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ABSTRACT
Arterial elasticity has become an important predictor of cardiovascular diseases and
mortality in the past few of decades. Several in vivo and ex vivo techniques have been
developed to characterize the elastic properties of vessels. In vivo approaches, even
though have shown correlation of diseases and mortality with arterial elasticity in
population studies, are not widely used as a clinical tool for the diagnosis and follow up
of patients. Ex vivo techniques have focused their efforts on studying the mechanical
properties of the arterial tissue in different axes. These techniques are usually destructive
testing methods which can not be applied in an in vivo setting. In this work we present
two different approaches to the characterization of the mechanical properties of arterial
wall. One of the methodologies presented here uses piezoelectric elements attached to the
arterial wall to measure the strain and the stresses in two directions (circumferential and
longitudinal) as the arteries are pressurized. The second part of this works focuses on a
technique that uses ultrasound radiation force to generate mechanical waves in the arterial
wall. These waves are measured and analyzed in the frequency domain to determine the
different modes of propagation and from there, estimate the material properties of the
wall tissue. This technique has a high temporal resolution which will allow the dynamic
study of the elastic and viscous properties throughout the heart cycle. At the same time
the method posses a high spatial resolution allowing the characterization of different
vascular segments within the arterial tree. We are currently working on the
implementation of this methodology in a clinical system for the translation into a clinical
setting.
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Fig. 1.1. Schematic of the arterial anatomy and the distribution of the arterial wall
components.

Fig. 2.1. Pulse wave velocity (PWV) calculation schematic.

Fig. 3.1. Methodology used to calculate the local arterial elasticity by measuring the
changes in the diameter or radius as a function of pressure.

Fig. 4.1. Pressure wave morphology and augmentation index (Aix). This value is a
mathematical expression that relates the first systolic shoulder to the peak of the aortic
pressure, and it is expressed as a percentage of the pulse pressure

Fig. 5.1. Schematic of the experiment done by Bramwell and Hill in 1922 to measure the
pulse wave velocity.

Fig. 6.1. Schematic describing the tissue preparation and testing method developed by
YC Fung in 1995.
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Table 1.1. Adapted from Laurent 2006 showing the multiple studies done in different
populations that showed the predictability of the arterial elasticity, and how this one was
measure in the different publications.

Table 2.1. Continuation of table 1. showing the predictability of arterial elasticity using
the central pulse pressure method and the augmentation index (Aix).

Table 3.1. Adapted from O’Rourke 2002, showing the multiple measurements and
indices used to estimate the mechanical properties of arterial segments using the
measurements of diameter and pressure.

Chapter 2
Fig 1.2. Diagram of sonometry experimental set up. Three piezoelectric elements where
placed on the urethane tube as shown in the Figure. The tube was pressurized using a
syringe, an infusion pump and a column of water. The pressure was recorded using a
pressure sensor that was connected to a PC.

Fig 2.2. Results of sonometry experiment using the two 0% tubes and the 15% tube.
Panel A shows the change in the radius for each tube during the pressurization and
depressurization. Panel B, similarly, shows the change in the length. The solid lines in
both panel A and B represent the linear regression done on the experimental data.
Panel C shows the pressure profile.
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Fig 3.2. Calculated strains, stresses and Young’s moduli for the three urethane tubes. In
panel A, stress and strain relationships for the different urethane tubes in the
circumferential (C) and in the longitudinal (L) directions. Panel B, shows the calculated
Young’s modulus in MPa.

Fig 4.2. Sensitivity analysis for the offset r and l. The default values for radius and the
length were the ones presented in Fig. 2 panel A and B. For this graph, the offset values
were ±0.25 mm for the radius and ±2 mm for the length. Panel A shows the results
stress-strain relationships in the circumferential (C) and longitudinal (L) directions for the
different offset values applied on the radius (r). In panel B are the corresponding
calculated Young’s modulus. Panel C shows the stress-strain curves for the offset length
(l). The calculated Young’s moduli are shown in panel D.

Fig 5.2. Results of the experiments on tube 0% #1 using different pressurization rates.
Panel A shows the different time line of the pressure profiles. Panel B, the stress-strain
relationships for the slow, the medium and the fast pressure rates in the circumferential
(C) and longitudinal (L) directions. Panel C shows the Young’s moduli for the three rates
as calculated using (2).

Fig 6.2. Repeatability results of the piezoelectric element experiment in the 0% #1
urethane tube. Panel A shows the change in radius for 5 consecutive pressure loops.
Panel B, shows the resulting length changes as function of pressure. Panel C shows the
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Young’s modulus for each pressure. In all the graphs the dots are the mean values and the
bars are the standard deviation (SD).

Fig 7.2. Results of the reproducibility test done in tube 0% #1 where the elements were
attached 5 different times and the pressure loops repeated. Panel A, shows the radius
change of the 5 tests. Panel B, shows length change. Panel C, the Young’s modulus. Note
that in all the panels the dots represent the mean values and the bars the standard
deviation.

Fig 8.2. Comparison between the results from the sonometry experiments in the three
tubes and the mechanical testing. The first column shows the results of the 5 compression
test with the standard deviation. The second and third columns show the results from the
piezoelectric element experiments in the 0% #1 and 0% #2 tubes. The fourth column is
the results of the compression tests on the 15% So-Flex tube. And the fifth column, the
results of the sonometry experiment in the tube with the same composition.

Table 1.2. Results of the compression tests done in the 0% and 15% soflex urethane used
in the construction of the tubes used in the sonometry experiments.
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Fig. 1.3. Axes for an isotropic tube or a transversely isotropic artery
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Fig. 2.3. Schematic of the experimental set up. The tubes or arteries were pressurized
using and infusion pump that increased the level in a column of water/saline, increasing
the transmural pressure. The pressure was measure using a pressure transducer at the
level of the water/saline bath. The piezoelectric elements were attached to the walls of the
tube/artery. The data from the crystals was digitized using a computer. The tube/artery
was sealed on the bottom end with a suture.

Fig. 3.3. Diameter and length response to a pressurization loop for the 0%#1 urethane
tube. Panel A shows the pressure profile going into the tube. Panel B is the response of
the diameter to the pressure. Panel C, the response of the length to the pressure. The solid
lines in panels B and C are the linear regression of the pressurization data.

Fig. 4.3. Diameter and length response to a pressurization loop for the right carotid of pig
1. Panel A shows the pressure profile going into the tube. Panel B is the response of the
diameter to the pressure. Panel C, the response of the length to the pressure.

Fig. 5.3. Strain-stress relationships for tube (0%#1) and artery (right carotid artery pig 1).
Panel A shows the strain-stress relationship for the urethane tube in the circumferential
direction. Panel B, in the longitudinal direction. In the tube since there was no hysteresis,
only the calculated values for the stresses and strains from the linear regression during
pressurization are shown. Panel C and D, show the relationships between strain and
stresses for the excise right pig 1 carotid artery in the circumferential and longitudinal
directions, respectively.
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Fig. 6.3. Calculated Young’s moduli for the tubes (0% #1 and 15%) and the right and left
carotid artery from pig1. Panels A and B, show the calculated values for E from (16) and
(17) for the two tubes ( .- for the 0% #1 and -- for the 15% tube). Panels C shows the E2
for the (.-) right and (--) left excised carotid arteries from pig1. Panel D, shows the E1 for
the two same two arteries, the legend from C applies to D.

Fig. 7.3. Comparison between the sonometry results in urethane tubes and mechanical
testing. First column is the Young’s modulus for the 0% soflex urethane samples.
Column 2 and 3 the results for tubes 0%#1 and 0%#2, respectively, with sonometry.
Column 4 is the mechanical testing results on the 15% soflex urethane samples. Column
5 is the sonometry results on the 15% tube. The error bars for the mechanical testing
represent the standard deviation of the results from 5 different samples of the same
material. The error bars for the sonometry results represent the standard deviation of the
results from 3 consecutive pressurization loops.

Fig. 8.3. Response of right carotid artery from pig 2 to different pressurization rates.
Panel A shows 3 different pressurization rates, slow (.-) (26.6 ml/min), medium (--) (40
ml/min) and fast (-) (56 ml/min). Panel B are the results for the circumferential elastic
modulus as a function of pressure for the 3 pressurization rates. Panel C, is the calculated
longitudinal moduli for the different pressurization rates. The legend in panel A applies to
panels B and C.
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Fig. 9.3. Temperature effect on strain-stress relationships and elastic moduli calculation
in the circumferential and longitudinal directions. Panel A and B show the strain-stress
relationships in the circumferential and longitudinal directions respectively, to 3 saline
bath temperatures (6 °C (.-), 22°C (--) and 40°C (-)). Panel C and D show E2 and E1
respectively for the 3 different temperatures. Legend from panel B applies to panels A, C
and D.
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Fig. 1.4. A tube submerged in water is approximated by an elastic homogenous plate
submerged in an incompressible fluid. The motion shown is an anti-symmetric mode.

Fig. 2.4. Experimental set up for urethane or excised pig artery. A focused ultrasound
transducer was used to generate shear waves and pulse-echo transducer was used to
measure the speed of the propagating wave. A column of water was used to change the
transmural pressure. Both the tube and the artery were embedded in a gelatin which
mimics the surrounding properties of tissue.

Fig. 3.4. Diagram describing the process to determine the dispersion curves for the tube
and the artery from the time-space signal. Panel A, shows an example of a shear wave
propagating in time and space in an arterial wall. Panel B and C shows the 2D DFFT or
H(k,f) of the signal in panel A. In black circles is shown the prevalent or highest energy
mode for each frequency (first antisymmetric Lamb wave like mode (A0)). In panel B,
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the magenta crosses represent the peaks found using the partial derivative in the
frequency direction, corresponding to higher order modes. Similarly in panel C, the
magenta crosses represent the peaks found using the partial derivative in the wavenumber
direction. Panels D and E, show the dispersion curves, as in panel B and C, the black
circles show the mode of maximum energy and the magenta crosses the higher order
modes.

Fig. 4.4. Panel A shows the time-space propagation of a shear wave over 20 mm. Panel
B, shows 3 representative time signals, at 5, 10 and 20 mm from the excitation point.
Panel C, shows the respective frequency spectra (H(f)) of the time signals presented in
panel B.

Fig. 5.4. K-space and dispersion diagrams for urethane tube. Panels A, B and C show the
k-space representation for the urethane tube at 3 different pressures (10, 50 and 100
mmHg). Panels D, E and F show the respective dispersion diagrams, where the black
circles represent the highest energy mode and the red crosses the peaks found in the
frequency direction. The peak results in the wavenumber direction are not presented since
they only added noise to the figures.

Fig. 6.4. K-space and dispersion diagrams for excised pig carotid artery. Panels A, B and
C show the k-space representation for the artery at 3 different pressures (10, 50 and 100
mmHg). Panels D, E and F show the respective dispersion diagrams, where the black
circles represent the highest energy mode and the red crosses, the peaks in the
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wavenumber direction. The peak results in the frequency direction are not presented since
they failed to track the higher order modes.

Fig. 7.4. Experimental dispersion curves and fitting of a Lamb wave model. Panel A,
shows the dispersion curve for the urethane tube at 50 mmHg. The black circles represent
the highest energy mode while the magenta circles the peaks in the wavenumber
direction. The blue and the red lines represent the antisymmetric (A) and symmetric (S)
modes for the Lamb wave model. Similarly, panel B show the dispersion curves and
Lamb wave fitting for the artery at 50 mmHg. The legend from panel A applies to panel
B.

Table 1.4. Results for the urethane tube for group velocity, phase velocity at 900 Hz,
shear modulus (µ), Young’s modulus (calculated as 3µ) and Young’s modulus from the
Moens-Korteweg equation for pressures between 10 and 100 mmHg

Table 2.4. Results for the excised pig carotid for group velocity, phase velocity at
900 Hz, shear modulus (µ), Young’s modulus (calculated as 3µ) and Young’s
modulus from the Moens-Korteweg equation for pressures between 10 and 100
mmHg
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Fig. 1.5. Experimental setup for excised carotid arteries. Mechanical waves were
generated using a 3 MHz focused transducer, the propagation of the waves was tracked
using a 7.5 MHz pulse echo transducer at a pulse repetition frequency of 4 kHz. The
arteries were pressurized using a column of saline. The setup was tested with and without
gelatin covering the arteries.

Fig. 2.5. Time signal, k-space and dispersion curve for an artery pressurized at 50
mmHg). Panel A, shows the time signal for the mechanical wave propagating away from
the point of excitation with the focused transducer. Panel B, shows the result of the 2D
FFT (k-space), where the black circles correspond to the maximal energy for each
frequency and the magenta crosses (+), the peaks of energy in the frequency direction. In
Panel C is the dispersion curve generated from the k-space data in Panel B.

Fig. 3.5. Comparison in the dispersion curves of an excised pig carotid artery embedded
and not embedded in gelatin at 3 different pressures. Panel A, shows the dispersion curve
at 10 mmHg. The black circles represent the maximum mode at each frequency when the
artery was loaded with gelatin. The magenta crosses “+” are the higher modes
corresponding to the peaks in the wavenumber direction (k) from the k-space plots when
the artery was loaded with gelatin. Similarly, the red squares and the blue “x” represent
the maximum mode and the higher modes, respectively, when the artery was stripped of
the surrounding gelatin. Panel B and C, shows similar data at 50 and 100 mmHg,
respectively.

xv

Fig. 4.5. Differences in gelatin and no-gelatin loading on the Young’s modulus of excised
carotid arteries. Statistical significant differences (p < 0.05) between the two conditions
for each pressure are marked with “*”, and p value is reported above the standard error
bars.

Fig. 5.5. Comparison of the Young’s modulus between left and right carotids 6 pigs. The
p value at each pressure between the two groups is show above the standard error bars.
There were no statistically significant differences (p < 0.05) between the right and left
arteries.

Fig. 6.5. Response of the Young’s modulus of an excised carotid artery to pressure and to
different levels of prestretch. The artery was stretched to 7, 8 and 9 cm in the metallic
frame.
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Fig. 1.6. Setup for the iU22 experiment, where the pushing toneburst and the detection
lines are implemented in the same ultrasound probe. The artery was embedded in gelatin
made with saline solution and evaporated milk (to increase ultrasound attenuation to
tissue values).
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Fig. 2.6. Motion and propagation of a mechanical wave generated using the iU22
Philips ultrasound machine. Panel A shows the motion of the arterial wall at 4
different locations 0.7 mm apart from each other. Panel B, shows the propagation
of the wave on the arterial wall.

Fig. 3.6. Motion on a gelatin phantom using the Verasonics V-1 ultrasound machine. The
x axis represents the plane in which the wave generated propagates. The y axis is the
displacement of the gelatin phantom in the direction of the ultrasound probe. The
different color lines represent the motion of the gelatin at different moments in time.

