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Abstract
Human arteries affected by atherosclerosis are characterized by altered wall
viscoelastic properties. The possibility of noninvasively assessing arterial
viscoelasticity in vivo would significantly contribute to the early diagnosis
and prevention of this disease. This paper presents a noniterative technique
to estimate the viscoelastic parameters of a vascular wall Zener model.
The approach requires the simultaneous measurement of flow variations and
wall displacements, which can be provided by suitable ultrasound Doppler
instruments. Viscoelastic parameters are estimated by fitting the theoretical
constitutive equations to the experimental measurements using an ARMA
parameter approach. The accuracy and sensitivity of the proposed method
are tested using reference data generated by numerical simulations of arterial
pulsation in which the physiological conditions and the viscoelastic parameters
of the model can be suitably varied. The estimated values quantitatively agree
with the reference values, showing that the only parameter affected by changing
the physiological conditions is viscosity, whose relative error was about 27%
even when a poor signal-to-noise ratio is simulated. Finally, the feasibility of
the method is illustrated through three measurements made at different flow
regimes on a cylindrical vessel phantom, yielding a parameter mean estimation
error of 25%.

(Some figures in this article are in colour only in the electronic version)
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1. Introduction

Atherosclerosis is a disease which affects arterial blood vessels and is caused by inflammation
of the arterial membrane. In the early stages, it is characterized by a remodeling of the arteries,
inducing hardening and thickening of the arterial wall without narrowing of the lumen. Then
it typically evolves with the development of atheromatous plaque, which narrows the vessel
provoking the death of the tissues fed by the artery (Ramnarine et al 2003, Reneman et al
2005). The mechanical and biological causes leading to the progression of atherosclerotic
plaques are not completely understood, but it is believed that wall elasticity alterations emerge
not only in the pathological state, but also during early remodeling (Sipahi et al 2008, Tsamis
and Stergiopulos 2007, Humphrey 2008). In fact, remodeling is a dynamic process, leading
to changes in both the geometrical dimensions and material properties of an artery, and is
dependent on mechanical stress and strain. It is thus particularly affected by cardiovascular
pathologies altering mechanical loads such as hypertension (Tsamis and Stergiopulos 2007).

Although the relevance of viscoelasticity to early diagnosis and prevention of
atherosclerosis has not been established yet, Simon and Levenson (2001) and Armentano
et al (1998) have demonstrated that the influence of the elastic and viscous components of the
arterial walls should be independently considered when assessing the development of vascular
remodeling due to hypertension. They also showed that the elastic alteration (stiffening) was
related to local pathologies of the arterial system, whereas abnormal wall viscosity may reflect
a more general influence of hypertension on large-artery smooth muscle.

A detailed structural model of the viscoelastic behavior of arterial walls was introduced
by Holzapfel et al (2002). They proposed a generalized Maxwell model composed of several
parallel branches of spring and damper elements arranged in parallel. However, the vessel’s
viscoelastic arterial dynamics can also be accurately approximated using simplified models
(Kelvin-Voight, Windkessel, Zener (Bia et al 2005, Hoeks et al 1999, Marcus et al 1994,
Valdez-Jasso et al 2007, Burattini and Natalucci 1998)) composed of a reduced number
of elements (see Barnes et al (1989) for a complete description of all possible layouts).
Additionally, the relations between the mechanical components of a simplified viscoelastic
model (springs, dampers) and the relative contributions of biological arterial wall components
(wall elastine, muscular fibers) involved in vessel pulsation were identified (Bia et al 2005,
Fung 1993, Marcus et al 1994).

Ultrasonography (US) provides inexpensive and noninvasive methods to assess the flow
rate using the Doppler technique and arterial intima–media thickness (IMT) and arterial wall
dilation (Meinders and Hoeks 2004b) by B-mode imaging and Doppler. Complementary
techniques aimed at characterizing the wall’s response to flow changes may be used in the
assessment of vascular health or as a biomarker of vascular diseases (Anderson 2006).

In recent years, various US image-based methods have been developed to assess and
monitor the interaction between pulse pressure and diameter expansion. The simultaneous
measurement of diameter and pressure waveforms automatically estimates compliance,
distensibility and pulse wave velocity (PWV) related to the wall viscoelastic parameters
(Meinders and Hoeks 2004a, Zhang et al 2005, Hoeks et al 1999, Simon and Levenson 2001).
Accurate measurements of the time delay between two simultaneously recorded pressure or
distension waves are required. Promising results have been announced using ultrasound-
stimulated vibro-acoustography (Heikkila et al 2004).

More recently, noninvasive investigations of the mechanical properties of superficial
arteries like the carotid were conducted using elastography (Schmitt et al 2007, Ribbers et al
2007, Maurice et al 2008). Other authors (Shi et al 2008, Danilouchkine et al 2009) proposed
the use of high-resolution intravascular ultrasound (IVUS) imaging. Preliminary results in the
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plaque characterization were also obtained using acoustic radiation force imaging (Dahl et al
2009). Such methods only assess a strain map or provide an estimation of the linear elasticity
(Young’s modulus) without considering the viscosity of the materials. Additionally, IVUS
imaging is invasive and requires the use of expensive catheters to be performed.

