.,
1995b; Wolinsky, 1970).  

Mechanical properties of the arterial wall can be quan-
titatively analyzed using instantaneous pressure-
diameter recordings, both in experimental preparations 
and in clinical non-invasive studies, as previously re-
ported (Armentano et al., 1995a; Armentano et al., 
1998; Bia et al., 2003; Bia et al., 2004; Cabrera Fischer 
et al., 2002). To the best of our knowledge, arterial 
pressure-diameter or stress-strain instantaneous loops 
determination is the most appropriate technique to as-
sess the dynamic behavior of arterial wall constituents 
(Cabrera Fischer et al., 1991; Armentano et al., 1995a, 
b).  

The most important mechanical property of the artery 
wall is its non-linear elasticity. Such vascular elasticity 
is a key determinant of blood flow dynamics in any cir-
culatory system. Elastin and collagen fibers contribute 
individually to the whole arterial elasticity. And the 
elastic modulus of the arterial wall is composed of the 
elastic modulus of elastin fibers, the elastic modulus of 
collagen fibers and the recruitment of collagen fibers 
supporting the wall stress (Barra et al., 1993). 

Viscosity is the force required to overcome a lack of 
slipperiness and it has been called "internal friction" 
(Folkow and Neil, 1971). All components of the arterial 
wall may contribute to its viscosity, but the smooth 
muscle is the only to be able to respond to a physiologi-
cal stimulus. An increased arterial wall viscosity has 
already been reported in vessels corresponding to both 
hypertensive animals and patients (Dobrin, 1978; Barra 
et al., 1997; Armentano et al., 1998). Therefore, charac-
terization of the viscous behavior of the arterial wall 

could widen the knowledge of pathological factors that 
determine the genesis of atherosclerotic plaques. The 
clinical implication of the non-invasive measurements 
of arterial wall viscosity could be highly relevant to 
identify high risk populations. 

Several models have been used in order to character-
ize the viscoelastic properties of the arterial wall (Barra 
et al., 1993; Bia et al., 2004; Armentano et al., 1995a). 
An important determinant of arterial wall mechanical 
behavior is its viscosity which involves smooth muscle 
activity (Bia et al., 2004). An understanding definition 
of arterial wall viscosity is that which considers it as the 
lag of pulsatile diameter change behind applied pressure 
(O'Rourke, 1982). Therefore, it can be represented as 
the hysteresis loop when pressure and diameter are plot-
ted against each other (O'Rourke, 1982; Armentano et

al., 1998; Weterer et al., 1978; Bauer et al., 1979; Ar-
mentano et al., 1995a). See Fig. 2. 

Einc

Figure 2. Viscous ( ) and elastic (Einc) properties of the arte-
rial wall are considered in this model (Kelvin-Voigt model). 
Low mass of arteries, veins and vascular prostheses determine 
a negligible value of inertial modulus. 

Arterial wall viscosity has been reported to play a ma-
jor role in regulating the mechanical behavior of muscu-
lar arteries both in animal preparations and humans 
(Gow and Taylor, 1968; Imura et al., 1990). The major 
effect of arterial wall viscosity on arterial mechanical 
properties is the alteration of the arterial pulse wave. We 
are concerned with the way in which it has been de-
scribed in literature: as an attenuation similar to that 
caused by blood within the vessel, or as a dampening 
higher to that due to the viscosity of the blood alone 
(Nichols and O’Rourke, 1998), or as an element with a 
minor role in the vessel wall mechanics (Giezeman et

al., 1994).  

As we have pointed out above, the location of viscous 
elements in the arterial wall is largely represented by the 
smooth muscle component (Bergel and Schultz, 1971; 
O'Rourke, 1982), which can modify, depending on the 
state of the wall muscle, arterial properties. This is pos-
sible because the smooth muscle is strong enough to 
alter the properties of the vessel wall (Nichols and 
O’Rourke, 1998; Bergel and Schultz, 1971; Barra et al.,
1993). In 1902, Bayliss had already proposed that con-
traction was the reaction of arterial wall smooth muscle 
to stretching (Bayliss, 1902).  