Fig. 4.6. Propagation of the mechanical wave generated with the Verasonics V-1
machine. The x axis represents the plane in which the wave propagates, and the y axis
the time on propagation. The color of the graph represents the displacement in the
direction of the probe.

Fig. 5.6. k-space and dispersion curve for the gelatin phantom. Panel A shows the
result of performing a 2D FFT on one side of the propagating wave from Fig. 4. Panel
B, shows the dispersion curve of the gelatin phantom, where the blue circles
correspond to the maximum energy at each frequency.

Fig. 6.6. Changes in group velocity in the arterial wall of an anesthetized pig as a
function of the pulse pressure. Panel A shows the motion of the front wall of the
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femoral artery of an anesthetized pig. Panel B, shows the calculated group velocity and
its variation with arterial distension.

Fig. 7.6. Protocol for studying the effect of aging on the skeletal muscle blood flow and
vasodilators kinetics during exercise. Figure courtesy of Dr. Darren Casey.
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1. Introduction

Arterial system and anatomy.
Clinical techniques and epidemiological studies.
Biomechanical studies of the arterial tissue.
Contribution of this work.
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1.1. ARTERIAL SYSTEM AND ANATOMY
The role of the arteries in the cardiovascular system is to carry high pressure oxygenated
blood from the heart to the organs, to supply all the cells in the body with oxygen and
nutrients. The high pressure requires the arterial wall to be strong and which requires
interesting mechanical properties. The veins on the other hand are in charge of returning
the blood to the heart in a low pressure system. Therefore their walls are thinner and less
strong.
The arterial wall is comprised of 3 layers (Fig 1.1), tunica interna in the inside of the
artery, tunica media in the middle and tunica externa on the outside.
1. Tunica interna, or intima, contains the endothelial cells and an underlying layer of
connective tissue. In the arteries, the outer margin of this layer is formed by a
thick elastic layer of fibers called the internal elastic membrane.
2. Tunica media, contains concentric layers of muscle cells in frame of connective
tissue. This layer is commonly the thickest layer of the arterial wall or medium
sized arteries. The function of the muscle layer is to control the diameter of the
arteries, decreasing with contraction of the smooth muscle and dilating with
relaxation. The tunica media is separated from the tunica externa by the external
elastic membrane.
3. Tunica externa, or adventitia is the outermost layer or the arterial wall, and forms
a connective tissue sheath around the vessels that determines in great part the
mechanical properties of the arterial wall. In the arteries, this layer has scattered
collagen and elastin fibers in a mesh distribution. This layer protects the arteries
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from stretching beyond their physiological limit during systole, the time period of
active contraction of the heart.

Fig. 1.1. Schematic of the arterial anatomy and the distribution
of the arterial wall components. Modified from
http://www.lab.anhb.uwa.edu.au/mb140/

Arteries are classified depending on their size, aorta and large arteries, medium size or
distribution arteries, arterioles and capillaries. The function of the aorta and large arteries
is to absorb the pressure pulse that accompanies the contraction of the heart during
systole and the elastic rebound to maintain the pressure during diastole. The smooth
muscle in the tunica media secretes elastin in the forms of sheets (lamellae) which
increases with age (few at birth and 40 to 70 in an adult) and with diseases such as
hypertension. The medium size arteries have less elastic material than the large arteries,
and their tunica media is mostly comprised of smooth muscle cells. The arterioles or
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small arteries are very similar to medium size arteries in their conformation of the vessel
layer. They have a thin intima, a thick media mostly made of smooth muscle cells and a
thin adventitia. These arteries are in charge of the regulation of the force opposing the
blood flow (resistance) by changing their diameter by contracting or relaxing the smooth
muscle in their walls.
Since aging affects all tissues, one can expect deterioration of the arterial walls with age.
As mentioned before one of the properties of the arterial tree is to regulate the blood
pressure and to damp the pulsatile flow so that the capillaries (which are fragile)
experience a quasi-steady flow. Aging has been show to affect both the blood pressure
regulation as well as the damping function. From a cellular perspective, it has been
shown that the thickness of the intima layer increases with age. The media does not
thicken, but there are important changes in the constituents of the layer. The elastic
lamellae in this layer thin and become more separated increasing the amount of non-load
bearing material. Therefore the stresses on the arterial wall (Laplace law) have to be
redistributed to other structures. In this case, collagen fibers absorb the stresses causing a
generalized stiffening of the arterial wall. At the same time, the thinning of the elastin
and the separation of the lamellae, causes dilation of the large arteries. This is not
observed in the same proportion in the medium size or smaller arteries.
Large arteries vary 10% of their cross sectional area during the heart pulse, while
medium size arteries only vary from 2 to 3 %. These differences in the long term would
predict that a rubber material with similar mechanical properties as elastin, would tend to
rupture after 30 years of use (assuming 60 beats per minute) for the 10 % change, and
100 years for the 3 % change [1]. It seems reasonable to think that similar process occurs
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in the arterial wall, where the components of the different layers not only thin, but also
fatigue.
These changes in the arterial wall have some effects on the function of the artery. As it is
well known, when the heart pumps the blood out, there is a pressure wave that travels
downstream. When the pressure wave arrives to the medium size and small arteries or to
a branching point, a reflected wave is generated. This wave along with the recoil from the
large arteries, helps maintain the diastolic pressure. This phenomenon is crucial for the
perfusion of the myocardium, which occurs during diastole. The stiffening of the arteries,
causes the pressure wave to travel faster and to be reflected faster, and the wave that was
supposed to arrive during diastole, arrives during systole, which increases the stress in the
arterial wall of the large vessels and decreases the perfusion of the myocardium.
The pulse wave velocity (PWV), a technique that will be explained in detail later, is use
as a measurement of arterial elasticity) was shown to increase from 5 m/s at 20 years of
age, to 12 m/s at 80 years, showing a marked increase in the speed of propagation of the
pressure wave. At the same time increase in the pulse pressure is well known to occur
with age. Another consequence of the stiffening of the arterial wall is the decreased
capacity of the arterial tree to damp the pulsatile flow. In tissues like the kidneys and the
brain which have a high resting flow, mean pressure falls more in the larger arteries, and
pulsations extend more deeply towards the capillaries causing damages to the
microcirculation and ultimately to this organs.
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1.2. CLINICAL TECHNIQUES AND EPIDEMIOLOGICAL STUDIES
Arterial elasticity has been described as a predictor of cardiovascular diseases and
mortality in multiple patient populations: elderly, hypertensive, patients with end stage
renal disease, diabetics, and general population. Table 1.1 and 2.1 shows a summary of
the multiple trials in which PWV, local arterial stiffness, augmentation index (AIx) and
pulse pressure (PP) were used to estimate the prediction values, and the correlation with
diseases in different patient populations taken from Laurent et al,

Table 1.1. Adapted from Laurent 2006 showing the multiple studies done in different populations that showed the
predictability of the arterial elasticity, and how this one was measure in the different publications.

Table 2.1. Continuation of table 1. showing the predictability of arterial elasticity using the central pulse pressure
method and the augmentation index (Aix).

In the next section we cover the most used techniques and the ones with some clinical
application.
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Pulse wave velocity.
This technique recently was approved by a consensus of experts as the gold standard to
estimate the stiffness of the carotid-femoral segment [2]. This technique is based on
measuring the velocity of the pressure wave generated by the pumping of the heart. For
this, the transit time between two points in the arterial tree must be measure. This is
usually done by identifying a characteristic feature in the wave (usually the foot of the
wave since this part is least affected by wave reflections) and measuring the time delay
between the two points. The velocity can be calculated as PWV =

∆L
, where ∆L is the
∆t

distance between the two points and ∆t the time of travel between these two points.

Fig. 2.1. Pulse wave velocity (PWV) calculation schematic. Modified
from Laurent 2006

Fig 2.1 shows a schematic of this technique. The measurement of the velocity of the
pulse wave can be related to the Young’s modulus (E) of the arterial wall by the modified
Moens-Korteweg equation [3]
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PWV =

Eh
2 R ρ (1 −ν 2 )

where h is the thickness of the wall, R is the mean radius of the artery, ν is the Poisson’s
ratio and ρ is the density of the fluid inside the artery. A stiffer arterial segment will
cause the pressure wave to travel faster. The measurement of ∆L , is usually done using a
tape measure over the body surface at the points of interest. Errors in the calculation of
the PWV come primarily in the measurements of ∆L and ∆t . In the measurement of the
distance between the two sensors or the two locations, there is no consideration of the
body type of each patient. Therefore the length measure for an obese patient and a lean
patient of the same height would be different. Also the measurement of ∆L assumes that
the aorta and the arterial tree are straight, and possible bends and tortuosities are not
taken into account which will bias the results since the anatomy changes between
individuals. Some of the equipment for measuring PWV, comes with software that
directly calculates the values. One of the inputs in this software is the distance between
the sensors, which in some equipment is to be entered in centimeters and in other in
millimeters; therefore the accuracy of the calculated PWV depends on the equipment
used. Other sources of error come from the measurement of ∆t , which as mentioned
before is done by identifying a characteristic feature of the wave, and timing its
propagation. The problem is that due to the viscoelasticity of the arterial tree and the
reflection, the shape of the pressure wave changes with distance, creating errors in the
measurements. A study performed by Chie et al, studied the variability between 4
automated methods (minimum diastolic pressure, maximum of the first derivative,
maximum of the second derivative and intersection of the tangent of the systolic
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upstroke) for determining the PWV. The results show that there were important
differences between the use of invasive and noninvasive pressure readings. Also some of
the methods were correlated with each other [4]. Other disadvantages of the PWV are due
to the nature of the pressure wave. The heart pumps blood at a rate of 1 to 2 cycles per
second in a normal patient, which determines the frequency and the wavelength of the
pressure wave. Due to the low frequency (1-2 Hz) of the wave, the elasticity of the
arterial wall can only be calculated once every heart cycle. The long wavelength (0.3 to
0.5 m) of the wave makes the measurement of PWV only possible between distant points
in the vascular tree (carotid-femoral, carotid-radial, etc). Therefore this technique can
only be used to get an average estimate of the arterial elasticity, but it can not be used for
studying small segments or localized injury lesion. Some methods like the one proposed
by Konofagou et al where they used speckle tracking to measure the PWV in a localized
region of the vasculature have attempted to solve some of the disadvantages explained
before [5].
Local determination of arterial stiffness.
The purpose of these types of approaches is to measure the change in the diameter, the
cross sectional area and the thickness as a function of local pressure, systolic and
diastolic. (Fig 3.1 figure adapted from Laurent et al 2006).
From this information multiple indices of arterial mechanics can be calculated such as
cross sectional distensibility, cross sectional compliance, incremental modulus and other.
Some of the indices frequently used and the units are described in Table 3.1 (modified
from O’Rourke 2002).
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Fig. 3.1. Methodology used to calculate the local arterial elasticity by
measuring the changes in the diameter or radius as a function of pressure.
Modified from Laurent 2006

Table 3.1. Adapted from O’Rourke 2002, showing the multiple measurements and indices used to estimate the
mechanical properties of arterial segments using the measurements of diameter and pressure.

10

These techniques present the advantages of characterizing the mechanical properties of
arteries locally and at the same time providing information about the intima-media
thickness (IMT), allowing the calculation of the Young’s modulus. The measurement of
the diameter has been done using different equipment. Conventional ultrasound
machines, high precision echo-tracking systems and MRI based methods are among the
techniques used to determine the diameter change. There are some disadvantages to these
methods; one of them is the high degree of technical expertise in the measurements and
the analysis of the data, as well as the computational time. Another drawback is the need
of localized pressure measurement, which is not always possible to acquire or accurate
when using noninvasive techniques. Due to these weaknesses the European Network for
Non-invasive Investigation of Large Arteries recommends the use of this technique for
mechanistic analyses in pathophysiology, pharmacology and therapeutics, but advises not
to use it in epidemiological studies [2].
Central pressure wave analysis.
As mentioned before, the shape of the pressure wave at the aorta is determined by the
ejection of the blood by the heart, but it is also dependent on the reflections of this wave
on the multiple branches and regions of impedance change. In a healthy subject, the
reflections of the pressure wave arrive during diastole, which appear in the central
pressure trace as an inflection point (called the augmentation point) in the rapid
ascending portion of the wave. When the arteries stiffen, the reflected wave arrives closer
to systole changing the location and the amplitude of the inflection in the pressure trace.
The augmentation index (AIx) is a mathematical expression that relates the first systolic
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shoulder to the peak of the aortic pressure, and it is expressed as a percentage of the pulse
pressure (Fig 4.1).

Fig. 4.1. Pressure wave morphology and augmentation index (Aix).
This value is a mathematical expression that relates the first systolic
shoulder to the peak of the aortic pressure, and it is expressed as a
percentage of the pulse pressure. Modified from Antonini-Canterin
2008

Some of the problems that this method presents are that the pressure wave’s shape can be
modified by other factors rather than elasticity. The shape is dependent on the heart rate,
contractility of the heart, vascular defects such as aneurysms, aortic dissections,
atherosclerotic plaques, etc [6]. Another disadvantage is the need of central pressure
waveform, which can needs to be measured in the aorta by invasive methods or by
applanation tonometry in the carotid arteries, which is fairly difficult due to the soft tissue
around these arteries and it is not possible in obese patients. What is normally used is the
radial waveform, since it is easy to measure due to the location and the bone structures
underneath the artery. Then using transfer functions the central pressure is calculated.
This approach is controversial and it has been shown to result in miscalculation of the
AIx [7].
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Pulse pressure.
The pulse pressure is the simplest surrogate measure of arterial elasticity. It is calculated
as the systolic blood pressure (SBP) minus the diastolic blood (DBP) pressure. It has
been shown to be an independent predictor of congestive heart failure in the elderly
population [8] and a predictor of cardiovascular risk in type 2 diabetes patients [9]. The
disadvantages of the pulse pressure are similar to the ones that AIx presents, it is affected
by multiple conditions and medications that have no correlation with the elasticity.
Therefore, the use of pulse pressure as an indicator of arterial stiffness has to be used
within a clear context and in the right population.
The techniques discussed here are the ones that have been used most frequently and in
the latest years to explore the correlation of arterial elasticity and diseases. Unfortunately
central pulse pressure, AIx pulse wave have been used interchangeably because they all
increase with age, hypertension, diabetes and hypercholesterolemia. This presents some
problems for example the central SBP, pulse pressure and AIx depends on the speed of
the pressure wave, the amplitude of the reflected wave and the point at which this one is
originated, the duration and the pattern of the heart contraction and the heart rate.
Meanwhile the PWV, which is the speed of the traveling wave represents the intrinsic
stiffness of the arterial wall as explained before by the Moens-Korteweg equation. Drugs
can affect the SBP, the pulse pressure therefore affecting the AIx, but they will not affect
the PWV as these drugs do not change the components of the wall. The European
Network for Non-invasive Investigation of Large Arteries recommends the carotidfemoral PWV as the gold standard for arterial stiffness measurements since it has the
largest epidemiological evidence in predicting cardiovascular events and requires little
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technical expertise. They also recommended the use of the central pulse wave and the
AIx as methods for additional information, since they have also shown some
predictability in some populations. Finally the use of localized arterial stiffness is
recommended for mechanistic analyses in pathophysiology, pharmacology and
therapeutics since the use of these approaches tend to require more skilled personnel.