Another approach consists of solving an inverse problem by estimating the vessel
parameters from an iterative comparison of the wall displacement measurements with the data
provided by a finite element model (Aglyamov et al 2004). The drawbacks of these methods
lie in the slow convergence (due to the computational complexity of each finite element
iteration) and non-uniqueness of the solution. Other authors (Bia et al 2005, Armentano
et al 1995, Valdez-Jasso et al 2007) used an approach to study the vascular wall behavior
based on Hardung’s (1952) viscoelastic model. The technique estimates the parameters with an
iterative procedure of hysteresis eliminations in the measurement of pressure-diameter loops.
From these techniques, other vascular indices such as PWV, compliance, distensibility and
the mechanical parameters of a two-element Maxwell model (Kelvin-Voight) were deduced.
The main limitation of this approach is that it cannot track instantaneous changes in the wall
properties and requires measurement over several cardiac cycles.

This paper presents a noniterative technique to estimate the viscoelastic parameters of a
three-element Maxwell vascular wall (Zener) model (Barnes et al 1989) from data collected
in real time by a new US Doppler system (Tortoli et al 2006) which continuously monitors
the vessel flow rate and wall displacement. Using the three-element Zener model allows us
to capture fundamental viscoelastic properties of the arterial wall by including both creep
and stress relaxation (Valdez-Jasso et al 2007), while a viscoelastic model composed of
only two elements would neglect one of the two phenomena. On the other hand, a more
sophisticated model would simply provide a more accurate approximation of them (Barnes
et al 1989). Indeed, a three-element model was considered by several authors as the most
suitable to represent the arterial dynamic response (Olufsen and Nadim 2004, Marcus et al
1994, Craiem et al 2005). Following the same principle used in the three-element Windkessel
model (Olufsen and Nadim 2004, Marcus et al 1994, Craiem et al 2005), the equivalence
between the differential equation relating stress and strain for a viscoelastic model and its
analog electrical system is suggested. The mechanical kinetics of the wall is thus described
in the frequency domain as a linear system in which the transfer function depends on three
viscoelastic mechanical parameters. An identification technique based on an autoregressive
moving average (ARMA) curve fitting approach (Box et al 1994) was used to simultaneously
estimate the optimal set for these parameters.

The next section introduces the vascular model, while section 3 describes the numerical
approach used. In section 4, the accuracy and the robustness of the proposed approach are
estimated from simulated reference data. Section 5 shows an experiment conducted on a
vessel phantom to estimate Young’s modulus and the viscosity of the tissue. The results are
discussed in section 6.

2. Modeling approach

2.1. Geometric model

The geometry considered in the proposed model is shown in figure 1(a). The inner part of the
cylinder (radius r) corresponds to the lumen of the blood vessel, H is the wall thickness and
the outer part represents the surrounding tissues. The wall model is simplified to a single layer
and the variables characterizing the arterial wall are considered the composite mechanical
parameters of the three tunicae of the wall (intima, media and adventitia).
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(a) (b)

Figure 1. Isometric view of the vessel geometry (a) and scheme illustrating the mechanical
interactions between blood pressure and tissue (b). The dashed region indicates the dilatation and
thinning of the vessel wall under the application of pressure P.

2.2. Vascular stress modeling

Under pulsatile flow conditions, the vessel wall stress, σ(t), intrinsically depends on the
dynamic variation of the hydrodynamic flow. In the general case of complex geometries
or turbulent flow conditions, the Navier–Stokes equations describe the relation between the
flow velocity profile and the hydrodynamic pressure variations �P(t). Under the assumption
of cylindrical vessel and laminar flow, the pressure variations �P(t) under pulsatile flow
conditions can be computed using the simplified Bernoulli–Poiseuille equation (Badeer 2001).
Bernoulli’s equation is incomplete because it disregards the fluid viscosity, while Poiseuille’s
equation is incomplete because gravitational potential and accelerative–decelerative pressures
are neglected. The combination of both provides a more realistic equation (Badeer 2001),
given by

�P(t) = v(t) · 8Lηf

r(t)2
+

ρv(t)2

2
, (1)

where ηf represents the viscosity of the fluid, ρ its mass density and v(t) the instantaneous
mean fluid velocity.

The absolute pressure at the inner surface of the tube results in

P(t) = P0 + �P(t), (2)

where P0 is the diastolic pressure corresponding to the dilatation of the vessel at the rest
position, r0. P0 can be estimated in vivo using noninvasive techniques (Meinders and Hoeks
2004b) or through sphygmomanometer measurements (Nagakura et al 2001).