Another important characteristic of smooth muscle is 
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that its tone depends on blood viscosity, blood flow and 
hematocrit values (Melkumyants et al., 1989; Pohl et

al., 1986).  
Arterial wall mechanical properties are modulated by 

neural, myogenic, humoral and local factors. One of the 
regulators that comes into play is the endothelium, 
which happens to be involved, together with the smooth 
muscle, in the functioning of the arterial wall (Schret-
zenmayr, 1933; Furchgott and Zawadzki, 1980; Pohl et 
al., 1986).  

The physiological role of the endothelial lining may 
improve the efficiency of the ventricular-arterial cou-
pling energy balance by maintaining the degree of arte-
rial wall viscosity (Boutouyrie et al., 1997). The dilator 
response of conduit arteries to an augmentation of blood 
flow was observed more than 70 years ago, and flow-
dependant dilation has been suggested as the principal 
response in a variety of physiological vascular adapta-
tions, such as collateralization and long-term diameter 
adaptation to increased flow loads (Schretzenmayr, 
1933; Furchgott and Zawadzki, 1980). Therefore, large 
arteries accommodate changes in blood flow by increas-
ing their internal diameter. Such a flow-dependent dila-
tation represents a fundamental mechanism that opposes 
neurogenic and myogenic vasoconstriction.  

The model mentioned above allows evaluation of arte-
rial wall properties from a dynamic perspective that 
involves a more complete analysis of physiological 
and/or pharmacological influences than just a bunch of 
static indexes. 

IV. CIRCULATING LOOP 

In the following lines we will describe an apparatus that 
allows to perform experimental in vitro sessions with 
conduits submitted to physiological ranges of pressure, 
diameter, stretching rate and blood hematocrit values. 
See Fig. 3.  

The circulating loop, designed to measure arterial, ve-
nous and vascular prostheses' diameter and pressure 
signals, consists of a pneumatic pump coupled to a per-
fusion line made of polyethylene and silicon. An organ 
chamber, a resistant modulator and a reservoir are inter-
posed in between the perfusion line in the order written. 

The pneumatic device (Jarvik model 5, Kolff Medical; 
Salt Lake City, UT) is composed of an input valve, an 
output valve and two chambers separated by a mobile 
diaphragm. It is driven by a Utah heart driver, which 
provides the desired heart rate, pressure values, and 
length of the systolic and diastolic period for each cycle. 
When the electrically powered generator propels air out 
of the pneumatic pump, the input valve opens and the 
output valve closes, thereby allowing the inflow of 
blood. Depending on the heart rate chosen, the corre-
sponding time will elapse until the Utah driver infuses 
air into the pneumatic pump. This, in turn, closes the 
input valve and opens the output valve, allowing the 
passage of blood into the perfusion line, where the resis-
tant modulator allows fine adjustments before the fluid 
reaches the reservoir. Next to the pneumatic pump, is 

the organ chamber, which contains Tyrode's solution 
kept at 37ºC with a pH of 7.4 bubbled with 100% oxy-
gen. Therefore, the conduit under study remains im-
mersed in the Tyrode's solution (Cabrera Fischer et al.,
2002). 

Figure 3. Circulating loop showing a pneumatic pump (P) and 
a perfusion line with an organ chamber, a resistance modulator 
(R) and a reservoir. Tyrode's solution is oxygenated through 
bubbles (B) and thermally controlled (TC). Pressure (Pk) and 
Diameter (D) are obtained using a solid transducer and ultra-
sonic crystals. Both signals are stored in a personal computer 
(PC).

When a biological specimen is analyzed (vein or ar-
tery), an in vivo measurement of its length is performed 
(generally 5 to 7 cm) and two suture references are 
placed in the adventitia tissue of the vessel. Afterwards, 
the specimen is mounted in the organ chamber preserv-
ing the same in vivo measured length. 