1.3. BIOMECHANICAL STUDIES OF THE ARTERIAL TISSUE
To better understand the principles of the non-invasive techniques used in
epidemiological studies, we turn to the field of biomechanics for the characterization of
the arterial wall tissue. In this section of the introduction we will explain some of the
most relevant and cited work developed by multiple groups that had led to the
understanding of the properties of the arterial tissue.
In 1922, Bramwell and Hill did an experiment to measure the velocity of a pressure wave
in an excised human carotid artery. A representation of the setup they used is shown in
Fig 5.1.
In their experiment they attached the artery between two copper tubes (A and B). The
whole system was then filled with mercury; the reason was to slow down the pressure
wave to have better accuracy in the measurements. The velocity of the wave is inversely
proportional to the density of the fluid (Moens-Korteweg equation) therefore by replacing
the blood (1.055 g/ml with mercury (13.5 g/ml) they reduced the speed 3.58 times. A
rubber tube attached to the ends of the copper pipes on each end; one side was connected
to a mercury reservoir (to change the pressure) and the other end to a pressure gauge. The
wave was set by hitting or squeezing the rubber tube connected to the reservoir
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propagating through the copper piping and the artery. The time of travel was measured
using fine bamboo needles attached to a membrane placed in a window at each end of the
copper tubes (X and Y). This way, when the wave passes through the windows the
bamboo needles marked the arrival time of the wave on a common rotating drum. From
these markings and by knowing the distance between X and Y the speed of propagation
could be determined [10].

Fig. 5.1. Schematic of the experiment done by Bramwell and Hill in 1922
to measure the pulse wave velocity.

With this experiment they were able to show that the speed of propagation increased with
pressure. They noted that the speed remained relatively constant up to 80 mmHg and then
increased significantly with pressure. Similar findings were calculated by Bramwell and
Hill from a study by Roy and Brown in 1880 where they characterized the change in
diameter of arterioles with pressure.
In 1960 Bergel published two works in which he described the static and dynamic elastic
properties of the arterial wall. In these works he used the local arterial stiffness approach,
measuring the changes of diameter as a function of pressure in different portions of the
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arterial tree (thoracic aorta, abdominal aorta, femoral and carotid arteries). The
incremental modulus (E) was calculated using the equation given by Love in 1927, where

E=

∆P 2(1 −ν 2 ) Ri2 Ro
×
Ro2 − Ri2
∆Ro

and ∆P is the change in pressure, Ro is the external radius, Ri is the internal radius and

ν is the Poisson’s ratio. The static properties study showed a difference in E for the
different segments which depended on the transmural pressure. The values ranged from
100 kPa in the carotid at 40 mmHg to 1.8 MPa for the abdominal and thoracic aortas at
220 mmHg. In this study he reported the incremental modulus for the circumferential
direction, which he showed in a previous work to be 1.5 times stiffer than the
longitudinal modulus. The dynamic study of the arterial properties was done using a
similar method to measure the changes in diameter and a sinusoidal pressure by means of
a mechanical piston. This study showed a steep increase in E from the static condition to
the dynamic (2 Hz). He tested frequencies from 2 to 18 Hz, and saw that there was little
change in the incremental modulus with frequency. The different segments showed
different behaviors with frequency. The carotid artery presented a higher increase in E
with frequency compared with the static condition at 100 mmHg, from 690 kPa at 0 Hz,
to 1.15 MPa at 18 Hz. While the thoracic aorta showed the least change from 440 kPa at
0 Hz to 530 kPa at 18 Hz. He hypothesized that this dependency on frequency could be
explained by the amount of smooth muscle in the different segments. The viscosity of
the arterial wall was calculated as the angle between the change in pressure and radius.
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This showed the same behavior with frequency, ranging from 0.5 dynes/cm2x106
(minimum in the thoracic aorta) to 2 dynes/cm2x106, maximum in the abdominal aorta.
Learoyd et al., in 1966 published a similar work to Bergel’s comparing the properties of
old and young cadavers (thoracic and abdominal aortas, carotid, iliac and femoral
arteries). The static incremental modulus in the circumferential direction was in good
agreement with the values reported by Bergel for the different segments, and showed a
clear distinction between the samples from young and the old cadavers. Similar results
were shown for the dynamic incremental modulus, where the young arteries showed
higher viscosity than the older ones. This was true except in the aorta, where the older
arteries were had a higher dynamic E.
In 1968 Anliker et al., published a work based on a technique presented by Landowne
(1957) where they superimposed high frequency oscillations (40 to 200 Hz) using a
mechanical actuator on the pressure wave of anesthetized dogs. This study allowed the
characterization of the dispersion of a wave propagating in the arterial wall. They noticed
that the speed of propagation did not change much within the frequency range (little
dispersion), with a mean of 4.3 m/s at diastolic pressure (69–77 mmHg). The study also
showed that the dispersivity was a function of pressure, since in systole there were clear
changes in the speed of propagation for the different frequencies.
YC. Fung and coworkers developed a biaxial testing machine for soft tissues and
published work in rabbit skin in 1974 [11]. This permitted then to study the anisotropic
properties of soft tissues. Using a similar setup (Fig 6.1), Debes and Fung later on
included studies in pulmonary arteries of dogs [12] In this setup, rings of arteries were cut
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open and the tissue was prepared in a trampoline-like fashion, using threads allowing for
the straining of the tissue in two directions (longitudinal and circumferential).
This work also keyed in the “zero stress state”, which is achieved when the rings are cut
open and the artery springs open. This zero stress state was calculated from the opening
angle. Some of the results from the biaxial testing showed that within the physiological
deformations, the strain-stress relationships were slightly nonlinear, and anisotropic. In
this study the stress-strain relationship in the longitudinal direction suggested that the
artery was stiffer along this axis compared to the circumferential one. This differs from
what Bergel and others had observed with the local stiffness approach. The differences
might be explained by the zero stress state compared to the in situ shape used in Bergel’s
experiments.

Fig. 6.1. Schematic describing the tissue preparation and testing method
developed by YC Fung in 1995.

In 1984 Dobrin and Canfield publish a work on common carotid arteries of dog in which
they studied the contributions of elastin and collagen to the overall properties of the
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arterial wall. The artery segments were cannulated on the top end and attached to a
micrometer on the bottom end. The micrometer was mounted on a force transducer used
to measure the longitudinal tension on the artery. The arteries were inflated using 100%
O2 in 10 mmHg increments from 0 to 50 mmHg and 25 mmHg increments from 50 to
200 mmHg. The diameter was measure using a linear displacement transducer. For
digesting the components of the arterial wall, elastase and collagenase were used. The
concentrations were high enough to cause changes but not too high that they would
generate ruptures in the wall. The study suggested that elastin bears a portion of the
distending load in both the longitudinal and the circumferential directions. Histological
evidence of the distribution of the elastic lamellae in the aorta [13, 14] supports these
findings. The treatment with elastase showed a constant decrease in the longitudinal
stress (independent of diameter and pressure) while in the circumferential direction, the
decrease in stress increased with diameter and pressure. The treatment with collagenase
showed that the degradation of collagen did not reduce the longitudinal stress, while it
did decrease the circumferential one, when the arteries were pressurized above 60 mmHg.
Finally this study showed an anisotropic behavior of the carotid artery of dogs, with
being stiffer in the circumferential directions compared to the longitudinal one.
A multiaxial testing machine was developed by the group led by Kassab in 2003. This
machine allowed the study of the coronary arterial tissue in its physiological shape. The
arteries were attached to a frame and immersed in physiological solution. The ends for
the frame were controlled by a motor, allowing changes in the axial strain from 1 to 1.5
times the recoil length. This set up also allowed for the rotation of one of the ends of the
frame, therefore causing a torque or shear stress, from -25 to 25 degrees. The artery was

19

connected to an infusion line that was used to change the transmural pressure from 0 to
18.7 kPa. The system was implemented with multiple load cells to register the axial force
and the torque. During the experiments, in some of the specimens they removed the
adventitia while in others they removed the intima to study the contribution of the
different layers to the overall elasticity of the wall. In this study they found that the shear
modulus was not dependent on the shear stress and strain, since these two quantities have
linear relationship. They also found the shear modulus of the adventitia to be greater than
that of the intact vessel, which was greater than the one of the media layer. They
observed that the hysteresis loop from the twist (torque) testing was very small, meaning
that the viscoelasticity feature of the shear modulus in the epicardial coronary arteries
was small.
Other studies have focused on studying the properties of decellularized arteries [15], and
the effect of cryopreservation on the arterial wall strength [16]. Several groups have
studied the effect of temperature on arterial tissue. Tsatsaris studied the distensibility and
mechanical properties of the aorta [17], Guinea et al., and Atienza et al., studied the
thermomechanical behavior of human carotid arteries [18, 19].

1.4. CONTRIBUTION OF THIS WORK
In this thesis we present two approaches to the study of the arterial properties. In the first
part of this work we explain a technique developed to study the biaxial properties of
arteries while conserving the cylindrical and natural shape ex vivo. This approach
characterizes the circumferential and longitudinal properties of an arterial segment
simultaneously. The technique is based on an inflation method, in which we seal one end
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of the structure and analyze the response of the diameter and longitudinal axis to a
ramping transmural pressure. We use piezoelectric elements and sonometry to track the
strains in both directions. In the second part of the thesis we introduce a different
technique based on ultrasound radiation force and the propagation of mechanical waves
on the arterial wall. Even though in this work we do not present a clinical in vivo
application, our group is working in the implementation of this technique in a clinical
scanner. Therefore this method could be use to study the mechanical properties of the
arterial wall in a noninvasive, quantitative and inexpensive way. This thesis focused on
the preliminary work in urethane tubes and excised pig carotid arteries where we explain
the generation of mechanical waves using ultrasound radiation force, a fast Fourier
transform approach to visualize the modes of propagation generated in the arterial wall,
and how this can be use to estimate the material properties using Lamb waves in healthy
arteries.
In chapter 2, we present the piezoelectric element technique and show the application and
validation study in urethane tubes. We compare this approach to mechanical testing (gold
standard). We also show a study we did to evaluate reproducibility and the repeatability
of this method and the sensitivity to errors in the measurements of diameter and length.
In chapter 3, we show the application of this technique in arteries. We explain the
constitutive equations for transversely isotropic materials; study the effect of
pressurization rate on the mechanical properties of excised carotid arteries from healthy
pigs and compare our results with previous studies. We also evaluate the sensitivity of
this methodology to detect changes in the elastic properties by changing the temperature
of the saline bath in which the arteries are tested.
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In chapter 4, we introduce the shear wave dispersion ultrasound vibrometry technique
(SDUV) and its application in urethane tubes and excised arteries. A Lamb wave model
for thin plates is explained as a first approach for the estimation of the Young’s modulus
of tubes and arteries. We will explain a two dimensional (2D) discrete fast Fourier
transform technique for the visualization of multiple propagating modes in the tube/artery
wall, and construct dispersion diagrams that can be fitted with the Lamb wave model to
obtain the Young’s modulus.
In chapter 5, we apply the SDUV technique in a series of excised carotid arteries to
obtain reference values for future comparison with diseases arteries. We also study the
effect of surrounding tissue on the modes of propagation and the levels of prestretch.
In chapter 6 we present the concluding remarks of this work, and summarize the
accomplishments and the contribution of this thesis to the study of arterial elasticity. We
also show the future direction of this work and some physiological application that can be
studied using this new method. We show preliminary work in the implementation of the
SDUV technique in two clinical scanners, the Philips iU22, and the Verasonics V-1
Machine; and show some of the preliminary results obtained using this two equipments in
phantoms.
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2. Chapter 2

Evaluation and validation of nondestructive testing technique for elastic and
isotropic tubes using piezoelectric elements and sonometry
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2.1. ABSTRACT

Arterial elasticity has gained importance in the past decades because it has been shown to
be an independent predictor of cardiovascular diseases. Several in vivo and ex vivo
techniques have been developed to characterize the elastic properties of vessels. In vivo
techniques tend to ignore the anisotropicity of the mechanical properties in the vessels
wall, and therefore, fail to characterize the elasticity in the different directions. Ex vivo
techniques, have focused their efforts in studying the mechanical properties in different
axes. In this chapter, we present a technique that uses piezoelectric elements to measure
the elasticity of soft tubes in two directions. This technique uses sonometry data from
piezoelectric elements (time of flight between the elements) to measure the strain in the
longitudinal and circumferential directions while the tubes are being pressurized. We
conducted repeatability and reproducibility tests to evaluate the technique and compared
the experimental results with mechanical testing done on the materials used for making
the tubes. The calculated Young’s modulus from sonometry experiments and the
mechanical testing values showed good agreement, deviating no more than 10%.
Therefore, we propose this technique for nondestructive testing of soft materials, and we
are confident our technique can be used for the study of arteries.

2.2. INTRODUCTION

Arterial elasticity has gained importance in the past decades as an independent predictor
of cardiovascular diseases and mortality [20]. Ex vivo and in vivo testing of vessels is

24

important, first to understand the intrinsic mechanical properties of the tissues, and
second, to relate this to the physiology of the system to which they belong. Several in

vivo approaches to study the properties of vessels have been developed such as pulse
wave velocity [21, 22], imaging techniques and augmentation index analysis [23-25].
Even though these techniques have the potential to be applied in a clinical setting, the
complexity of the measurements and analysis has not allowed them to become widely
used. Another disadvantage to in vivo testing is that it tends to ignore that arteries consist
of anisotropic materials, therefore the mechanical properties are not fully characterized.