The time-dependent vessel radius r(t) thus depends on the value at the rest position and
on the arterial pressure variations �P(t) (figure 1(b)). Following the energy conservation
principle, the hydrodynamic pressure variation at each point of the surface provokes, along the
cardiac cycle, a mechanical tension oriented in the tangential direction of the vessel surface.

Classic theory of elasticity, described by Timoshenko and Goodier (1970), presents
analytical solutions for the relationship between hydraulic pressure, wall tangential stress
(σ ), vessel radius and wall thickness (H ), in which the stress and strain are variable along the
thickness. However, an acceptable approximation of the wall stress amplitude can be obtained
using the Laplace law (Westerhof et al 2004):

σ(t) = �P(t) · r0

H
. (3)

The main limitation of Laplace’s law, here, is that it yields the average wall stress and thus
cannot give any information on the stress distribution across the wall.
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Figure 2. Zener mechanical viscoelastic model.

Hence, assessment of the mean flow velocity, together with the vessel morphology and
fluid properties, enables the estimation of the pressure variations �P(t) (equations (1) and
(2)) and, consequently, of the wall stress σ(t) (equation (3)).

2.3. Vascular strain modeling

The strain ε(t), corresponding to the stretching of the arterial wall resulting from the action
of the applied stress tension, can be estimated from the perimeter variations. Assuming that
the cylindrical vessel is composed of a uniform isotropic material, the strain variations are
obtained by measuring the change in radius according to the Lagrangian formula:

ε(t) = r(t) − r0

r0
. (4)

2.4. Bulk tissue modeling

Young’s modulus, proportionally relating stress and strain in a material, is not sufficient
to completely describe the vascular wall kinematics. Biological tissues exhibit viscoelastic
behavior leading to a time-dependent response of the wall membrane. A Zener model (Barnes
et al 1989) of the arterial wall can reproduce the de-phasing between arterial wall pressure and
deformation. It is composed of two parallel branches, one with a single spring and the other
with a spring and a damper (figure 2).

The material is considered quasi-incompressible, and the tissue model is characterized
by three parameters: E0 and E1, representing the relative stiffness of each spring, and η,
corresponding to the viscosity of the damper. Consequently, Young’s modulus E is given
by the sum of E0 and E1, and their relative contribution can be tuned using the parameter μ

according to {
E1= (1 − μ) · E

E0=μ · E.
(5)

The relation between the applied stress σ(t) and the resulting deformations ε(t) at the interface
between the vessel and the tissue is (Barnes et al 1989)(

1 +
E0

E1

)
dε(t)

dt
+

E0

η
ε(t) = 1

E1

dσ(t)

dt
+

1

η
σ(t). (6)

Assuming that the stress action due to cardiac pulsation is periodic, the harmonic domain
expression of equation (6) becomes(

1 +
E0

E1

)
s · ε(s) +

E0

η
ε(s) = 1

E1
s · σ(s) +

1

η
σ(s), (7)
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where s is the Laplace complex variable, leading to the following theoretical transfer function:

ψtheo(s) = σ(s)

ε(s)
=

E0
η

+
(
1 + E0

E1

)
s

1
η

+ 1
E1

s
= E0E1 + E0 · s · η + E1 · s · η

E1 + s · η
. (8)

In this paper the viscoelastic parameters were expressed using the model variables (E0, E1 and
η). However, the corresponding magnitude and phase values of the Young modulus (i.e. |E∗|)
could be easily obtained from the equations described in Meyers and Chawla (1999).

3. Method

The mechanical parameters, E0, E1 and η, of the Zener model can be estimated by
approximating, through a curve-fitting technique, the above-described theoretical function
to the experimental function, which can be obtained using imaging techniques. According to
the set of equations described in section 2, the changes of the stress and strain signals along the
cardiac cycle can in fact be computed from the experimental measurements of arterial radius
and pressure variations.

The experimental transfer function, �exp(s), is numerically calculated through the fast
Fourier transform (FFT) of the ratio between the strain (σ(t)) and the deformation (ε(t))
signals, both sampled with period Te. These discrete signals represent the output, y(tk), and
the input, x(tk), respectively, of a linear system which can be approximated by an infinite
impulse response (IIR) filter according to the ARMA technique (Box et al 1994). This is
described by

y(tk) =
ξ=M∑
ξ=0

bξx(tk−ξ ) −
ξ=Q∑
ξ=1

aξy(tk−ξ ), (9)

where M and Q are the number of filter coefficients b and a, respectively. By assuming an
ARMA filter of the first order (M = Q = 1), equation (9) becomes

y(t1) = b0x(t0) + b1x(t1) − a1y(t1). (10)

The ARMA model is fitted by least-squares regression to find the estimated parameters Ĉ

which minimize the error term:

Ĉ = arg min
C

‖B − AC‖2
2 ⇒ Ĉ = (AT A)−1AT B. (11)

The discrete expression of equation (8) is obtained using the bilinear transform (i.e. replacing
s = 2