Inside the organ chamber a Konigsberg P7 or P2.5 mi-
crotransducer (1200 Hz frequency response) is posi-
tioned in the conduit to measure intraluminal pressure. 
This transducer is previously calibrated with a mercury 
manometer.  

To measure diameter of the conduit under study and 
its changes, a pair of ultrasonic crystals (5 MHz, 2 mm 
diameter) are employed. Both are attached to the con-
duit and connected to a Sonomicrometer (Triton Tech-
nology Inc. 100 Hz frequency response). The Sonomi-
crometer converts the transit time of the ultrasonic sig-
nal of 1580 m/s into distance. This is observed on the 
screen of an oscilloscope (Tektronix 465B) to confirm 
optimal signal quality.  

The flow in the perfusion line is monitored with an ul-
trasonic flowmeter developed for animal use (Model 
T206, Transonic Systems Inc., 16A/20A Probes, Ithaca, 
New York, USA).  

A similar instrumentational procedure is carried out to 
be able to measure ePTFE hemodynamic parameters. 

This circulating loop also allows to perform changes 
in blood viscosity. The reservoir is used to provide dif-
ferent levels of hematocrit values within a wide range. 
The animal blood is centrifuged and the desired red 
blood concentrate is added to the plasma contained in 
the reservoir. Viscosity of ovine blood samples (2 ml), 
anticoagulated with EDTA (1.5 mg/ml), is measured by 
using a rotational viscometer (LVDT-II + Digital Vis-
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cometer, Brookfield, Stoughton, MA) at a shear-rate 
range of 0.6-200 s-1. Blood viscosity is sampled with the 
viscometer at a rate of 2 s and those values with a coef-
ficient (defined as the ratio of standard deviation and 
mean values, expressed as a percentage) of variation 
>2% are discarded. It is possible to produce different 
levels of blood hematocrit, aggregation and disaggrega-
tion to change blood viscosity. 

The circulating loop also allows to perform measure-
ments on de-endothelized arteries, obtained by repeated 
gentle rubbing with a partially inflated 7-Fr Fogarty 
embolectomy catheter, which is infused with 2cm of 
saline solution. The pressure in the catheter rises to 125-
130 mmHg; the mean arterial systolic pressure level 
observed in in vivo condition. To assure the integrity of 
the arterial wall structure, it is necessary to stay alert for 
changes in maximum balloon diameter because this 
value has to be lower than that of the in vivo systolic 
external diameter to preserve the wall structure. 

In a typical experiment, pressure and diameter signals 
are displayed on a PC monitor and digitized using a 
specific program manufactured in our laboratory. See 
Fig. 4.

Finally, as already explained, the circulating loop can 
change its frequency, also called stretching rate. This is 
very useful to simulate not only normal physiological 
values but also pathological ones. The same happens 
with flow rates, which can vary depending on the physi-

ology of the subject or animal under study (Cabrera 
Fischer et al., 2002). 

That is to say, that each specimen is submitted to the 
same hemodynamic parameters allowing an isobaric 
study, if required. See Fig. 4.

V. DATA ANALYSIS 

As was described above, pressure and diameter signals 
are digitized using a specific program manufactured in 
our laboratory. These samples are recorded and stored 
for later analysis. The following parameters are calcu-
lated using a Borland C++ Software.  

The value of vessel wall thickness is quantified as the 
difference between external radius (re) obtained through 
ultrasonic measurements and the internal radius (ri) cal-
culated as: 

L

V
rr ei ,  (1) 

where V is the volume and L the length of a given ves-
sel segment. The V is calculated by weighing each seg-
ment and assuming a tissue density of 1.066 g/ml (Ar-
mentano et al., 1995a). 