Ex vivo testing techniques have been applied to understanding the differences in
mechanical properties in the circumferential and longitudinal directions. Fung et al
proposed a biaxial technique, in which the arteries are cut open and treated as thin films.
Then the tissue samples were placed on a machine that stretched them in two directions
while recording the stresses and strains [12, 26]. Other attempts to characterize arteries
used an inflation method where they pressurized a thin film of vessel wall to create a
bubble while optically tracking the shape in the directions corresponding to the axial and
in longitudinal axes [27, 28]. Kassab’s group developed a testing technique that measured
the circumferential, longitudinal and torsional properties independently from each other
by pressurizing the vessels while keeping them at a fixed length, and later stretching them
in the axial direction at a set pressure [29].
In this chapter, we are proposing the use of piezoelectric elements and sonometry to track
the strain in the longitudinal and circumferential directions when pressurizing soft tubes.
This is a nondestructive testing technique, as there is no need to modify the geometrical
shape of thin tubes and no need to exceed the elastic region of the materials (no plastic
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deformations). In addition, the artery is stressed while in its natural shape, giving material
properties relevant to its in situ state. In this chapter, we first mention the constitutive
equations that govern the longitudinal and circumferential stress-strain relationships.
Then we analyze the sensitivity of the equations to the variations in the input parameters,
such as radius and length. Next, we describe the experiments using sonometry on soft
tubes and the mechanical testing done on the urethane used for making the tubes. Finally,
we compare results of the simulations to the sonometry experiments and the mechanical
testing. We believe that this technique can be easily extended to the study of arteries by
using the proper constitutive equations for orthotropic materials.

2.3. METHODS

2.3.1. Theory
According to the theory of elasticity for plane stress, the constitutive equations for linear
elastic isotropic materials are described by the following system of equations [30]
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Solving for the elastic modulus we obtain equations (2), (3) and (4)
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σ 2 (1 −ν 2 )
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(3)

(4)

Where σ1, σ2 and σ12 are the stress in the longitudinal (axial stress), circumferential (hoop
stress) and shear directions, respectively, and ε1, ε2 and ε12 are the strains in the respective
directions, ν is the Poisson’s ratio and E is the Young’s modulus. During the analysis the
shear stress was assumed to be not significant due to the type of loading we used in the
experiments, therefore, our analysis is focused on the longitudinal and circumferential
direction.

The stresses and strains in the circumferential directions were calculated using the
expressions for a thin walled cylinder as described below,

σ2 =
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,
h
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,
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where P is the transmural pressure, rout and l are the radius and length at each pressure
value measure with the piezoelectric elements, respectively, r is mean radius, h is the
thickness and r0 and l0 the initial values for the radius and the length, respectively.
To evaluate the sensitivity of the constitutive equations to measurement errors during the
experiments, we introduced an offset to the radii and the length values. The offsets for the
radius were -0.25, 0 and 0.25 mm and for the length were -2, 0 and 2 mm. Then using the
equations described above we calculated the stresses and strains and ultimately compared
the values of Young’s modulus between the different perturbations.
For all the different sensitivity analyses we varied one parameter at the time in the
simulation, while leaving the rest at the experimental values. The Poisson’s ratio was set
to 0.49 for all the calculations, as the urethane used in the experiments is almost
incompressible.

2.3.2. Experiments

2.3.2.1. Urethane tubes
As a model for the experiments, we developed an injection process to create our own
tubes out of urethane. The urethane that we used (Reoflex 20, Smooth-On Inc, Easton,
PA) comes in two different components (A and B), which are mixed in equal amounts.
To soften the urethane mixture there is a third component that can be added (So-Flex,
Smooth-On Inc, Easton, PA). The percentages were determined by the weight of the
components used. We made three tubes, two of them had no So-Flex, which we defined
as 0%, meaning 0% of So-Flex was added to the quantity of A or B and we refer to these
tubes in this chapter as 0% #1 and 0% #2. We also made a tube with 15% So-Flex. The
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liquid urethane mixture was then injected into a glass tube with an internal diameter of
4.98 mm. Once the tube was filled with the urethane, a stainless steel rod of 3.2 mm
diameter was introduced and centered from one end of the tube to the other. The
centering process was guaranteed by two machined nozzles that were in each extreme
end of the glass tube. The urethane was allowed to cure for at least 24 hours before taking
the rod and the urethane tube out of the glass mold.

2.3.2.2. Sonometry experiments
The sonometry experiments were performed using a Sonometrics system (Sonometrics
Corp. London, ON, Canada) with 1 mm diameter piezoelectric elements. The idea of this
method is to track the displacement in the circumferential and the longitudinal directions
as the tubes are being pressurized by using three piezoelectric elements attached to the
tubes. Two of the elements are used as receivers, and one as a transmitter; the transmitter
is placed on one side of the tube, and the element used to measure the diameter changes
was placed at the same level on opposite side of the tube. The element used to track the
longitudinal motion was placed on the same side as the transmitter somewhere along the
length of the tube. The experimental set up is described in Figure 1.2. The location for the
all the piezoelectric elements was marked before the attachment using a ruler, to make
sure that the elements used to measure the longitudinal strain were in line with each
other, and the elements across the diameter was at the same height as the transmitter and
on the exact opposite side of the tube. The speed of sound used to calculate the distances
from the time of flight was 1480 m/s, as the tubes were filled with water during the
experiments and the speed of sound in the urethane material was very similar to the one
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in water (1450 m/s). The experiments were all performed at room temperature, around 22
degrees Celsius.

Fig. 1.2. Diagram of sonometry experimental set up.
Three piezoelectric elements where placed on the
urethane tube as shown in the Figure. The tube was
pressurized using a syringe, an infusion pump and a
column of water. The pressure was recorded using a
pressure sensor that was connected to a PC.

The spherical elements were attached to each urethane tube using silicone glue (732
Multi-Purpose Sealant, Dow Corning Corp, Midland, MI). After attaching the elements
we let the glue cure for at least 10 minutes. The tube and the elements were then
immersed in a water bath as the ultrasound pulse from the elements need a medium to
propagate. We proceeded to maximize the sensitivity of each element which is an option
available at the interface with the computer. Pressurization of the tubes was performed
using an infusion pump (KDS210, Kd Scientific, Holliston, MA) set to deliver water at a
specific rate to a column of water as described in Figure 1.2. Before recording data 4 to 5
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cycles of pressurization were performed for preconditioning of the tube. This was
repeated every time the elements were attached. To make sure that the pressurization rate
was not a factor in the determining the mechanical properties of the tubes, we set the
pump at three different rates. The slow rate infused water at 26.6 ml/min, taking 90
seconds to pressurize and depressurize. The medium rate was 40 ml/min, or 60 seconds
for the pressure loop; and the fast rate was 56 ml/min (the fastest the pump could infuse)
and took 43 seconds. The data were acquired with the Sonometrics interface and software
and a PC; the sampling rate of the equipment is 64 MHz, but the motion of the wall is
tracked at 483.7 Hz. The length of the transmitting pulse was set to 406.3 ns, equivalent
to a 2.4 MHz signal; an inhibit delay equivalent to 3 mm (or 2.02 µs, with a speed of
sound in water equal to 1480 m/s) was added to the system since the elements were at all
times farther than this distance. The software was also recording in one of its analog
inputs the output from the pressure sensor (PX319-015G5V, Omegadyne Inc. Sunbury,
OH), which was calibrated using a column of water before the series of experiments.
During the analysis of the piezoelectric element data, a linear regression on the radius
changes and the length changes was done to extrapolate the values of r and l to a 0
mmHg pressure and to decrease the noise. To assess the goodness of the fit the R2 values
of the regressions were calculated. The data from the fitting was used in the equations
described in the Methods section to make the calculations of stress and strain and
Young’s modulus.
To assess the accuracy of the system, we performed repeatability and reproducibility
tests. To test the repeatability, we attached the elements to the 0% #1 tube, maximized the
sensitivities and did the preconditioning pressure rounds. Using the slower rate (26.6
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ml/min) five consecutive pressure loops were recorded. The reproducibility test was done
also using the 0% #1 tube. In this case the elements were attached 5 times, waiting at
least 10 minutes for the silicone to cure. After the sensitivity was maximized and the
preconditioning rounds were done, two to three pressurization loops were recorded in
each occasion.

2.3.2.3. Mechanical testing
Controlled compression and tensile tests were done on the urethane samples using a
DMA machine (Q800 by TA Instruments, New Castle, DE). The tensile tests were done
on strip samples of 1 x 3 x 15 mm tests while the compression tests were done on
samples of about 5 x 5 x 5 mm from the same urethane composition as the tubes used for
the sonometry experiments. The results from the tensile tests showed a significant
amount of variance, this was attributed to difficulties in assuring the same grip for each
sample as well as the prestrain condition. The compression tests showed a higher
repeatability; therefore these results were used to determine the Young’s modulus in the
linear elastic portion of the strain-stress curves for each sample. In these tests, the loading
rate was 1 N/min to a maximum of 0.75 N, which translates to about 5% strain. The
same test was repeated in five different samples from the same batch to measure the
reproducibility of the compression test.

2.4 RESULTS

2.4.1. Piezoelectric element experiments
The results of the piezoelectric element experiments on different tubes are shown in
Figure 2.2. In this case we tested the 0% #1, 0% #2 and the 15% tubes, to evaluate the
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sensitivity of the technique to changes in the Young’s modulus. In panels A and B are the
changes of the radius and the length through the pressure loop, respectively. The pressure
profile is shown in panel C. The solid lines in panels A and B are the linear regression on
the radius and length change. The R2 values were 0.9876, 0.9860 and 0.9866 for the three
radius changes, and 0.6728, 0.8453 and 0.9030 for the length changes.

Fig. 2.2. Results of sonometry experiment using the 0% #1, 0% #2 tubes and the 15% tube.
Panel A shows the change in the radius for each tube during the pressurization and
depressurization; the blue dotted line shows the behavior of the 0% #1, the red squares line
the 0% #2 and the magenta diamond line the 15% tube. Panel B, similarly, shows the change
in the length where the same legend from Panel A applies. The solid lines in both panel A and
B represent the linear regression done on the experimental data. Panel C shows the pressure
profile.

In Figure 3.2 are the stresses and strains calculated using the values from the linear
regression and the equations described in the Methods section. The linear regression was
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used to decrease the noise of the piezoelectric elements signal and to extrapolate the
values of r and l to 0 mmHg of pressure.

Fig. 3.2. Calculated strains, stresses and Young’s moduli for the three urethane
tubes. In panel A, stress and strain relationships for the different urethane tubes in
the circumferential (C) and in the longitudinal (L) directions. Panel B, shows the
calculated Young’s modulus in MPa.

The analysis of the sensitivity of the constitutive equations to the measurement errors are
presented in Figure 4.2. Panel A presents the stress-strain relationship for the default
radius change and for overestimated and underestimated changes in radii; and panel B,
shows the corresponding calculated Young’s modulus. Similarly, panel C shows the
stress-strain relationships for the offset length values, and panel D, the Young’s modulus.
The results of the different pressurization rates for tube 0% #1 are shown in Figure 5.2.
Panel A shows the pressurization profiles and panel B shows the strain and stress
relationships; panel C shows the calculated Young’s modulus.
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Fig. 4.2. Sensitivity analysis for the offset r and l. The default values for radius and the length
were the ones presented in Fig. 2 panel A and B. For this graph, the offset values were ±0.25
mm for the radius and ±2 mm for the length. Panel A shows the results stress-strain
relationships in the circumferential (C) and longitudinal (L) directions for the different offset
values applied on the radius (r). In panel B are the corresponding calculated Young’s moduli.
Panel C shows the stress-strain curves for the offset length (l). The calculated Young’s moduli
are shown in panel D.

Figure 6.2 shows the results of the repeatability test. Panel A shows the mean of the
radius-pressure changes of all 5 pressurization loops with the standard deviation (SD).
Panel B shows similarly, the mean for the change in the length. Panel C, the mean
calculated Young’s modulus using (2) from the 5 pressure loops, also with standard
deviation bars.
The reproducibility results, where the elements were attached and detached several times,
are shown in Figure 7.2. In panel A is the mean change on the radius with pressure, for
the 5 trials, and the error bars represent the SD. Similarly, panel B shows the change in
the length with pressure, and in panel C, the mean Young’s modulus is shown.
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Fig. 5.2. Results of the experiments on tube 0% #1 using different pressurization
rates. Panel A shows the different time line of the pressure profiles. Panel B, the
stress-strain relationships for the slow, the medium and the fast pressure rates in the
circumferential (C) and longitudinal (L) directions. Panel C shows the Young’s
moduli for the three rates as calculated using (2).

The mechanical testing results are summarized in Table 1.2, the results for Young’s
modulus with the standard deviation for the 5 measurements are presented for the 0% and
the 15% materials.
Figure 8.2 relates the results of mechanical testing and the piezoelectric element
experiments for the three tubes. The different columns show the results on the 0% SoFlex material as well as in the tubes made with this composition, also the mechanical
tests done on the 15% So-Flex and the corresponding tube.
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Table 1.2. Results of the compression tests done in the 0% and 15%
soflex urethane used in the construction of the tubes used in the
sonometry experiments.

Fig. 6.2. Repeatability results of the piezoelectric element experiment in
the 0% #1 urethane tube. Panel A shows the change in radius for 5
consecutive pressure loops. Panel B, shows the resulting length changes
as function of pressure. Panel C shows the Young’s modulus for each
pressure. In all the graphs the dots are the mean values and the bars are
the standard deviation (SD).
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Fig. 7.2. Results of the reproducibility test done in tube 0% #1 where the elements
were attached 5 different times and the pressure loops repeated. Panel A, shows the
radius change of the 5 tests. Panel B, shows length change. Panel C, the Young’s
modulus. Note that in all the panels the dots represent the mean values and the bars
the standard deviation.