Te

1−z−1

1+z−1 ):

�theo(z
−1) = y(z−1)

x(z−1)
= (2E0η + 2E1η + E0E1Te) + (−2E0η − 2E1η + E0E1T )z−1

(2η + E1Te) + (−2η + E1Te)z−1
. (12)

The first-order IIR filter can be reordered as follows:

y(tk) = (2E0η + 2E1η + E0E1Te)

(2η + E1Te)︸ ︷︷ ︸
b0

x(tk) +
(−2E0η − 2E1η + E0E1Te)

(2η + E1Te)︸ ︷︷ ︸
b1

x(tk−1)

− (−2η + E1Te)

(2η + E1Te)︸ ︷︷ ︸
a1

y(tk−1). (13)
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Finally, the mechanical parameters of the Kelvin model (E0, E1 and η) have been deduced
from (10) and (13) analytically solving the system using Wolfram Mathematica 5.27 software
and yielding to

E0 = −b0 − b1

a1 − 1
, (14)

E1 = 2(a1b0 + b1)

a2
1 − 1

, (15)

η = − (a1b0 + b1)Te

(a1 − 1)2
. (16)

4. In silico experiments

To evaluate the performance of the proposed approach, the algorithm was tested using signals
generated from in silico experiments in which the stress and strain waveforms were generated
through a numerical simulation of arterial pulsation. The sensitivity of the method was
evaluated by varying relevant parameters of the biomechanical model such as the value of
the viscoelastic parameters, the stress waveform and its amplitude. Then the robustness was
evaluated when additive noise was applied to the reference stress and strain waveforms.

4.1. Gold standard phantom

The Zener model was implemented by defining the vessel membrane using a viscoelastic
material model provided by the finite element simulator (COMSOL Multiphysics R© v3.5,
COMSOL Inc., Burlington, MA, USA)8.

The simulated arterial geometry includes a tube with a 4 mm inner radius, r, and a 1 mm
wall thickness, H . Since the geometry of the model is axisymmetric, the simulation time can
be reduced by computing the results on a limited sector of the vessel, for instance in a quarter
of the tube (figure 1(b)). The simulated mesh consisted of 3616 elements and 1919 points.

The wall stress, σ , was deduced from the hydraulic blood pressure using the relations
reported in section 2.2, and the deformation, ε, was measured as radial variations of the wall.
The pulsating function of a typical carotid artery (Holdsworth et al 1999) was generated
according to the following equation:

�P(t) = Pmax

∑
k

Ak cos

(
2πkt

T

)
+ Bk sin

(
2πkt

T

)
, (17)

where Ak and Bk are the coefficients of k Fourier harmonics, publicly available9, and T is
the period of the cardiac cycle (1 s). The amplitude (Pmax) is considered equal to 6000 Pa,
corresponding to the difference between systolic and diastolic pressure of 120 mmHg and
80 mmHg, respectively. A Young’s modulus value of 0.4 MPa and a Poisson ratio of 0.49
were chosen to reproduce a healthy carotid artery (Alastruey et al 2007). The mechanical
parameters μ and η were initially fixed at 0.5 and 2 kPas, respectively, corresponding to
moderately viscoelastic material in which the weight assigned to the viscoelastic branches is

7 http://www.wolfram.com/products/mathematica/index.html.
8 http://www.comsol.com/.
9 http://www.mie.utoronto.ca/labs/bsl/data.html.

http://www.wolfram.com/products/mathematica/index.html
http://www.comsol.com/
http://www.mie.utoronto.ca/labs/bsl/data.html
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Figure 3. Normalized stress (solid line), applied to the wall, representing a realistic pressure
variation in a carotid artery. Wall deformation (dashed line) obtained by finite element simulation
using the initial parameters. The peak values are 24 000 Pa and 6.5%, respectively.

Table 1. Reference and estimated values of viscoelastic parameters corresponding to the simulation
and the carotid pressure waveform.

Reference value Estimated value Relative error

E0 (Pa) 200 000 203 940 1.97%
E1 (Pa) 200 000 203 608 1.80%
η (Pa s) 2000 2036 1.82%

equally balanced. The sampling frequency of the stress and strain signals generated by the
finite element simulation was 1 kHz. The phase difference between the stress and strain is
considered as constant throughout the cardiac cycle.

4.2. Performance of the approach with respect to the model’s parameters

In figure 3, the solid curve corresponds to the hydraulic pressure variation and the dashed
curve shows the simulated changes over time of the wall deformations. The maximum strain
amplitude was delayed in comparison with the stress peak, and the time interval necessary to
return to the initial position was longer than the applied stress.

Table 1 summarizes the reference mechanical values, the values estimated using the
ARMA approach and the relative errors. The estimated values quantitatively agree with the
reference value, showing that a model composed of only three coefficients (E0, E1 and η)
produces a low relative error.