Dynamic changes in diameter of vessels and vascular 
prostheses are better characterized by the strain ( ) and 
calculated as: 

oR/R , (2) 

where Ro is the nonstressed midwall radius and R is the 

Figure 4. In vitro pressure-diameter signals obtained in an ovine femoral artery (A) and a jugular vein (B) are shown in the left 
side. Intraluminal pressure is measured in mmHg (left measurement units) and outer diameter in mm (right measurement units). 
Both signals are plotted obtaining a pressure-diameter loop (right side). 
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midwall radius obtained as: 

2/)rr(R ie , (3) 

where re, which is obtained by ultrasonic measurements, 
and ri are the external and internal radius, respectively. 

Prostheses, veins and arteries are continuously submit-
ted to an internal blood pressure that determines differ-
ent levels of wall stress ( ) (Armentano et al., 1995a; 
Barra et al., 1993). The circumferential stress is calcu-
lated as: 

22
i

2
e

2
ie

R

1

rr

)rr(P2
, (4) 

where P is the internal pressure. 
We developed a method to study vascular wall vis-

coelasticity using pressure-diameter loops or stress-
strain loops (Armentano et al., 1995a, b; Barra et al.,
1993; Cabrera Fischer et al., 1991). To obtain values of 
elasticity and viscosity we must take into account the 
following equation: 

dt

d
E inc , (5) 

where Einc is the incremental elastic modulus,  is the 
viscous modulus and d /dt is the first derivative of the 
strain with respect to time. In this formula (Kelvin-
Voigt model) the inertial component has been neglected 
due to the relatively low wall mass of vessels and vascu-
lar prostheses (Milnor, 1982; Dobrin and Canfield, 
1973; Bauer et al., 1979). See Fig. 2.  

The equation presented above (Eq. 5) is a first order 
linear non-homogeneous equation, which can be trans-
formed to the frequency domain. In fact, Hardung 
(1952) was the first to describe the viscoelasticity of 
blood vessels by a complex expression: 

jE´E inc , (6)  

where E’ is the complex viscoelastic modulus, its real 
part (Einc) is redefined as the storage modulus and its 
imaginary part, the loss modulus ( ), composed by 
the angular frequency ( ) and ( ). (Bergel, 1961; Mil-
nor, 1982; Hardung, 1952). The quotient between 
imaginary and real part is related to the ratio between 
energy dissipation (viscous) and energy stored (elastic).  

The method carried out to obtain the real part of E’ 
(Einc) consists in progressively decreasing the hysteresis 
loop until it vanishes. It is called the criterion of disap-
pearance of the hysteresis and is useful because Einc is 
purely elastic, i.e., no hysteresis is involved in its value 
(Armentano et al., 1995b). See Fig. 5. 

The value of the imaginary part of E’ is increased by 
iteration until the minimal hysteresis area that preserves 
the clockwise direction of the pressure-diameter graph 
is achieved (Armentano et al., 1998). This value will be 
the optimal for .

The incremental elastic modulus (Einc) is a useful 
tool to quantify the elastic behavior of arteries, veins or 
vascular prostheses (like ePTFE). To calculate the Einc,
an analysis of the pressure-diameter loops is mandatory 
and its formulae can be expressed as: 

h

R

dR

dP
75.0E

2

inc , (7) 

where dP/dR is the derivative of the pressure-radius 
loop and h is the wall thickness (Wesly et al., 1975). 
Einc was always calculated from dP/dR at 93 mmHg 
pressure (isobaric analysis). See Fig. 5. 

Both  and Einc are expressions of the arterial buffer-
ing behavior. Consequently, it is convenient to include 
other indexes related to the other main component of the 
arterial function, which is to serve as a conduit. 

The pulse wave velocity is theoretically calculated 
through the Moens-Korteweg equation. 

ti

minc

r2

hE
PWV , (8) 

where Einc is the incremental elastic modulus, ri is the 
internal radius, t is the density of the wall’s tissue ( t =
1.06g/cm3) and hm is the medium parietal width, calcu-
lated as the difference between the ri (internal radio) and 
re (external radio) mean values measured along a com-
plete arterial loop cycle. 