Fig. 8.2. Comparison between the results from the sonometry experiments in the three tubes and
the mechanical testing. The first column shows the results of the 5 compression test with the
standard deviation. The second and third columns show the results from the piezoelectric element
experiments in the 0% #1 and 0% #2 tubes. The fourth column is the results of the compression
tests on the 15% So-Flex tube. And the fifth column, the results of the sonometry experiment in
the tube with the same composition.
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2.5. DISCUSSION
The results of the piezoelectric element experiments presented in Figure 2.2 show the
linear profile of pressure that was applied to the tubes. The response of the tubes in both
directions was also linear, corroborating our hypothesis that the testing took place in the
linearly elastic portion of the material, and therefore no plastic or permanent
deformations were caused. This also allowed us to do a linear regression of the data to
decrease noise and also to be able to get radius and length values for pressures equal to 0
mmHg, which experimentally was not feasible, but for the calculation of the Young’s
modulus was important because it gave us an estimate of the radius and the length at a
zero stress state. In Figure 2.2, panel A, it is evident that the changes in the radius for the
two 0% tubes are very similar, and the slopes of the linear regression had similar values.
Meanwhile, the change for the 15% soflex tube was clearly larger for the same pressure
profile, and the slope differs from the other two.
Comparison of the length changes is difficult as there was little strain in this direction for
all three tubes. In Figure 3.2, the stress-strain relationships in the circumferential
direction for the two 0% tubes are very similar, while it significantly differs for the 15%
tube. The differences are less noticeable in the longitudinal direction as the strains in this
direction were very small. Using these values for the stress and strain, and a Poisson’s
ratio of 0.49 (nearly incompressible material), it was possible to calculate the Young’s
modulus as a function of the transmural pressure using the Eq. 3 presented in the
Methods section. The results for the three tubes showed that the method has the
sensitivity to differentiate between the 0% and the 15% compounds (see Table 1.2 for
Young’s modulus), and the values agreed with those presented for the mechanical testing.
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The analysis of the constitutive equations and their sensitivity to errors in the radius and
length measurements, showed that perturbations of the initial radius have a significant
effect in the calculations of the stresses and strains as well as the Young’s modulus,
which changed about 11% when introducing the offset of ±0.25 mm. Perturbations in the
length values showed to be less significant in the calculation of the stresses, strains and
Young’s moduli (Fig 4.2), changing the values of this last one less than 1% for ±2 mm
offsets. The variations of 0.25 mm in the offset values were chosen because during the
attaching procedure of the piezoelectric elements to the tubes a 0.25 mm variation was
easily identified and attributed to a thick layer of silicone between the element and the
tube. Therefore, in cases where the initial read out from the elements deviated more than
0.25 mm from the value expected, the attachment process was repeated. The perturbation
of the length showed to be a lot less sensitive, the reason is that the length values are only
used in the calculation of the longitudinal strain, which was very small due to the low
compressibility of the material and isotropicity, while the longitudinal stress is dependent
on the radii and the pressure changes. These factors make changes in length have little
impact in the calculation of the Young’s modulus.
The results shown in Figure 5.2 for the different pressurization rates performed in the 0%
#1 tube showed there was no creep or relaxation going on in the tubes during the
experiments as the strain and stress relationships for the slow, medium and fast rates,
were very similar and remained linear. The Young’s modulus calculation was affected
about ± 5% by the pressurization rate.
The repeatability tests to evaluate the variation of the measurements for consecutive
pressure loops showed that there is no change in the properties of the materials due to the
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repeated stress, as the consecutive trials all have the same behavior. Also, the results
prove that the variations of the radius and length changes between pressure loops are
quite small when using the same element attachment. This did not seem to significantly
affect the stress-strain relationships or the calculated Young’s modulus (Fig 6.2). The
reproducibility test was made to evaluate the methodology of the proposed technique. In
this case, the elements were attached and detached several times to evaluate the
reproducibility of the mounting process and the sensitivity maximization. The results of
the radius and the length change showed more variation compared with the repeatability
test as it was expected due to the change in the elements positions and the human error
involved. Nevertheless, these errors didn’t seem to propagate as the stress-strain
relationships and the calculation of the Young’s modulus were not affected, and the SD
remained small (Fig 7.2).
The results from the compression controlled force test for the different samples and
materials presented in Table 1.2 are in good agreement with the results from the
piezoelectric element technique (Fig 8.2), which makes us very confident that this
technique can be used to investigate soft materials in a cylindrical shape.
One of the limitations of the technique is the 11 µm spatial resolution of the elements.
This was not a problem when measuring the circumferential strain, however, the
longitudinal direction’s displacement was close to the system’s resolution therefore we
decided to use Eq. (2), which is more heavily influenced by the circumferential data, to
calculate the Young’s modulus. We believe this will not be an issue in studying the
mechanical properties of arteries as preliminary testing done in excised pig carotids
arteries showed significant strain in both directions when using a similar pressure profile.
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Another limitation of the system is the attachment of the elements which was brought to
our attention during the reproducibility test. One of the reasons for this variability is the
amount of silicone used to attach the elements, which creates a layer that separates the
element from the tube, and gives an offset value to the measurements of the radius.
Fortunately this was not a big issue as these errors are not propagated to the calculation of
the Young’s modulus.
Due to the advantages of this method, and agreement of its results with the mechanical
testing data, we are confident that this technique can be used to evaluate the mechanical
properties of soft materials in a cylindrical shape. The application of this method in
studying the material properties of arteries is something we are very interested in
pursuing. This technique will give us the opportunity to explore the elasticity of vessels
in two directions in a geometry similar to that in situ. We are currently in process of
developing the constitutive equations for anisotropic or transversely isotropic materials so
we can apply this technique in arteries.

2.6. CONCLUSION
This chapter presents a novel use of piezoelectric elements to evaluate the biaxial
mechanical properties of isotropic materials in cylindrical shapes using sonometry. The
constitutive equations that govern the technique are presented and are correlated with
experimental data with very good agreement. Classical mechanical testing on the same
materials validates the method. Therefore we are confident that this piezoelectric element
method can be use to investigate the material properties of soft tissues in a cylindrical
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shape in a nondestructive way and can be applied to the study of vessels by developing
the constitutive equations for anisotropic materials.
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3. Chapter 3

Measurement of biaxial mechanical properties of soft tubes and arteries using
piezoelectric elements and sonometry
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3.1. ABSTRACT

Arterial elasticity has gained importance in the past decades because it has been shown to
be an independent predictor of cardiovascular diseases. Several in vivo and ex vivo
techniques have been developed to characterize the elastic properties of vessels. In vivo
techniques tend to ignore the anisotropy of the mechanical properties in the vessel wall,
and therefore, fail to characterize elasticity in different directions. Ex vivo techniques,
have focused their efforts in studying the mechanical properties in different axes. In this
chapter, we present a technique that uses piezoelectric elements to measure the elasticity
of soft tubes and excised arteries in two directions while maintaining the natural structure
of these vessels. This technique uses sonometry data from piezoelectric elements to
measure the strain in the longitudinal and circumferential directions while the
tubes/arteries are being pressurized. We conducted experiments on urethane tubes to
evaluate the technique and compared the experimental results with mechanical testing
done on the materials used for making the tubes. We then performed sonometry
experiments on excised pig carotid arteries assuming that they are transversely isotropic
materials. To evaluate the sensitivity of this technique to changes in the material
properties, we changed the temperature of the saline bath in which the arteries were
immersed. The calculated Young’s modulus from sonometry experiments for the
urethane tubes and the mechanical testing values showed good agreement, deviating no
more than 10%. The elasticity values from the excised arteries and the behavior with the
temperature changed agreed with previous work done in similar arteries. Therefore, we
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propose this technique for nondestructive testing of the biaxial properties of soft materials
tubes and excised arteries in their natural physiological shape.

3.2. INTRODUCTION

Arterial elasticity has gained importance in the past decades as an independent predictor
of cardiovascular diseases and mortality[20]. Ex vivo and in vivo testing of vessels is
important, first to understand the intrinsic mechanical properties of the tissues, and
second, to relate such properties to the physiology of the system to which they belong.
Several in vivo approaches to study the properties of vessels have been developed such as
pulse wave velocity[21, 22], imaging techniques [24, 25] and augmentation index
analysis[23]. Even though these techniques have the potential to be applied in a clinical
setting, the complexity of the measurements and analysis has not allowed them to become
widely used. Another disadvantage to in vivo testing is that it tends to ignore that arteries
consist of anisotropic materials, therefore the mechanical properties are not fully
characterized.

Ex vivo testing techniques have been applied to understanding the differences in
mechanical properties in the circumferential and longitudinal directions. Fung et al
proposed a biaxial technique, in which the arteries are cut open and treated as thin films.
Then, the tissue samples were placed on a machine that stretched them in two directions
while recording the stresses and strains[12, 26]. Other attempts to characterize arteries
used an inflation method where they pressurized a thin film of vessel wall to create a
bubble while optically tracking the shape in the directions corresponding to the axial and
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in longitudinal axes[27, 28]. Kassab’s group developed a testing technique that measured
the circumferential, longitudinal and torsional properties independently from each other
by pressurizing the vessels while keeping them at a fixed length, and later stretching them
in the axial direction at a set pressure[29].
In this chapter, we are proposing the use of piezoelectric elements and sonometry to track
the strain in the longitudinal and circumferential directions when pressurizing soft tubes
and arteries. This is a nondestructive testing technique as there is no need to modify the
geometrical shape of the cylindrical structures and no need to exceed the elastic limit of
the materials (no plastic deformations). In addition, the artery is stressed while
maintaining its natural shape, giving material properties relevant to its in situ state. In this
chapter, we first present the constitutive equations that govern the longitudinal and
circumferential stress-strain relationships for isotropic and transversely isotropic
materials. Next, we describe the experiments using sonometry on soft urethane tubes and
excised pig carotid arteries in addition to mechanical testing done on urethane samples to
validate the sonometry technique. We believe that this technique can be widely used to
study the biaxial mechanical properties of arteries in their natural shape. This will allow
better characterization and understanding of the elasticity of arteries in the different
disease processes.

3.3. METHODS

3.3.1. Theory
The mechanical response of arteries is characterized by nonlinear material response as
well as intrinsic anisotropy due to its composite-layered microstructure [31]. We will be
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concerned in this work with the development of a simple and adequate theory that would
allow us to approximately capture the anisotropic and nonlinear response of arterial
vessels. Although the anisotropy of arteries is quite complex, originating from helical
patterns of collagen and elastin fibers wound around its axis arranged in different layers,
we are primarily interested in capturing the apparent differences in elastic moduli in the
circumferential and longitudinal directions.

The main reason for this is that

circumferential compliance plays a fundamental role in the physiology of arteries.
Therefore, we would start by assuming that the response observed in our experiments can
be captured by a transversely isotropic material model. Moreover, we will characterize
the nonlinear response by using a small-strain nonlinear elastic (secant-moduli)
formulation in which the Young’s moduli in different directions will be taken as a
function of the state of stress. Furthermore, we will ignore shear stresses and shear
deformations, as we will be concentrating on the response of arteries to internal pressure
alone.

Fig. 1.3. Axes for an isotropic tube or a transversely isotropic artery
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To this end, considering the material axes in a cylindrical body as shown in Figure 1.3,
where 1 is the longitudinal direction, 2 the circumferential and 3 the thickness direction,
we can start with the strain-stress relationship for an orthotropic material as
 1

E
 ε1   1
   ν 21
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ε   E1
 3 
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−
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E2
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where σ1, σ2 and σ3 are the stress in the longitudinal (axial stress), circumferential (hoop
stress) and thickness directions, respectively, and ε1, ε2 and ε3 are the strains in the
respective directions, νij and νji for i and j equal to 1, 2 and 3 are the Poisson’s ratios
between the 3 orthogonal directions and E1, E2 and E3 the respective Young’s modulus.
Consider a transversely isotropic material in which E1 = E3 . For instance, this can
represent a cylinder with fibers wound around its circumference or a first approximation
for an artery, where there are different fibers oriented longitudinally and
circumferentially. From the symmetry of the constitutive matrix, we have in general.

ν ij
Ej

=

ν ji
Ei

, i, j = 1, 2,3

(2)

Using the transverse isotropy condition, i.e. E1 = E3 , the following relationships hold.

ν 13 = ν 31
ν 32 = ν 12
ν 23 = ν 21
ν 12 ν 21
E2

=

(3)

E1
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Now, let’s determine what constraints the incompressibility condition imposes on the
material constants. Incompressibility requires that ε 1 + ε 2 + ε 3 = 0 for all states of stress.
So, we can operate on our constitutive equations as
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For this condition to hold for all states of stress, we must have
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The above expression simply states that the sum of the elements in each column must add
up to zero. Expanding the above expression yields three simultaneous equations given as
1 −ν 21 −ν 31 = 0
1 −ν 12 −ν 32 = 0

(6)

1 −ν 23 −ν 13 = 0
From the transverse isotropy condition, we setν 12 = ν 32 . Substituting this expression into
the second equation above, yields

ν 12 = ν 32 =

1
2

Also, notice that from the transverse isotropy condition we stated that

(7)

ν 12
E2

=

ν 21
E1

.

Therefore,
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ν 21 = ν 23 =

1 E1
.
2 E2

(8)

And finally, from the first equation resulting from the incompressibility condition and
using the above result, we have
1 −ν 21 −ν 31 = 0

ν 31 = ν 13 = 1 −

(9)

1 E1
2 E2

(10)

Considering the type of loading in our experiments, the walls of a thin cylinder under
internal pressure can be considered under a state of plane stress in the thickness direction.
For our material coordinate system, this implies σ 3 = 0 .

Hence, the constitutive

equations reduce to
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Consider the specific case for a thin tube where σ 2 = 2σ 1 . Then,
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Therefore, the secant elastic moduli in the circumferential and longitudinal directions
solved from equations (12) and (13), respectively, are:
E2 =

3 σ2
4 ε2

(14)

and
E1 =

σ2
4
2ε1 + ε 2
3

(15)

For the special case of an incompressible and isotropic material[30], E1 = E2 = E3 = E
and ν ij = ν ji , i, j = 1, 2, 3 are equal to 0.5. Replacing these conditions in (1) we obtain the
following equivalent expressions
E=

3
σ2
2 (ε1 + 2ε 2 )

(16)

E=

3
σ1
2 (2ε1 + ε 2 )

(17)

For the isotropic and transversely isotropic cases, the stresses and strains in the
circumferential directions were calculated using the expressions for a thin walled cylinder
since the ratio of the thickness to the radius was around 0.2 and are described below,

σ1 =

Pr
,
2h

(18)
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(19)

r = rout − h ,
2

(20)
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,
r0

(21)

ε1 =

l − l0
,
l0

(22)

where P is the transmural pressure, rout and l are the radius and length at each pressure
value measure with the piezoelectric elements, respectively, r is mean radius, h is the
thickness and r0 and l0 the initial values for the radius and the length, respectively.
For both conditions, isotropic and transversely isotropic, the state of incompressibility
was defined as ε 1 + ε 2 + ε 3 = 0 .
3.3.2. Experiments

3.3.2.1. Urethane tubes and arteries
As a model for the experiments, we developed an injection process to create our own
tubes out of urethane. The urethane used (Reoflex 20, Smooth-On Inc, Easton, PA)
comes in two different components (A and B), which are mixed in equal amounts. To
soften the urethane mixture there is a third component that can be added (So-Flex,
Smooth-On Inc, Easton, PA). The percentages were determined by the weight of the
components used. Three tubes were made, two of them had no So-Flex, which we
defined as 0% (0% of So-Flex was added to the mixture of A or B); we refer to these
tubes in this chapter as 0% #1 and 0% #2. We also made a tube with 15% So-Flex. The
liquid urethane mixture was then injected into a glass tube with an internal diameter of
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4.98 mm. Once the tube was filled with the urethane, a stainless steel rod of 3.2 mm
diameter was introduced and centered from one end of the tube to the other. The
centering process was guaranteed by two machined nozzles that were in each extreme
end of the glass tube. The urethane was allowed to cure for at least 24 hours before taking
the rod and the urethane tube out of the glass mold.
Two pairs of carotid arteries (left and right) were excised from healthy pigs (Pig 1: 33.8
kg, Pig 2: 47 kg) after the animals were euthanized according the Institutional Animal
Care Use Committee guidelines from our institution. The specimens were kept in the
refrigerator (4°C) overnight in saline solution and tested the next day.