The mechanical parameters of the Zener model were then varied according to different
viscoelastic conditions. The performance of the algorithm was quantified for different
configurations by sweeping the value of the viscosity (η) and the weight of the elastic modulus
assigned to the viscosity branch (μ), controlling the creep and stress relaxation response of the
wall, respectively. We defined the percentage of relative error as δrel = 100(|Eref − Eest|/Eref).

Figure 4 illustrates the percentage of error of the three parameters of the Zener model
obtained when η varied from 400 to 4000 Pa s, and μ from 0.05 to 0.95.
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(a) (b)

Figure 4. Discrepancies between the estimated and the reference parameters of the Zener model
obtained when the viscosity varied (a) (while μ = 0.5) and when the weight of the elastic modulus
assigned to the viscosity branch (b) changes (while η = 2 kPa s) in the finite element simulation.

The percentage of error remains lower than 10% in figures 4(a) and (b). However, it can
be noted that while the accuracy in the estimation of E0 and E1 remains nearly constant, the
error corresponding to η increases in configurations exhibiting a quasi-elastic behavior of the
wall. This can be explained by the low time delay between stress and strain when the viscosity
was low leading to an increasing error in the measurement of this delay. This effect is not
critical for our application since here a satisfactory estimation of Young’s modulus is the point
of interest, while the viscosity value has a low contribution to the mechanical analysis.

The vessel pulsation generated by finite element simulation was finally modified using
the viscoelastic parameters of and varying the configurations of the simulated physiological
conditions, i.e., the stress amplitude, Young’s modulus, the vessel radius and the wall thickness.
In particular, the error of the three viscoelastic parameters was recorded for values of E ranging
from 0.04 to 4 MPa, of σ from 2400 Pa to 48 000 Pa, of r from 2 to 7 mm and of H from 0.5 to
4 mm. In all cases, the maximum error increase was below 0.25%, showing that the accuracy
of the method is rather independent of the geometrical and mechanical characteristics of the
vessel.

Since the curve was fit in the frequency domain, the performance of the algorithm
might depend on the waveform outline. To investigate this, the shape corresponding to the
pressure variation of the carotid artery was replaced by three pressure waveforms (figure 5),
i.e., a generic sinusoidal oscillation and the typical waveforms of the iliac and femoral
arteries10.

Table 2 shows a comparison of the relative errors obtained in the correspondence of
the three stress waveforms. As expected, the use of the sinusoidal waveform, exhibiting a
simpler behavior in the frequency domain, induced a lower estimation error with respect to
the use of the carotid artery waveform. On the other hand, the estimation error remained
almost unchanged when waveforms of different arteries were used, showing that the approach
could be potentially extended to the study of the mechanical properties of other human
arteries.

10 http://www.mie.utoronto.ca/labs/bsl/data.html.

http://www.mie.utoronto.ca/labs/bsl/data.html
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(a) (b)

(c)

Figure 5. Normalized stress (solid line) applied to the wall corresponding to a generic sinusoidal
waveform (a) and to realistic pressure variation in iliac (b) and femoral (c) arteries. The dashed
lines represent the wall deformations obtained by finite element simulation.

Table 2. Errors in the estimation of the simulated parameters.

Relative error, Relative error, Relative error, Relative error,
carotid sinus iliac femoral

E0 (Pa) 1.97% 1.18% 2.01% 1.97%
E1 (Pa) 1.80% 1.27% 1.77% 1.78%
η (Pa s) 1.82% 1.09% 1.95% 1.79%

4.3. Robustness of the method with respect to noise perturbation

The robustness of the method was evaluated by applying uniformly distributed random noise
perturbations to the deformation and strain of the reference measurements. The noise
distribution is Gaussian and is meant to model the acquisition noise and the amplitude of
the noise corresponds to a percentage of the peak value in the stress and strain curves.

Figure 6 shows the discrepancies between the estimated and the reference parameters of
the Zener model obtained when the amplitude of the noise increased. The error committed in
the estimation of the two components of Young’s modulus remained almost constant since it
was related to the ratio of amplitudes between the stress and strain curves, minimally affected
by noise, whereas the error related to the viscosity quickly increased because the time delay
between the stress and strain curves was significantly disturbed by the noise. However as can
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(a) (b)

Figure 6. Discrepancies between the estimated and the reference parameters of the Zener model
obtained when the amplitude of the noise increases (a). The squares, circles and crosses represent
the value obtained in the numerical experiment, whereas the straight lines correspond to its linear
regression. The right plot (b) illustrates the normalized stress and strain curve when 25% Gaussian
noise perturbation is applied.

be seen in figure 6, for a noise level between 10% and 50%, the error slope decreases and
the viscosity estimate error remains bounded between 25% and 35%. The green dashed line
of figure 6, representing the regression curve of the viscosity estimate, has been computed
considering only the samples laying between 10% and 50% of the noise level.

