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Analysis of Viscoelastic Wall Properties in Ovine
Arteries

D. Valdez-Jasso, M.A. Haider, H.T. Banks, D. Bia, Y. Zocalo, R.L. Armentano, and M.S. Olufsen

Abstract�In this study we analyzed how elastic and
viscoelastic properties differ across 7 locations along the
large arteries in 11 sheep. We employed a 2 parameter
elastic model and a 4 parameter Kelvin viscoelastic model
to analyze experimental measurements of vessel diameter
and blood pressure obtained in-vitro at conditions mim-
icking the in-vivo dynamics. Elastic and viscoelastic wall-
properties were assessed via solutions to the associated
inverse problem. We used sensitivity analysis to rank the
model parameters from the most to the least sensitive,
as well as to compute standard errors and con�dence
intervals. Results revealed that elastic properties in both
models (including Young’s modulus and the viscoelastic
relaxation parameters) varied across locations (smaller
arteries were stiffer than larger arteries). We also showed
that for all locations, the inclusion of viscoelastic behavior
is important to capture pressure-area dynamics.

I. INTRODUCTION

The mechanics of the arterial wall are complex due
to its material structure and load conditions, which
in�uence the hemodynamic properties as well as growth,
local and global remodeling [1]. Local remodeling is
often the result of disease, while global remodeling can
be found even within healthy subjects. In particular, it is
well known that the composition of collagen, smooth
muscle, and elastin vary along the vessels [2]. Large
arteries exhibit both elastic and viscoelastic mechanics
making them well suited to dampen some of the pulsatile
response. Smaller arteries are stiffer, but contain more
collagen and smooth muscle �bers allowing them to
constrict or dilate to regulate blood �ow [3]. Hence,
an adequate biomechanical characterization of the large
arteries requires quanti�cation of both elastic and vis-
coelastic properties.
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Most previous studies focus on quantifying elastic
properties. For example, Storkholm et al. [4] analyzed
elastic wall properties of the abdominal porcine aorta in-
vitro and in-vivo by imposing step changes in pressure.
In a later study, Zhao et al. [5] analyzed regional differ-
ences of elastic properties under static conditions using a
nonlinear model, and Kassab [6] has written an extensive
review discussing the importance of linear and nonlinear
elastic wall properties. Another study quanti�es elas-
tic properties using systolic and diastolic pressure and
diameter values [7], [8]. Some studies [9], [10] have
quanti�ed viscoelastic properties using uniaxial stress
tests in strips. However, these studies did not account
for dynamic loading and unloading when vessels are
subjected to physiological �ow conditions.

Improved knowledge of the mechanical properties of
the vessel wall has potential for the development of
better �uid dynamics models. At present, most �uid
mechanics models (e.g., [11], [12], [13], [14], [15]),
either assume that arteries are rigid or exhibit a purely
elastic response. While more recent studies, e.g., [16],
[17], have examined viscoelastic properties, they have
not incorporated variations in wall properties at different
locations in the network.

The goal of this study was to compare a purely elastic
model to the Kelvin viscoelastic model to quantitatively
assess the bene�ts of the Kelvin model in the context
of predicting dynamics of arterial cross-sectional areas
given measurements of arterial blood pressure obtained
in-vitro under conditions mimicking in-vivo dynamics.
In particular, we studied how elastic and viscoelastic
properties varied across the large arteries. In addition, we
showed how to estimate the zero-pressure arterial radius,
an important parameter for adequately quantifying the
arterial biomechanical properties.