3.3.2.2. Sonometry experiments
The tubes and the arteries were mounted on a holding frame and cannulated on the upper
end while sealed with a suture at the bottom. Before starting the experiments, we made
sure that the tube/artery was filled with water/saline and that there were no bubbles inside
the structures. The sonometry experiments were performed using a Sonometrics system
(Sonometrics Corp. London, ON, Canada) with 1 mm diameter piezoelectric elements.
The displacement in the circumferential and the longitudinal directions were measured
using 3 piezoelectric elements during pressurization of the tubes/arteries. Two of the
elements were set as receivers, and one as a transmitter. The transmitter was placed on
one side of the structure, while the element used to measure the diameter changes was
placed at the same level on opposite side of the tube/artery. To track the longitudinal
motion, the third element was placed on the same side as the transmitter at a distance of
15 mm for the urethane tubes and 20 mm for the arteries. The experimental setup is
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described in Figure 2.3. The location for the all the piezoelectric elements was marked
prior to the attachment using a ruler, to make sure that the elements location was
appropriate. The speed of sound used to calculate the distances from the time of flight
was 1480 m/s, since the tubes were filled with water and the arteries with saline solution.
The experiments on the urethane tubes were all performed at room temperature, around
22 °C.
The piezoelectric elements were attached to each of the urethane tubes using silicone glue
(732 Multi-Purpose Sealant, Dow Corning Corp, Midland, MI). The attachment to the
arteries required putting a point of superglue (size of a pin head) on the marked spots, and
then using medical adhesive (Hollister Inc. Libertyville, IL, USA). The piezoelectric
elements were attached to the superglue. After placing the elements we let the glue cure
for 5 to 10 minutes. The tube/artery with the elements was then immersed in a water or
saline bath. The sensitivity of each element was maximized using the interface available
with the computer before each set of experiments. The pressurization of the structures
was performed using an infusion pump (KDS210, Kd Scientific, Holliston, MA) set to
deliver water/saline at a specific rate to a column of water, changing the transmural
pressure from 10 to around 80 mmHg and then back down to 10 mmHg (Fig. 2.3). Before
recording data 4 to 5 cycles of pressurization were performed for preconditioning of the
tube/artery. This was repeated every time the elements were attached. The data were
acquired with the Sonometrics interface and software and a PC; the sampling rate of the
equipment is 64 MHz, but the sampling rate for tracking the wall motion was set to 483.7
Hz. The frequency of the ultrasound generated by the crystals was close to 2.4 MHz,
equivalent to a transmitting length of 406.3 ns. To decrease the level of noise in the
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receives, an inhibit delay of 2.02 µ was added to the system; this was equivalent to a 3
mm distance (with a speed of sound in the water of 1480 m/s) given that the elements
were at all times farther than this. The pressure inside the structure was recorded using a
pressure sensor (PX319-015G5V, Omegadyne Inc. Sunbury, OH) set at the level of the
crystals. The signal was digitized using an analog input of the Sonometric system that
was calibrated using a column of water previous to the experiments.

Fig. 2.3. Schematic of the experimental set up. The tubes or
arteries were pressurized using and infusion pump that
increased the level in a column of water/saline, increasing the
transmural pressure. The pressure was measure using a
pressure transducer at the level of the water/saline bath. The
piezoelectric elements were attached to the walls of the
tube/artery. The data from the crystals was digitized using a
computer. The tube/artery was sealed on the bottom end with a
suture.
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During the analysis of the piezoelectric element data for the tubes, the change in radius
and length was linear (Fig 3.3), therefore a linear regression on the data was done to
extrapolate the values of r and l to a 0 mmHg pressure and to decrease the noise. To
assess the goodness of the fit the R2 values of the regressions were calculated. The data
from the fitting was used in the equations described in the Methods section to calculate
the stress and strain and Young’s modulus. Due to the nonlinearity of the artery data, the
same linear regression procedure was not possible in the arteries.
To study the properties of healthy pig carotid arteries, the left and the right carotids of pig
1 were tested at room temperature and a pressurization rate of 50 ml/min (pressurization
and depressurization loop around 80 seconds). After the piezoelectric elements were
attached and the vessel was immersed in the saline, 4 to 5 cycles of preconditioning were
done before acquiring data. This preconditioning procedure was done for all the
experiments, every time the elements were attached or the artery was taken out of the
saline bath.
To evaluate the effect of pressurization rate on the mechanical properties of the excised
arteries we used the pump at three different rates. The slower rate infused water at 26.6
ml/min (130 seconds pressurization and depressurization loop). The medium rate was 40
ml/min (around 90 s); and the fast rate was 56 ml/min (the fastest the pump could infuse)
took 70 seconds. For these experiments the left carotid artery of pig 2 was used.
To evaluate the ability of this technique to measure the changes in the mechanical
properties of arteries, we varied the temperature of the saline bath in which the arteries
were submersed during the experiments. Three temperatures were used, 6 °C, 22 °C
(room temperature) and 40 °C. The right carotid artery from Pig 2 was immersed in each
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of the baths and left for 5 minutes for the artery to acclimate. Then we proceeded to do
the conditioning pressurizing cycles before acquiring the data.

3.3.2.3. Mechanical testing in tubes
In order to compare and validate the results of the sonometric experiments, we performed
controlled compression tests on urethane samples using a DMA machine (Q800, TA
Instruments, New Castle, DE). These tests were done on samples of about 5 x 5 x 5 mm
from the same urethane composition mixture as the tubes used for the sonometry
experiments. The controlled force test was done to determine the Young’s modulus in a
linearly elastic portion of the material. In this test, the loading rate was 1 N/min to a
maximum of 0.75 N, which translates to about 5% strain. The same test was repeated in
five different samples from the same batch to measure the reproducibility of the
compression test.

3.4. RESULTS
The changes in the diameter and length of the urethane tubes showed to be linear as it
was expected, since these tubes are isotropic, linearly elastic materials. Figure 3.3 shows
changes in diameter and length for pressure loop for the 0% #1 urethane tube. Panel A
shows the linear pressure profile generated by the infusion pump from; Panel B, the
changes for the diameter with its linear regression. Similarly, Panel C, shows the change
in the length to the pressure loop with linear regression is shown in a solid black line.
The R2 values for the 0% #1, 0% #2 and 15% tubes were 0.9876, 0.986 and 0.9866 for
the diameter and 0.6728, 0.8453 and 0.9030 for the length.
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Similarly, Figure 4.3 shows the response of the diameter and the length of an excised pig
carotid artery (right) to pressure. Panel A shows the pressure profile, Panel B, the change
in diameter and Panel C, the change in the length. Notice how in this case, the changes in
the diameter are not linear, while the changes in the length conserve a linear behavior.

Fig. 3.3. Diameter and length response to a pressurization loop for the 0%#1
urethane tube. Panel A shows the pressure profile going into the tube. Panel B is the
response of the diameter to the pressure. Panel C, the response of the length to the
pressure. The solid lines in panels B and C are the linear regression of the
pressurization data.

The stress-strain relationships for the tubes and the arteries were calculated using
equations (18) to (22). The values of r were taken from the piezoelectric elements, and
calculated as r = rout − h

2

. The initial h = 0.89 mm for the tubes and 0.5 mm for the

arteries (measured using a caliper after testing). The changes in the r and h due to
pressure were calculated assuming a constant cross section and using the values for rout
from the piezoelectric elements.
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Fig. 4.3. Diameter and length response to a pressurization loop for the right carotid of pig 1.
Panel A shows the pressure profile going into the tube. Panel B is the response of the
diameter to the pressure. Panel C, the response of the length to the pressure.

Figure 5.3 shows the stress-strain relationships in the circumferential and longitudinal
directions for the 0% #1 tubes and right carotid artery. In panels A and B are the
circumferential and longitudinal stress-strain relationships for the tube. Notice that in this
case we only show the pressurization part of the loop since the data is from the linear
regression and there was no hysteresis. In panel C and D are the stress-strain in the
circumferential and longitudinal directions, respectively.
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Fig. 5.3. Strain-stress relationships for tube (0%#1) and artery (right carotid artery pig 1).
Panel A shows the strain-stress relationship for the urethane tube in the circumferential
direction. Panel B, in the longitudinal direction. In the tube since there was no hysteresis,
only the calculated values for the stresses and strains from the linear regression during
pressurization are shown. Panel C and D, show the relationships between strain and
stresses for the excise right pig 1 carotid artery in the circumferential and longitudinal
directions, respectively.

From the stress and strain values from equations (18) to (22), we calculated the values of
secant elastic modulus for the tube using (16) and (17). In this case since the tube is a
linear elastic material the secant modulus and the Young’s modulus are the same. For the
arteries, the secant moduli, E2 and E1 were calculated using the transversely isotropic
constitutive equations (14) and (15). In Figure 6.3, panel A are the results for the 0% #1
and 15% tube using (16), while in panel B are the results using (17). Note that since this
is an isotropic material the results from (16) and (17) should agree. In this case the
discrepancy can be explain by the low strain register in the length for all the urethane
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tubes, which biased the results using (17) since this equation gives more importance to
the strain in the longitudinal direction than in the circumferential. Panel C and D, show

E2 and E1 for the right and left artery for pig 1.

Fig. 6.3. Calculated Young’s moduli for the tubes (0% #1 and 15%) and the right and left
carotid artery from pig1. Panels A and B, show the calculated values for E from (16) and
(17) for the two tubes ( .- for the 0% #1 and -- for the 15% tube). Panels C shows the E2
for the (.-) right and (--) left excised carotid arteries from pig1. Panel D, shows the E1 for
the two same two arteries, the legend from C applies to D.

Figure 7.3 shows the comparison between the results of the Young’s modulus (E) using
the sonometry technique and the mechanical test. The first bar shows the result of the
compression test in the 0% urethane sample. Bars 2 and 3 are the results of the sonometry
experiments on the 0% #1 and 0% #2 tubes. The fourth bar is the result of the mechanical
testing on the 15% urethane sample, and the fifth bar, is the results of the sonometry
experiment on the 15% urethane tube. The error bars in the mechanical testing are the
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standard deviation of 5 tests on 5 different samples of the same material. The error bars
on the sonometry experiments are the standard deviation of 3 consecutive pressurization
loops on each of the tubes.
The results of the different pressurization rates on an excised pig carotid artery are shown
in Figure 8.3. Panel A shows the 3 different linear pressurization profiles, slow, medium
and fast. Panel B and C show the calculated secant Young’s modulus in the
circumferential and longitudinal directions respectively for each of the pump rates.
The response of the carotid artery to the different temperatures was as expected. The
artery stiffened in cold saline while becoming more compliant in the warn saline. Figure
9.3 shows the results for the stress-strain relationships and the secant elastic moduli (E1
and E2) as a function of temperature. Panel A and B, shows the stresses and strain in the
circumferential and longitudinal direction, respectively. Panel C and D the corresponding
secant moduli calculated using (14) and (15).

Fig. 7.3. Comparison between the sonometry results in urethane tubes and mechanical testing.
First column is the Young’s modulus for the 0% soflex urethane samples. Column 2 and 3 the
results for tubes 0% #1 and 0% #2, respectively, with sonometry. Column 4 is the mechanical
testing results on the 15% soflex urethane samples. Column 5 is the sonometry results on the
15% tube. The error bars for the mechanical testing represent the standard deviation of the
results from 5 different samples of the same material. The error bars for the sonometry results
represent the standard deviation of the results from 3 consecutive pressurization loops.
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3.5. DISCUSSION
The differences in the response of the diameter and the length for the tubes and the
arteries are attributed to the difference in the nature of the materials. The tubes are
isotropic and linearly elastic in the region of strain that we explored. The behavior of the
artery showed a nonlinear behavior in the circumferential direction and almost a linear
behavior on the longitudinal direction. In both cases, tubes and arteries, in panel B and C
of Figures 3.3 and 4.3, it is appreciable that the deformation in both directions was
completely reversible, meaning that this testing technique, at this strain and stresses
levels, does not cause plastic deformations.

Fig. 8.3. Response of right carotid artery from pig 2 to different pressurization rates. Panel A
shows 3 different pressurization rates, slow (.-) (26.6 ml/min), medium (--) (40 ml/min) and
fast (-) (56 ml/min). Panel B are the results for the circumferential elastic modulus as a
function of pressure for the 3 pressurization rates. Panel C, is the calculated longitudinal
moduli for the different pressurization rates. The legend in panel A applies to panels B and C.
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Notice in Figure 3.3 panel C, the low strain recorded in the longitudinal direction. This is
due to the resolution of the system (minimum 11 µm) and the nature of the urethane,
which strained in the circumferential direction but it strained very little in the longitudinal
one. This low strain affects the calculation of the elastic modulus (E) especially when
using (17), since this equation gives more importance to the strain in the longitudinal axis
and diminishes the contribution from the circumferential direction. This explains why in
Figure 6.3, panels A and B, the two values for the elastic modulus from equations (16)
and (17) deviate from one another in both tubes.

Fig. 9.3. Temperature effect on strain-stress relationships and elastic moduli calculation in the
circumferential and longitudinal directions. Panel A and B show the strain-stress relationships
in the circumferential and longitudinal directions respectively, to 3 saline bath temperatures (6
°C (.-), 22°C (--) and 40°C (-)). Panel C and D show E2 and E1 respectively for the 3 different
temperatures. Legend from panel B applies to panels A, C and D.