5. Experimental measurements

To illustrate the feasibility of our approach, an experiment was set up. Three independent
measurements of the flow rate and wall displacement were made on a phantom mimicking
the dynamic behavior of an arterial vessel. The viscoelastic properties estimated applying the
proposed algorithm on the phantom were compared to reference values obtained on a sample
of the same material using a high-precision traction machine. The following section details
the setup and the results.

5.1. Experimental setup

In order to reproduce the dynamic behavior of human arteries and to simulate the tissue
resistance to the vessel dilatation, a 100 mm long cylindrical phantom made of cryogel tissue-
mimicking material (Fromageau et al 2003), with 10 mm and 20 mm inner and outer diameters,
respectively, was integrated into a hydraulic circuit (figure 7). To preserve the water tightness
of the device, a 0.3 mm thick latex tube, which is assumed to have only a slight influence on
the elastic behavior of the phantom and on US propagation, since its thickness is negligible
with respect to the vessel membrane, was inserted inside the cylinder. The fluid used in the
experiment consisted of a 1% solution of Orgasol (ELF Atochem, Paris, France) backscattering
particles in water. Pulsatile flow inside the tube was enforced using a gear pump. To simulate
the vascular system resistance, a downstream load was induced by narrowing the end of the
hydraulic circuit.
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Figure 7. Schematic of the hydraulic circuit used in the experimental setup.

5.2. Ultrasound equipment

The temporal variations of the fluid velocity v(t) and the amplitude of wall displacementr(t)
were recorded using a prototype dual-beam multigate Doppler system (Tortoli et al 2006),
while the initial diameter rrest of the phantom and the thickness H were estimated through
standard B-mode imaging. The Doppler system (Tortoli et al 2006), developed at the
University of Florence, consists of a PC add-on custom board based on a high-speed
digital signal processor, capable of simultaneously applying pulsed wave excitation to
two independent probes and processing in real time the related echoes. One probe was
perpendicularly oriented to the vessel to optimally detect the radial wall movements, while
the second probe was oriented at a suitable Doppler angle to simultaneously measure the
fluid velocities. The displacements of the walls were estimated using an automatic procedure,
based on a modified autocorrelation algorithm that first evaluates their velocities, so that they
can then be integrated in time. The measurement was shown to be highly precise, as standard
deviations lower than 4 μm were obtained in vitro (Morganti et al 2005).

The echo signals corresponding to the second (Doppler) beam, oriented at 72◦ to the
flow, were recorded over 128 subsequent gates corresponding to adjacent depths separated
about 100 μm apart. The latter value is well better than the spatial resolution required to
suitably track the spatial velocity variations typically present in human arteries (Nichols and
O’Rourke 1998). The power spectral density of the Doppler signal corresponding to each gate
was computed, and the local mean velocity was estimated from the spectrum’s first moment
(Bambi et al 2004). For each gate, over each pulsating cycle, approximately 70 velocity values
were obtained. In particular, by processing the echo signals from the sample volume on the
vessel axis, the reference velocity profile, v(t), was obtained. The instantaneous velocity of
the blood flow v(t) was computed averaging the amplitude of each velocity profile (i.e., over
the 128 gates of the beam line).

Three independent experimental conditions (Dyn1, Dyn2, Dyn3) were generated inducing
a pulsed flow characterized by increasing peak velocities in the hydraulic circuit. The flow
was characterized by the superposition of a steady velocity component (0.20 m s−1) and an
additive pulsating flow component. For each experimental condition four complete cycles
were acquired and both velocity and displacement were computed at all phases of the cycles.
The four peak values in each acquisition were averaged, so that the maximum velocities
recorded in the three experiments were 0.51 m s−1, 0.67 m s−1 and 1.00 m s−1. The measured
amplitude of the corresponding radial displacement waveforms was 0.424 mm, 0.577 mm and
0.737 mm. Their temporal behavior is shown in figure 8. The waveforms were normalized
to emphasize the delay between the stresses and strains. The time needed by the material
to return to the rest position increased together with the fluid peak velocity, as illustrated in
figure 8.
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(a) (b)

(c)

Figure 8. Normalized strain and stress waveforms corresponding to the measurement Dyn1 (a),
Dyn2 (b) and Dyn3 (c) in which the peak velocity was 0.51 m s−1, 0.67 m s−1 and 1.00 m s−1,
respectively.

5.2.1. Phantom experiments. Reference viscoelastic parameters characterizing the dynamic
behavior of the material were obtained by applying the algorithm to stress and strain
measurements obtained using a servo-mechanical high-precision traction machine (Schenck
SAS, Cergy Pontoise, France) on a cryogel sample measuring 27 mm × 52 mm × 109 mm.
The experiment was repeated three times (Ref1, Ref2, Ref3) in order to obtain a reliable
estimation of the reference mechanical values at different mechanical loading values. The
peak amplitudes of the 1 Hz sinusoidal displacements applied to the larger side of the phantom
were set to 0.3 mm, 0.5 mm and 0.7 mm (corresponding to 0.27% and 0.64% sample strain,
respectively). Care was taken to ensure full contact between the plate and the sample. The
corresponding stress curves were measured using a sensor connected to the mechanical arm.
The stress and strain waveforms corresponding to Ref3 are illustrated in figure 9. They have
been recorded after five oscillations of the traction machine to assure a stabilization of the
experimental conditions.