The characteristic impedance (ZC) is a useful pa-
rameter to evaluate the local arterial conductivity. It is 
quantified with the Water-Hammer equation: 

CSA

PWV
Zc s , (9) 

where CSA is the cross sectional area (assuming a cy-
lindrical vascular geometry, CSA= ri

2, being ri is the 
internal radius) and s is the blood density ( =1.06
g/ml). 

The Peterson modulus is a tool for measuring the 
stiffness of the conduit. It is calculated according to the 
following equation: 

DDSD

)DPSP(
DDE P

, (10) 

where SP and DP are the systolic and diastolic pres-

Figure 5. Femoral Pressure-Diameter relationship (thin line) 
involves the elastic, viscous and inertial properties conforming 
a hysteresis loop. Considering that the inertial modulus is 
equal to zero, the viscous modulus value was increased
thereby reducing the hysteresis area to a minimum while 
maintaining the clockwise course of the loop (thick line). Note 
that the remaining area corresponds to the onset of the loop. 
The purely elastic pressure-diameter (thick line) is coincident
with the pressure-diameter diastolic phase. The Einc was de-
rived from the first derivative of P respect to D (see text). 
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sures, respectively, and SD and DD are the systolic and 
diastolic vascular diameter respectively (Peterson et al.,
1960). The Peterson Modulus is a useful tool used as an 
index of arterial stiffness that can be non-invasively 
obtained in humans. 

The Beta stiffness index ( ) is another parameter that 
quantifies the rigidity of the parietal wall. It is calcu-
lated as (Nichols and O´Rourke, 1998):

DD/DDSD

DP/SP
ln , (11) 

where ln is the natural logarithm, SP and DP are systolic 
and diastolic blood pressures and SD and DD are sys-
tolic and diastolic diameters, respectively. 

The cross sectional compliance (CCS) represents the 
compliance per area instead of per volume. It is calcu-
lated as:

DPSP

)CSACSA(
C DS

CS , (12) 

where CSAS and CSAD are the systolic and diastolic 
cross sectional area of the tubular conduit, respectively. 
SP and DP are the systolic and diastolic pressure, re-
spectively.

The cross sectional distensibility evaluates the dis-
tensibility per area of tubular conduit. It is calculated as: 

DPSP

CSA
)CSACSA(

D D

DS

CS
 (13) 

where CSAS and CSAD are the systolic and diastolic 
vascular cross sectional area, respectively. SP and DP 
are the systolic and diastolic pressure, respectively.  

VI. RESULTS 

Once the artery, vein or ePTFE is placed in the speci-
men chamber, the segment is allowed to equilibrate for 
a period of 15 minutes under a steady state of flow (150 
ml/min) and a mean pressure of 93 mmHg, at a stretch-
ing rate of 110 beats/min. 

In Table 1 we reproduced the hemodynamic values 
measured in ovine femoral arteries, jugular veins and 
ePTFE conduits.  

As can be seen in Table 1, values obtained of pump-
ing rate, and systolic, diastolic and pulse pressure 
showed non-significative differences among arteries, 
veins and ePTFE conduits (P>0.05).

In Table 2 we reproduced the values calculated from 
measurements in ovine femoral arteries, jugular veins 
and ePTFE conduits. As can be seen, calculated indexes 
for ePTFE conduits always showed statistically signifi-
cative differences with respect to arteries and veins 
(P<0.05). All calculated indexes for veins, except for 
pulse wave velocity, showed significative differences 
with respect to arteries (P<0.05).

VII. FINAL REMARKS 

The circulating loop described above is a device that 
can provide in vitro physiologic waveforms of pressure 
and diameter signals of arteries, veins and tubular pros-
theses, like those of the ePTFE. For the device to be 
reliable, it has to measure arterial and venous pressure 
and diameter signals similar to those found in vivo. To 
achieve this goal, the device allows adjustments of heart 
rate, length of systolic and diastolic period for each cy-
cle, pressure values, peripheral resistance modulator, 
different line perfusion (material, diameter and length), 
and hematocrit level resulting in different levels of 
blood viscosity. Therefore, it will be mimicking or 
modeling in vivo situations. In vitro pressure values are 
regulated to match those obtained in vivo, and then the 
in vivo and in vitro diameter signals are compared, sup-
porting or not the reliability of the circulating loop. Ad-
justments of these variables allow to obtain systemic 
intravascular pressure and diameter signals similar to 
those observed in vivo. See Fig. 4. 