65

The strain-stress relationships showed in Figure 4.3, demonstrate the same linear and
nonlinear behavior between the tubes and the arteries discussed before. It is important to
notice in this figure, the difference in hysteresis in the strain-stress relationship in the
artery for the circumferential (Panel C) and longitudinal directions (Panel D). The
hysteresis suggests a viscoelastic behavior, characteristic of soft tissues. What is
interesting is that this is exhibited in one direction but not in the other. This might be due
to the strain levels that were used our experiments, or it could be the nature of the arterial
wall.
Figure 6.3 showed the Young’s modulus for the circumferential (Panel C) and
longitudinal (Panel D) directions for two normal, healthy pig carotid arteries. It is
important to clarify that the harvesting and storing of the arteries in saline solution over
night before performing the experiments, excluded any participation of the vasoactive
components of the arterial wall (smooth muscle) materials. In this figure it is possible to
see the effect of pressure on the elastic modulus of the passive elements of the arterial
wall (elastin and collagen), and how it increases with pressure in a linear fashion. The
pressure had more effect on the circumferential than on the longitudinal direction, and
this as we mentioned before could be due to the levels of strain achieved in our
experiments. The values for the elastic modulus observed in our experiments are in the
same range as the ones presented in the work by O’Rourke et al., in their systematic
review of the clinical applications of the arterial elasticity and the reference values in
different vascular beds[32]. In the same figure, as mentioned before, panel A and B,
showed the results of the calculation of E, from (16) and (17) respectively. The
discrepancy is attributed to the low strain in the longitudinal direction. Therefore the
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values for E presented in Figure 7.3 were obtained from equation (16) which gives
prevalence to the strain and the stress in the circumferential direction for the calculation
of the Young’s modulus. In this figure, we showed good agreement in the values of E
between the sonometry techniques and mechanical testing of urethane samples.
Differences in the pressurization rates had no effect on the mechanical properties of the
excised arteries (Fig. 8.3) or the tubes (data not shown). This could be due to the rates
that we used in our experiments, which were determined partially by the limits of the
pump. The fastest the pump could infuse saline on the column was at 56 ml/min, which
translated into a 70 seconds pressurization loop. The results may differ if the rates could
be pushed to 30 seconds or less, where the viscoelastic properties of the arteries could
have a bigger impact on the response of the wall to the changing pressure.
The response of the arterial wall mechanics to temperature changes was expected.
Previous work has shown similar results, where the arteries become stiffer in cold
solutions and more compliant in warm ones[17-19]. In our case, Figure 9.3 showed the
changes in the strain-stress relationships, where a progression is observed from the cold
saline solution (6 °C) to the warm one (40 °C). This effect was more evident in the
circumferential direction, while for the longitudinal modulus, the lines for the different
temperatures seem to deviate from one another at our maximum strain values. Another
interesting observation is the variation of hysteresis in the circumferential direction as a
function of temperature (Figure 9.3, panel A). The maximum hysteresis was observed at
the coldest saline solution, while the least amount of hysteresis was at room temperature.
This would suggest that temperature plays a significant role in the viscoelastic behavior
of the arterial wall mechanics.
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Some of the disadvantages of our technique included the minimum resolution of 11 µm
mentioned before, which could be a problem when testing materials that strain different
amounts in the two directions, like in our case, or when testing stiffer materials with high

E, that strain very little. A possible to solution to this problem could be to space the
piezoelectric elements more in the longitudinal direction, this way the amount of strain
measure would increase. In our experiments, the maximum pressure of 80 or 90 mmHg
was determined by the height of the column of water/saline, which couldn’t go any
higher due to space limitation. Exploring a wider range of pressures (up to 150 mmHg)
could have given more information of the behavior in the longitudinal direction, and
possibly explore the nonlinear properties in this direction. Another disadvantage in our
experiments was the maximum infusion rate that the pump could achieve. This
potentially limited our experiments in studying the dependence of the mechanical
properties due to the stressing rate. Finally, it is important to mention that the change of
saline baths for the temperature dependence experiment, caused some interruption of the
signal from the piezoelectric elements at some pressure levels, as could be seen in Figure
9.3.
Nevertheless, we are convinced that the application of piezoelectric elements presented in
this work can be of potential use in the study and characterization of the biaxial
mechanical properties of arterial walls in their natural shape. The use of oxygenated
Krebs or Ringer’s solutions instead of a saline bath could potentially allow the study of
the vasoactive components of the arterial wall. Finally, even though this would be an
invasive technique, it could be used for in vivo animal models and could give valuable
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information of the role of biaxial biomechanics of arterial wall in different physiological
and diseases processes.

3.6. CONCLUSION
In this work we presented a novel application of piezoelectric elements and sonometry to
study the in situ properties of arteries and soft tubes in two different directions
(circumferential and longitudinal). We presented the equations for isotropic and
transversely isotropic materials, and validated the technique in urethane tubes against
mechanical testing. Finally we showed the application of the technique in arteries and
compared the results to values in the literature and we found good agreement. Therefore
we propose this approach for the study of the biaxial mechanical properties in arteries, in
nondestructive way, while conserving the natural geometry of the structure being tested.
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4. Chapter 4

Modal Analysis in Tubes and Arteries using Ultrasound Radiation Force
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4.1. ABSTRACT

Arterial elasticity has been proposed as an independent predictor of cardiovascular
diseases and mortality. Identification of the different propagating modes in thin shells can
be used to characterize the elastic properties. Ultrasound radiation force was used to
generate local shear waves in the wall of a urethane tube or excised pig carotid artery.
The waves were tracked using pulse-echo ultrasound. A modal analysis using twodimensional discrete fast Fourier transform was performed on the time-space signal. This
allowed the visualization of different modes of propagation and characterization of
dispersion curves for both structures.

The urethane tube or the excised artery was

mounted in a metallic frame, embedded in tissue-mimicking gelatin, cannulated and
pressurized over a range of 10-100 mmHg. The k-space and the dispersion curves of the
urethane tube showed one mode of propagation, with no effect of transmural pressure.
Fitting of a Lamb wave model estimated the Young’s modulus in the urethane tube
around 560 kPa. The Young's modulus of the artery ranged from 72 to 134 kPa at 10 and
100 mmHg, respectively. The changes observed in the artery dispersion curves suggest
that this methodology of exciting shear waves and characterizing the modes of
propagation has potential for studying arterial elasticity.

4.2. INTRODUCTION

Arterial elasticity has gained importance as an independent predictor of cardiovascular
diseases and mortality [20, 33, 34]. It has been associated with multiple comorbidities
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such as type 2 diabetes [9, 35], hypertension [36], coronary artery disease [37], end stage
renal disease [38], and the list keeps growing as we learn more about the stiffening
process of arteries and how it affects multiple organs.
There are multiple techniques and methodologies that have been developed to
characterize the mechanical properties of arteries in vivo. These techniques are used to
assess the systemic arterial stiffness, or the regional/segmental stiffness of the arterial
tree, or local stiffness of small vascular segments.
One of the most used techniques measures the speed of the propagation of the pressure
wave to estimate the stiffness of the arteries [10, 35, 39]. This technique is known as the
pulse wave velocity (PWV), and it measures the time of propagation between two distant
points in the arterial tree (usually the carotid and the femoral or the carotid and the radial)
and calculates the speed of propagation as Eq. 1
PWV =

∆D
∆t

(1)

where D is the distance travels by the wave and t the time of propagation.
The modified Moens-Korteweg equation (Eq. 2) has been used to calculate the Young’s
modulus as a function of the propagating speed (PWV), the thickness (h), radius (R),
Poisson’s ratio (ν) and the density of the artery (ρ) [3].
PWV =

Eh
2 R ρ (1 −ν 2 )

(2)

Although this technique has been used extensively, it has multiple disadvantages. The
calculation of the speed can be biased by the distance of the segment (∆D) that the
pressure wave travels, which can only be guessed since the real length of the arterial
segment inside the body can not be assessed noninvasively. Another disadvantage is that
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due to the low frequency of the pressure wave and the change of waveform in the arterial
tree, determining the time of travel (∆t), which is often measured from foot to foot of the
pressure wave, can be inaccurate. Another disadvantage that arises from the low
frequency of the pressure wave, is low spatial resolution of this method. Considering a
heart rate of 1-2 Hz, and a speed of propagation in arteries around 5 m/s [4], then the
wavelength would be 2.5–5 m, which makes measuring the time shift between two points
very difficult unless they are separated by a long distance. This makes the PWV
technique only effective in the study of generalized mechanical properties of long arterial
segments, but not for the small segments or localized portions of the arterial tree, which
can be of significant interest in diseases such as atherosclerosis.
Recent work by Konofagou, et al. [5] used speckle tracking to measure the velocity of
propagation of the pressure wave. This approach can be used to study short segments of
the arterial tree. Nevertheless, this method does not solve the problems with the temporal
resolution (since it used the low frequency pressure wave), and therefore can not be used
to study some dynamic physiological phenomena of interest such as the changes in
elasticity through the heart cycle.
Other methodologies have focused on characterizing the properties from a qualitative
point of view, such as the augmentation index, pressure waveform analysis, and
ambulatory arterial stiffness index (AASI). These techniques have been useful for
correlating changes in the mechanics of the arterial tree with disease processes and
conditions in large populations [20]. Unfortunately, they rely on accurate measurements
of arterial pressure and transfer functions, which are difficult to determine noninvasively
[7].

73

Some techniques that quantify the local mechanical properties of arteries use the change
in the diameter as a function of pressure to estimate the compliance and the distensibility
of the vessels. The diameter of the vessels can be measured using ultrasound, magnetic
resonance imaging (MRI), or computed tomography (CT). The drawback of this
approach is that it requires noninvasive measurement of arterial pressure at the point
where the diameter is being measured [40].
A more recent technique uses magnetic resonance to measure the propagation of shear
waves in tissues, which is called magnetic resonance elastography (MRE) (Muthupillai,
1995 #43). This technique has been applied to excised arteries and soft tubes with good
preliminary results [25, 41] and could provide a qualitative, non invasive and
reproducible approach to the problem in question. The drawback is the high cost of this
methodology, since it requires very specialized equipment and personnel, also the fact
that it could only be performed institutions with MR scanners. The need for preventive
medicine and tools to predict cardiovascular events years if not decades before it
happens, is of great importance [42].
In this chapter we continue with the work from our laboratory presented by Zhang, et al.
in 2003 [43] where he used amplitude modulated (AM) ultrasound radiation force to
generate shear waves in the arterial walls. Here we present a variation of this method,
where instead of using AM we use short tonebursts of focused ultrasound to generate
broad band shear waves in the arterial wall. This allows us to study the propagation of
shear waves at multiple frequencies simultaneously, therefore better characterizing the
behavior of the vessel wall. We also present an analysis to identify the different modes
propagating simultaneously. The two-dimensional (2D) discrete fast Fourier Transform
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(DFFT) has been used before to obtain dispersion curves of waves [44]. We report here
the first application of the 2D DFFT or k-space for characterizing waves in the arterial
wall. We are confident that this kind of analysis will help in the understanding of the
dynamic elastic properties of vessels throughout the arterial tree, and could potentially be
used for clarifying the effect of stiffening in the different disease processes.

4.3. METHODS
4.3.1. Theory
A complete analytical solution of shear wave dispersion in elastic tubes submerged in
water is required to completely characterize the motion of vessels due to radiation force.
The complexity of potential functions describing such motion makes solving the
equations for the boundary conditions very difficult. However, the lower most orders of
longitudinal shear wave propagation in tubes can be approximated by the antisymmetric
(A0) Lamb wave mode in plates [45, 46].
What follows is the derivation of a plane Lamb wave dispersion equation for a
homogenous elastic plate submerged in an incompressible water-like fluid. The StokesHelmholtz decomposition of the displacement field (Eq. 3) in the Navier’s equilibrium
equation (Eq. 4) will be the starting point of the derivation. Details on the equilibrium
equations, basic wave equations and displacement field theorems can be found in [47-50].
The displacement field vector u can be written as a sum of a gradient of a scalar φ and
the curl of a divergence-free vector potentialψ , as shown in (3). Introducing the
decomposition of (3) to the Navier’s equilibrium equation with zero equivalent body
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force (4) allows for separation of variables resulting in two wave equations: one for the
compressional (5) and one for the shear wave (6).
u = ∇φ + ∇ ×ψ ,

(3)

∂2
(λ + 2 µ )∇(∇gu ) − µ∇ × ∇ × u = ρ 2 u ,
∂t

(4)

(λ + 2 µ )∇ 2φ = ρ

µ∇ 2ψ = ρ

∂2
φ,
∂t 2

(5)

∂2
ψ,
∂t 2

(6)

where ∇ • is the divergence, ∇ × the curl, ∇ the gradient, ρ the material density and λ
and µ the first and second Lamé constants. A more convenient way of expressing (5)
and (6) is in terms of the compressional and shear wave velocities c p and cs :
1 ∂2
φ ,
c 2p ∂t 2

(7)

1 ∂2
∇ ψ = 2 2ψ ,
cs ∂t

(8)

∇ 2φ =

2

where c p = (λ + 2 µ ) / ρ and cs = µ / ρ .

In the case of plane wave propagating in a plate shown in Fig. 1.4, the displacement is
independent of the x3 –axis, so u3 = ∂ / ∂x3 = 0 . This condition simplifies the curl
operator in Cartesian coordinates, and introducing this simplification into (3), (7) and (8)
yields the following solutions of the potential functions φ andψ :

φ = (aeη x + be −η x )eik
1

1

L x2

= [ A sinh(η x1 ) + B cosh(η x1 )]eikL x2 ,

ψ = (ce β x + de − β x )eik x = [C sinh( β x1 ) + D cosh( β x1 )]eik
1

1

L 2

L x2

(9)
,

(10)

76

where β = kL2 − ks2 , η = kL2 − k p2 and kL is the Lamb wave number. The time dependence
of e −iωt is assumed for all potential functions, but is omitted for clarity and brevity.
Definitions

of

hyperbolic

sine

and

cosine

functions

2sinh( x) = (e x − e− x ) and

2 cosh( x) = (e x + e− x ) were used to rewrite equations (9) and (10), for the reasons that
will soon be apparent. The vector sign for the potential function ψ in (10) was omitted
since we are interested in magnitudes only.

Fig. 1.4. A tube submerged in water is approximated by an elastic homogenous plate submerged in
an incompressible fluid. The motion shown is an anti-symmetric mode.