Table 3 summarizes the parameters obtained from the three measurements in terms of
mean and standard deviation values. The mean value of the benchmark assessments was
used as the reference against the estimation of E0, E1 and η performed using our approach in
section 3. The value of the standard deviation shows the complexity of an accurate assessment
of the model’s parameters using a high-precision traction machine.

Table 4 reports the mechanical parameters of the tissue composing the vessel wall,
estimated using the signal processing procedure described in section 3. For each acquisition
(Dyn1, Dyn2, Dyn3), the estimated values and their relative and absolute error versus the
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Figure 9. Normalized strain and stress waveforms corresponding to the measurement Ref3.

Table 3. Cryogel mechanical parameters estimated from the measurement performed on the
sample.

E0 (Pa) E1 (Pa) η (Pa s)

Ref1 6950 7810 715
Ref2 6296 8250 673
Ref3 7207 7599 817
Mean 6817 7886 734
SD 469 332 74

Table 4. Vessel wall mechanical parameters estimated from the experimental measurements.

Model parameters E0 (Pa) E1 (Pa) η (Pa s)

Reference value 6817 7886 734
Dyn1

Measurement 8350 6529 884
Relative error 22% 17% 20%

Dyn2

Measurement 5405 7089 701
Relative error 20% 10% 4%

Dyn3

Measurement 8256 6861 916
Relative error 21% 12% 25%

Mean (Dyn1,2,3) 7337 6826 883
Relative error(Dyn1,2,3) 7% 13% 20%

reference value are reported. Furthermore, the mean value of the three estimations is given
and compared to the reference value.

Although each of the measurements (Dyn1, Dyn2, Dyn3) was taken under different
hydraulic load conditions (flow amplitude), the estimated value of the viscoelastic parameter is
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similar in all the presented cases. The mechanical parameters of the wall tissue were recovered
with an error lower than 25%. The computation time is about 500 ms on an Intel Pentium
Core 2 Duo 1.8 MHz processor.

6. Discussion and conclusion

This paper has presented an US-based method to noninvasively measure the viscoelastic
properties of vessel walls. The technique consists of estimating the parameters of the Zener
viscoelastic model representing the arterial wall and measuring the blood flow variations,
vessel wall displacements and geometrical dimensions of the vessel. These measurements
were taken using a novel dual-beam multigate Doppler system that is particularly well suited
because it provides the simultaneous assessment of both the blood velocity profile and wall
displacements in vessels. In order to apply the proposed method in clinical practice only
the patient-specific end-diastolic pressure is required. Nichols and Meinders illustrated that
such a value does not change significantly throughout the arterial tree (Nichols and O’Rourke
1998, Meinders and Hoeks 2004b), and its measurement accuracy should be within 2 mm
of Hg (Williams et al 2004) (according to the recommendations of the British Hypertension
Society). The flow variations are deduced combining the measurement of P0 and the flow
variations measured at the imaging site using the fluido-dynamic relation (1). The dual-beam
multigate system has already been shown capable of working in vivo allowing the acquisition
of complex velocity profiles (Ricci et al 2009) and wall displacements (Tortoli et al 2006). The
non-commercial availability of this system and the lack of imaging capability have undoubtedly
limited its use. However, limitations are partially overcome by the most recent version of the
system (Tortoli et al 2009), which could be easily reproduced for use by other laboratories
and includes the imaging option.

The parameter is estimated by deducing the constitutive equations of the viscoelastic
model, which are successively solved using an ARMA parameter fitting approach. In this way,
the solution is obtained through a noniterative process, considerably speeding up the algorithm
performance. With respect to other approaches (Bia et al 2005, Aglyamov et al 2004, Balocco
et al 2007, Valdez-Jasso et al 2007), the viscoelastic parameters are estimated from a single
cardiac cycle, making this approach particularly well suited for hardware implementations.
The proposed approach does not require a model initialization close to the expected values,
as needed in the iterative approach presented in a previous paper (Balocco et al 2007). The
ARMA fitting technique automatically provides the model parameters and guarantees accurate
and fast convergence of the solution.

The description of the mechanical model using the transfer function in the harmonic
domain is convenient because it permits further analysis of the vascular wall and the changes
in the mechanical properties can be monitored using the pole-zeros representations.

The accuracy of the proposed approach was tested using reference data generated
by a numerical simulation of arterial pulsation. The sensitivity of the parameter
estimation was assessed by varying the physiological conditions of the simulation (pressure
amplitude, Young’s modulus, vessel radius and wall thickness) and the viscoelastic
parameters of the model (viscosity and the weight assigned to the viscous branch of the
model).