Vessels accommodate changes in blood volume by in-
creasing their diameter determining concomitant values 
of intraluminal pressures. This is also the behavior of 
vascular grafts, that is to say ePTFE and veins used as 
arterial prostheses. To characterize this visco-elastic 

TABLE 1: HEMODYNAMICS MEASUREMENTS. 

Arteries
(n=9) 

Veins  
(n=9) 

ePTFE
(n=6) 

SP 126.47±7.72 130.38±7.17 125.58±0.08 
DP 75.19±3.73 75.08±4.96 73.50±0.71 
PP 51.28±8.4 55.30±4.72 54.08±0.63 
SD 6.02±0.39 14.86±3.76a 6.02±0.00b

DD 5.90±0.40 14.69±3.73a 6.01±0.00b

PD 0.11±0.03 0.16±0.04a 0.02±0.00ab

PR 110.40±4.21 110.43±4.24 110.23±3.58 
All vessels are submitted to specific hemodynamic parameters similar 
to those observed in arteries. SP, DP and PP: systolic, diastolic, and 
pulse pressure (in mmHg), respectively. SD, DD, and PD: systolic, 
diastolic, and pulse diameter (in mm), respectively. PR: pumping rate 
(bpm). Values are mean±SD. P values determined by ANOVA + 
Bonferroni test. (a) with respect to artery: P<0.05. (b) with respect to 
vein: P<0.05.  

TABLE 2: MECHANICAL PARAMETERS 

Arteries 
(n=9) 

Veins  
(n=9) 

ePTFE
(n=6) 

Einc  4.06±2.55 26.19±19.90 a 48.56±0.82ab

7.72±3.03 40.40±23.34a 0.11±0.00ab

PWV 11.64±2.48 14.44±3.99 57.15±0.05ab

Zc 5.02±0.87 1.05±0.58a 27.43±0.25ab

EP 3.71±1.08 6.74±1.12 a 23.9±0.31ab

CCS 21.13±4.37 70.02±27.08 a 0.41±0.13ab

DCS 7.97±2.58 4.09±0.76a 0.14±0.05ab

-index 28.11±7.84 50.55±8.43a 234.04±2.48ab

Einc: incremental elastic modulus (107 dyn/cm2). : viscous modulus 
(105 dyn.s/cm2). EP: Pressure-strain elastic modulus (106 dyn/cm2).
PWV: Pulse Wave Velocity (m/s). CCS and DCS: cross-sectional 
compliance (10-5 cm2/mmHg) and distensibility (10-4 mmHg-1),
respectively. Zc: characteristic impedance (104 dyn.s/cm5). -index: 
stiffness beta-index. Values are mean±SD. P values determined by 
ANOVA + Bonferroni test. (a) respect to artery: P<0.05. (b) respect to 
vein: P<0.05.
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behavior implies the use of indexes in which it is very 
important to take into account their dimension depend-
ence or independence. 

Several models have been used in order to character-
ize the viscoelastic properties of the arterial wall. Our 
model is capable to reproduce the beating activity of the 
heart that has been involved in the smooth muscle tone 
mediated by several factors. On the contrary there is no 
flow in other models (Boutouyrie et al., 1997). 

The methodology described above has practical appli-
cations since it allows the in vitro dynamic characteriza-
tion of synthetic and biologic vascular prostheses. This 
is an important issue, since both veins and ePTFE con-
duits are used as vascular prostheses in humans, where 
the native arteries have a different viscoelastic property 
that result in intimal hyperplasia development. This un-
desired consequence of vascular prostheses was also 
observed in human stented carotid arteries (Armentano 
et al., 2004). 