II. METHODS

A. Experimental methods

1) Surgical preparation and segments’ acquisition:
Eleven healthy male Merino sheep (18-24 months old,
with a mean weight of 32 kg and a range of 25-35
kg) were included in this study. All protocols were
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Fig. 1. The 7 arterial segments studied include: AsA: ascending
aorta; PA and DA: descending proximal and distal thoracic aorta; AA:
distal abdominal aorta; FA: left femoral artery; BT: brachiocephalic
trunk; CA: right carotid artery.

approved by the Research and Development Council of
the Universidad de la Republica, and were conducted
in accordance with the Guide for the Care and use
of Laboratory Animals [18]. The last 30 days before
surgery the sheep were appropriately fed, and assessed
for optimal clinical status. General anesthesia was in-
duced by intravenous administration of pentobarbital
(35 mg/kg). Alveolar ventilation was maintained with a
respirator (Draeger SIMV Polyred 201, Madrid, Spain).
Respiratory rate, tidal volume, and the inspired oxygen
fraction were adjusted to maintain arterial pCO2 at 35-45
mmHg, pH at 7.35-7.4, and pO2 above 80 mmHg.

For each sheep, seven arteries were selected to eval-
uate their biomechanical properties: the right carotid
artery, the brachiocephalic trunk, the ascending aorta,
the proximal descending thoracic aorta (segment located
immediately below aortic arch), the distal descending
thoracic aorta (segment located immediately above the
diaphragm), the distal abdominal aorta (last segment
before the iliac bifurcation), and the left femoral artery,
see Fig. 1. Arteries were exposed and dissected from
the surrounding tissue. A 6 cm length segment of each
artery was measured in situ and marked with two suture
references in the adventitia. Two miniature piezoelectric
crystal transducers (5 MHz, 2 mm in diameter) were
sutured in the adventitia on opposite sites of each vessel.
The transit time of the ultrasonic signal (1580 m/s)
between the crystals was converted into distance (arterial
external diameter) by means of a sonomicrometer (1000
Hz frequency response, Triton Technology Inc. San
Diego, CA, USA). Optimal positioning of the dimen-
sional gauges was assessed by an oscilloscope (model
465B, Tektronix, Richardson, Texas, USA). This tech-
nique has been used in previous studies both by members
of our group and by others, see e.g. [19], [20], [21].
Once vessel segments were marked, the animals were
sacri�ced with an intravenous overdose of pentobarbital
followed by potassium chloride, and the vessel segments
were excised. As in previous studies by members of
our group the �no-touch� technique was employed to

excise and to mount (in a mock circulation) the arterial
segments, see e.g., [19], [22]. The advantage of the no-
touch technique is that it limits rupture of the adventitia
and endothelium. It has been shown that rupture of these
layers alter the arterial wall biomechanics [22], [23].
Upon completion of excision, the correct position of the
ultrasonic crystals (strength and adequacy of the suture)
was con�rmed by visual inspection.

In summary, six steps were performed before the in-
vitro biomechanical tests: 1) animals were anesthetized;
2) for each animal, 7 arterial segments were exposed
and dissected for the surrounding tissue; 3) each arterial
segment was marked with two suture references in the
adventitia; 4) a pair of ultrasonic crystals was sutured
into the adventitia to measure the external diameter, and
5) the animals were sacri�ced; 6) segments were excised.

2) In-vitro studies: The segments were non-
traumatically mounted (at in-vivo length, see Table I) in
the organ chamber of the mock circulation; immersed
and perfused with a thermally regulated (37oC) and
oxygenated Tyrode’s solution with pH equal 7.4, see
Fig. 2. The mock circulation consisted of polyethylene
tubing powered by a pneumatic pump (Jarvik Model
5, Kolff Medical Inc., Salt Lake City, Utah, USA).
The pneumatic device was regulated by an air supply
machine that allowed adjustments of hemodynamic
parameter values and waveforms. The external
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Fig. 2. Mock circulation including a pneumatic pump (PP), a
perfusion line with a chamber, a resistance modulator (R), a reservoir,
and a organ chamber (A) with thermally controlled Tyrode solution.
The pressure signal (P) is obtained using a solid transducer, and
diameter (D) signals are obtained using a pair of ultrasonic crystals
and a sonomicrometer. All signals are monitored on an oscilloscope
and stored in a personal computer (PC).

arterial diameter was measured using sonomicrometry,
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