The estimated values quantitatively agreed with the reference value, showing that the
accuracy of the method is not particularly affected by changing physiological conditions.
However, the error in the estimation of the viscosity coefficient increased when the model was
used to analyze material exhibiting quasi-elastic behavior.
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The algorithm robustness was assessed by estimating the influence of noise perturbations
of gold-standard waveforms on parameter estimates. The most widely affected result is
viscosity since the noise significantly disturbed the time delay between stress and strain
curves. However, even in the presence of strong perturbations of the waveforms (25% noise
amplitude), the relative error obtained was about 27%.

The feasibility of the method was illustrated through an experiment consisting of three
independent measurements taken at different flow regimes on a cylindrical vessel phantom.
Comparing the performance of our approach with that of other iterative estimation techniques
presented in the literature is difficult because each method uses a different viscoelastic model.
None of the iterative estimation approaches (Valdez-Jasso et al 2007, Bia et al 2005, Armentano
et al 1995) reported the true accuracy of the technique since the gold standard viscoelastic
parameters were not available. From the estimation of relative values, those authors showed,
through ‘in vivo’ experiments conducted on animal arteries, that the difference in the parameter
estimation was statistically significant and able to differentiate pathological cases from healthy
arteries. The reported variance of the measurement ranges from 76% (Bia et al 2005) to 33%
(Valdez-Jasso et al 2007) depending on the analyzed artery and on the model parameter,
which is on the same order of the error reported in our approach. Even though encouraging
results were obtained (the ‘in vitro’ estimates of the error remain lower than 25%), further
improvement of the method might be necessary in order to extend it to clinical applications.
In particular table 1 reports the reference and estimated values of viscoelastic parameters
corresponding to the in silico experiment. In such example the transfer function of the
filter corresponds exactly to the Zener model implemented using the FE software. The
estimations are affected only by Laplace’s law approximation. As expected the errors are low,
demonstrating that the approximation is reasonable. On the other hand, as can be observed
in the experimental results (table 4) the estimation errors are larger because, in addition to
the noise due to acquisition and measurements, the Zener model (composed only of three
mechanical elements) is an approximation of the viscoelastic kinetic of the wall.

In comparison with our previous approach (Balocco et al 2007), the introduction of
the viscoelastic tissue modeling provides a more comprehensive description of the dynamic
arterial behavior, considering the temporal changes of the pulsation and the delay between
stress and strains. Indeed, as can be observed in the in silico and phantom experiments, in
addition to an accurate estimation of Young’s modulus, the algorithm provides information on
the viscosity of the vessel wall (Simon and Levenson 2001, Armentano et al 1998).

The current technique aims at the estimation of the mechanical alteration of the arterial
wall, which could be indicative of the general state of the vascular system and, as such,
used for early diagnosis of atherosclerosis evolution. Indeed the method focuses on the
description of blood flow interactions with a realistic arterial membrane representing simple
arterial vessels. Hence, the technique is not directly suited for measurements taken on complex
geometries or at the proximity of an atherosclerotic plaque. However, the approach can be
potentially applied to any straight portion of the vasculature such as the common carotid,
the iliac and femoral arteries, providing a noninvasive tool for the periodic screening of the
patient’s cardiovascular health, by monitoring the vessel’s elasticity and viscosity (Simon and
Levenson 2001, Armentano et al 1998).

More complex geometries, including, e.g., plaque stenosis and aneurysm, could be
included in the geometrical model by considering the artery as a set of smoothly connected
small piecewise cylinders with progressively changing diameter (Balocco et al 2008). In such
model, the US measurement should be repeated in each section of the vessel.

Additionally realistic anatomical shapes of carotid arteries, possibly including multiple
arterial wall layers or a plaque, could be considered if the displacement vectors corresponding
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to the wall pulsation of both the inner and outer boundaries of each structure are known at
each point of the whole perimeter.

The viscoelastic parameters of the isotropic tissue estimated by the approach used herein
are considered to be representative of the composite stiffness of the three arterial tunicae.
Hence, the information obtained could be an indicator of the general condition of arterial
disease and not a local characterization of the plaque or stiffness of each tissue layer. In this
paper, we use of a simple Zener model which consists of only three coefficients (E0, E1 and η)
but the non-invasive parameter estimation framework allows a straightforward incorporation
of more accurate mechanical model composed of a higher number of elements by providing
the corresponding filter.

Additionally, the arterial wall model presented in this paper assumes a constant thickness
and homogeneous viscoelastic parameters along the blood vessel. The method could be
extended toward local elastography provided that accurate displacement field can be measured
at different locations of the vessel. For instance, diameter and distension inhomogeneities can
be assessed from 2D distension waveforms obtained by repeating the M-mode measurement
at different longitudinal sections of the vessel (Meinders et al 2003).
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