In a previous work we proposed the characterization 
of wall buffering function by means of the wall time 
constant, obtained as the ratio /E when a Kelvin-Voigt 
model represents the vascular wall (Bia et al., 2004).
Accordingly, the P-D relationship could be established 
using the following formula: 
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where the /E ratio would characterize the exponential 
temporal response of diameter due to a pressure change. 
This ratio, the time constant of the Kelvin-Voigt model 
or “time retardation”, describes the temporal response of 
the arterial diameter following acute variations of pres-
sure (creep response or relative damping effect). An 
elevated value of /E is related with a slow response, 
suggesting an augmented buffering effect with an in-
creased attenuation of pressure oscillations. 

The vascular conduit function was evaluated by means 
of the local hemodynamic impedance. It was quantified 
in terms of the characteristic impedance (ZC). ZC is de-
fined as the impedance in the absence of reflected 
waves and correlates directly with the elastic properties 
and inversely with the cross-sectional area of the vascu-
lar bed according to the Water-Hammer formula (Nich-
ols and O’Rourke, 1998). An increased ZC will deter-
mine an augmented impedance against blood flow, re-
sulting in decreased capacity to conduct blood, without 
decrease in pressure. Therefore, by inverse reasoning, 
the conduit function could be computed as 1/ZC.

Recently, invasive techniques measuring instantane-
ous diameter signals (i.e., intravascular ultrasound) have 
been used to evaluate particular segments of the sys-
temic and pulmonary vasculature. Some of these tech-
niques even allow simultaneous determination of arte-
rial pressure (Nichols and O’Rourke, 1998). Several 
mechanical indexes can be calculated from diameter, 
pressure and/or diameter and pressure single systolic 
and diastolic values. These individual descriptors of the 
mechanical properties of the wall are conceptually re-

lated but not synonymous. Quantitative and qualitative 
changes in each of these parameters during passive or 
active states may depend on the geometric, intrinsic, 
and/or peripheral effects of VSM activation. 

Our in vitro results showed, by means of the Einc val-
ues, that under pulsatile isobaric systemic ranges of 
pressure, both vein and ePTFE were stiffer than that of 
the native femoral artery, and that the jugular vein was 
not as stiff as the ePTFE. This is coincident with those 
reported previously (Baird and Abbott, 1977). Similar 
behavior was also be noted by observing Ep and the 
others clinical indexes. 

The arterial and vein viscous modulus ( ), were al-
ways higher than that of the ePTFE. The viscous behav-
ior has been demonstrated to be related to vascular 
smooth muscle (Armentano et al., 1995a, Bia et al., 
2004). Accordingly, it is very important to point out that 
viscous component ( ) of ePTFE wall properties (an 
artificial conduit) is negligible. This original observa-
tion has clinical connotations since all conduits ana-
lyzed in this study are usually used as vascular prosthe-
ses. This is not a minor subject, since the increased elas-
ticity together with the lack of viscosity in the ePTFE 
might enhance the mechanical mismatch, between the 
graft and the native artery. In addition the /Einc ratios 
were similar for arteries and veins, but these values 
were always higher than that of the ePTFE. The similar 

/Einc observed in arteries and veins, could be related 
with the higher patency rates obtained when veins are 
used for arterial bypass.  

The characteristic impedance was higher in ePTFE 
graft, respect arteries and veins. The essential role of the 
vascular wall on conduit function can be clearly estab-
lished when comparing ePTFE and arteries. Notice that, 
in spite of a similar mean diameter, the higher wall 
stiffness found in ePTFE causes a decrease in the con-
duit function (higher ZC) with respect to arteries.  

We conclude that mechanical wall characteristics of 
arteries, veins and synthetic prostheses can be in vitro 
successfully evaluated through dynamic indexes that 
analyzed both, the elastic and viscous component of the 
conduit. This is an important approach, since allows a 
complete mechanical wall characterization under con-
trolled conditions of pressure, flow, frequency and tem-
perature. 
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