In anti-symmetric Lamb wave motion (Fig. 1.4), the displacement of the solid in the x1 direction is anti-symmetric relative to the x2 -axis, so the potential functions for the solid
are as follows:

φ = A sinh(η x1 )eik

L x2

,

ψ = D cosh( β x1 )eik x ,
L 2

(11)
(12)

Since shear waves do not propagate in fluids, the potential functions characterizing the
motion of the fluid above and below the solid are of the following form:

φ fL = Ne

n f x1 ikL x2

e

,

(13)
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φ fU = − Ne

− n f x1 ikL x2

e

,

(14)

where η f = kL2 − k 2f and k f is the wave number of the compressional wave in the fluid.
Subscripts U and L represent the upper and lower fluid relative to the solid and are
defined in terms of decaying and increasing exponential functions, respectively.
Mathematically, both potentials can be satisfied with a sum of increasing and decreasing
exponential functions, but one of the functions is discarded in order to avoid positive and
negative infinity.
The boundary conditions at x1 = ± h for the anti-symmetric plane Lamb wave motion of a
plate in a fluid are σ 11fluid = σ 11solid , σ 12solid = 0 and u1fluid = u1solid , where the stresses (σ) and the
displacements tensors (u) are defined as follows:
u2 = φ,2 −ψ ,1 ,

(15)

u1 = φ,1 + ψ ,2 ,

(16)

σ 12 = µ{2φ,12 + ψ ,22 −ψ ,11} ,

(17)

σ 22 = − µ{ks2φ + 2(ψ ,12 + φ,11 )} ,

(18)

where the comma in the subscript followed by a number indicates partial differentiation
with respect to the coordinate number. Inserting (11) – (13) into (15) – (18) and solving
for the boundary conditions yields a system of three equations with three unknowns. This
can be written as a 3 x 3 matrix multiplied by a 3 x 1 matrix containing the unknowns
constants A, D and N. In order for the system to have nontrivial solutions, the determinant
of the 3 x 3 matrix must be equal to zero. Setting the determinant to zero yields the antisymmetric Lamb wave dispersion equation (19).
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ρ f η ks4
4k ηβ cosh(η h)sinh( β h) − (2k − k )sinh(η h) cosh( β h) =
cosh(η h) cosh( β h)
ρη f
2
L

2
L

2
s

(19)

In (19), h is the half-thickness of the solid and ρf is the density of the fluid. In soft
tissues, the first Lamé constant (λ) describing the bulk properties of the medium is much
larger than the second Lamé constant (µ) describing the shear properties of the medium.
Consequently, k s = ω ρ µ , the shear wave number, is much larger than the
k p = ω ρ (λ + 2µ ) , the compressional wave number, where ρ and ω are the material
density and angular frequency of the propagating wave. For the materials used in our
study (urethane rubber, water, blood and tissue), the compressional wave number of
fluids ( k f ) is on the order of magnitude of the compressional wave number of the solid
( k p ). In addition, the Lamb wave number ( kL ) is on the order of magnitude of the shear
wave number ( ks ), which allows us to make the following simplification:
η f ≈ η = kL2 − k p2 ≈ kL since kL >> k p [51, 52]. Since the densities for the solids and fluids

used in our experiments are fairly similar, the dispersion equation (19) reduces to:
4k L3 β cosh(k L h) sinh( β h) − (k s2 − 2k L2 )2 sinh(k L h) cosh( β h) = k s4 cosh(k L h) cosh( β h) ,

(20)

where k L = ω cL is the Lamb wave number, cL is the frequency dependent Lamb wave
velocity, β = k L2 − ks2 , and h is the half-thickness of the plate-tube .
The Lamb wave dispersion equation (20) is fitted to the experimentally obtained
dispersion data to estimate the second Lamé constant or the shear modulus of elasticity
(µ).

4.3.2. Experiments

79

An excised carotid artery from a pig and a custom made urethane tube were used as
models for the experiments. Both structures were mounted on a metallic frame and
prestretched. The artery was elongated to 1.4 times its recoil length to approximate the
length in situ [53], while the urethane tube was elongated to 1.24 times its recoiled length
which prevented it from bending due to the increasing pressure. To stabilize the
structures and to mimic the surrounding tissues of arteries, the tube/artery was embedded
in a gelatin mixture with gelatin added at 10% by weight and a density of 1000 kg/m3.
The gelatin was allowed to set for 4 to 6 hours, and then the entire setup was put in the
refrigerator (4 °C) overnight. The experiments were done the next day.
The day of the experiments, the phantom (artery or urethane tube) was submerged in a
water tank. One end of the metallic frame was sealed while the other end was connected
to a water or saline column to change the transmural pressure.
To generate the shear waves a 3 MHz spherically focused ultrasound transducer (45 mm
diameter, 70 mm focal length) was used. Five tonebursts were transmitted, each lasting
200 µs, and repeated at a frequency of 50 Hz. The propagation of the wave was measured
sing a 7.5 MHz single element pulse-echo transducer driven at a 4 kHz frequency.
Twenty one points were scanned along the length of the vessel/tube, each point 1 mm
apart from each other, for a total length of 20 mm. At the beginning of the experiment,
both transducers were cofocused using a metallic pin as a target. Due to the size of the
transducers, the confocal transducer was tilted at a 30° angle with the vertical axis (or 60°
with the length of the vessel), while the pulse-echo transducer was perpendicular to the
length of the vessel. To make sure that the angle of the focused transducer did not play a
significant role in the results, we evaluated multiple configurations. We oriented the
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focused transducer perpendicular to the arterial wall and place the pulse echo transducer
on the opposite side focused on the front wall. We also oriented the focused transducer
perpendicular to the arterial wall, and put the pulse echo transducer on the same side at a
30° angle with the vertical axis (z). The results from all 3 configurations showed very
similar results, with the advantage that the first one a better signal to noise ration.
Therefore the configuration showed in Figure 2.4 was chosen for the experimental setup
where the x1 axis from Figure 1.4 is referred z, x2 as x and x3 as y (which is not shown in
Figure 2.4).

Fig. 2.4. Experimental set up for urethane or excised pig artery. A focused ultrasound
transducer was used to generate shear waves and pulse-echo transducer was used to
measure the speed of the propagating wave. A column of water was used to change the
transmural pressure. Both the tube and the artery were embedded in a gelatin which
mimics the surrounding properties of tissue.

To study the effect of pressure on the speed and modes of propagation, the transmural
pressure across the artery or tube wall was changed from 10 mmHg to 100 mmHg in
increments of 10 mmHg using the column of water/saline.
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4.3.3. Analysis

The process to go from the time signal of the propagating wave (time-space) to the
dispersion curves is depicted in Figure 3.4. Using Eq. 21 on the time-space signal in Fig.
3.4A we obtain the representation of the respective k-space using the two dimension (2D)
discrete fast Fourier transform (DFFT) from
+∞

+∞

H (k , f ) = ∑ ∑ vz ( x,t )e − j 2π ( kmx + fnt ) ,
m =−∞ n =−∞

(21)

where vz(x,t) is the velocity of motion of the arterial wall in the radial direction (z, in the
direction of the pulse-echo transducer), which is a function of the distance along the
artery (x) and time (t), k is the wave number and f is the frequency of the wave. H(k,f) is
the k-space representation of the propagating wave. The x-axis represents frequency and
the y-axis represents the wave number (k or 2πf/λ, where λ is the wavelength).
To obtain the dispersion curve we first threshold the k-space using an amplitude filter.
The threshold was empirically set to the maximum of the field divided by 13. This
filtering process preserved the high amplitude content while eliminating most of the noise
in the k-space (Figure 3.4B and 3.4C). To identify the multiple modes of propagation
from H(k,f), first we found the prevalent mode or higher energy mode by identifying the
maximum amplitude for each value of frequency and its corresponding wave number (k)
(black circles in Figure 3.4B and 3.4C). The characterization of the higher order modes
(lower energy) was done in two ways using the partial derivatives of H(k,f). We used the
first and second partial derivative with respect to frequency (Eq. 22) to identify the
different amplitude peaks in the k-space for each frequency and then determine the wave
number associated with it (magenta crosses in Figure 3.4B).
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∂H (k , f )
=0
∂f
2

∂ H (k , f )
>0
∂f 2

(22)

Then we proceeded to do the same process for the wave number direction. Using the first
and second derivatives (Eq. 23) was to find the amplitude peaks of the k-space for each
wave number and then find the frequency associated with it (magenta crosses in Figure
3.4C),
∂H (k , f )
=0
∂k
2

∂ H (k , f )
>0
∂k 2

(23)

Basically, this method involved finding the peaks in the frequency direction and finding
the peaks in the wave number direction.
Using the paired values of frequency and wave number for all of the peaks in the kspace, we calculated the dispersion curves using Eq. 24
c=λf

(24)

where c is the dispersion velocity of the propagating wave, f the frequency or the x-axis
of the k-space plot and λ the wavelength or 1 / k (in this case 1 / y-axis). Figure 3.4D,
shows the prevalent mode (black circles) as well as the higher modes (magenta crosses)
calculated in the frequency direction. Figure 3.4E shows the prevalent mode and the
higher order modes calculated in the wave number direction.
The group velocity of the generated shear wave was calculated using cross-correlation of
the time signal vz(t) shown in Figure 4.4B (although the 5 excitation pulses were used for
a better cross-correlation). Using vz(t) at the excitation position as the reference signal
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sr(t), the delayed signal sd(t) that correspond to each of the multiple points along the x-

direction, we can write the normalized cross-correlation between the two signals
according to Eq. 25 [54].

∫ ( s ( t ) − s ) ( s ( t + τ ) − s (τ ) ) dt
∫ ( s ( t ) − s ) dt ∫ ( s ( t + τ ) − s (τ ) )
T 2

cn (τ ) =

−T 2

r

r

T 2

−T 2

2

r

r

d

d

T 2

−T 2

d

d

2

(25)
dt

where T is the window length for the reference signal, sr is the mean value of the
reference signal over the window T, and sd (τ ) is the mean value of the delayed signal
over the length of the sliding window. These mean values can be written as
T 2

1
sr =
sr ( t ) dt ,
T −T∫ 2
sd (τ ) =

(26)

T 2

1
sd ( t + τ ) dt .
T −T∫ 2

(27)

The function cn(τ) reaches its maximum when sd(t) = sr(t - ∆t) where ∆t is the time shift
between the signals sr(t) and sd(t). In our implementation, an added step fit a cosine to the
peak of the cn(τ) peak to achieve finer time resolution [55]. The time shifts can be used to
find the group velocity using the equation
cg = ∆d/∆t,

(28)

where ∆d is the distance between measurement points. In this case we found the time
shift between all the measure points using as the point of excitation as the reference
signal and fit a linear regression to the points to find the group velocity.
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Fig. 3.4. Diagram describing the process to determine the dispersion curves for the tube and the
artery from the time-space signal. Panel A, shows an example of a shear wave propagating in time
and space in an arterial wall. Panel B and C shows the 2D DFFT or H(k,f) of the signal in panel A. In
black circles is shown the prevalent or highest energy mode for each frequency (first antisymmetric
Lamb wave like mode (A0)). In panel B, the magenta crosses represent the peaks found using the
partial derivative in the frequency direction, corresponding to higher order modes. Similarly in panel
C, the magenta crosses represent the peaks found using the partial derivative in the wavenumber
direction. Panels D and E, show the dispersion curves, as in panel B and C, the black circles show
the mode of maximum energy and the magenta crosses the higher order modes.
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Fig. 4.4. Panel A shows the time-space propagation of a shear wave over 20
mm. Panel B, shows 3 representative time signals, at 5, 10 and 20 mm from
the excitation point. Panel C, shows the respective frequency spectra (H(f)) of
the time signals presented in panel B.

4.4. RESULTS

Figure 4.4A shows the motion generated by the focused transducer (the color code means
the velocity of the wall moving perpendicular to the pulse-echo transducer) and the
propagating shear wave along the 20 cm of the vessel wall. This is a representative
measurement made at a 50 mmHg of transmural pressure. Figure 4.4C shows the
frequency spectrum of the motion at 3 different positions (5, 10 and 20 mm) away from
the excitation point.
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Figure 5.4 shows the k-space plots and the dispersion curves for the urethane tube at three
different pressures. In the first row, panels A, B and C correspond to 10, 50 and 100
mmHg respectively. The second row is the corresponding dispersion diagram calculated
from the k-space as explained in the methods section.

Fig. 5.4. K-space and dispersion diagrams for urethane tube. Panels A, B and C show the k-space representation
for the urethane tube at 3 different pressures (10, 50 and 100 mmHg). Panels D, E and F show the respective
dispersion diagrams, where the black circles represent the highest energy mode and the red crosses the peaks
found in the frequency direction. The peak results in the wavenumber direction are not presented since they only
added noise to the figures.

Similarly, Figure 6.4 shows the results for the excised artery. In the first row are the kspace plots for 10 (A), 50 (B) and 100 mmHg (C). The corresponding dispersion
diagrams are on the second row.
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Using the Lamb wave model described in the methods section and the geometrical values
(diameter) from the pulse-echo, we varied the values for shear modulus until we achieved
a good fit of the first antisymmetric Lamb wave mode (A0) to the dispersion curves
shown in Figures 5.4 and 6.4 for the highest energy mode. In Figure 7.4A is the fitting for
the urethane tube, and in panel B is the result for the excised artery with a transmural
pressure of 50 mmHg.

Fig. 6.4. K-space and dispersion diagrams for excised pig carotid artery. Panels A, B and C show the k-space
representation for the artery at 3 different pressures (10, 50 and 100 mmHg). Panels D, E and F show the
respective dispersion diagrams, where the black circles represent the highest energy mode and the red crosses,
the peaks in the wavenumber direction. The peak results in the frequency direction are not presented since
they failed to track the higher order modes.

Tables 1.4 and 2.4 show the results for all the pressures for the urethane tube and the
excised artery, respectively. In the first column, are the values for the group velocity for
each pressure, calculated as described in the Methods section. For comparison, the phase
88

velocity values from the dispersion curves at half the bandwidth of the time signal (900
Hz for both cases) in the second column. In the third column are the shear modulus
values for the 10 transmural pressures from the Lamb wave model, and in column four
the Young’s modulus values calculated as 3 times the shear modulus assuming
incompressibility of tissue (sum of the strains in all directions must be equal to zero). The
fifth column is the Young’s modulus calculated using the Moens-Korteweg equation,
which has been used extensively in the study of arterial elasticity using the pressure
wave.

4.5. DISCUSSION

The propagation of the shear wave in the wall of an excised artery was shown in figure
4.4A. Note that besides the main propagating mode, there seems to be some other wave
that propagates at a faster speed and the speed changes as it propagates away from the
excitation point. Therefore a modal analysis of this signal can potentially give more
insight to the material properties of the arterial wall. Also, it is important to note in Figure
4.4C, the frequency spectrum of the wave generated with the radiation force. The
bandwidth of the signal goes from 50 to 1900 Hz; making this wave a broadband signal
which allows the study of the properties of the arterial wall at a wide range of
frequencies.

89

Fig. 7.4. Experimental dispersion curves and fitting of a Lamb wave model.
Panel A, shows the dispersion curve for the urethane tube at 50 mmHg. The
black circles represent the highest energy mode while the magenta circles the
peaks in the wavenumber direction. The blue and the red lines represent the
antisymmetric (A) and symmetric (S) modes for the Lamb wave model.
Similarly, panel B show the dispersion curves and Lamb wave fitting for the
artery at 50 mmHg. The legend from panel A applies to panel B.

In the k-space for the tube (Figure 5.4), there are hardly any differences between the
different pressures (A, B and C). This was expected since the urethane tube behaves as a
linearly elastic material at the strain levels seen in the experiment (transmural pressure).
Therefore the dispersion curves presented in the second row of Figure 5.4, show the same
behavior, with very similar speeds at high frequencies. Also, it is important to note that
there is only one mode propagating along the wall, and this could be seen both in the kspace and the dispersion plots.
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Table 1.4. Results for the urethane tube for group velocity, phase velocity at 900 Hz, shear modulus
(µ), Young’s modulus (calculated as 3µ) and Young’s modulus from the Moens-Korteweg equation
(Eq. 2) for pressures between 10 and 100 mmHg

Table 2.4. Results for the excised pig carotid for group velocity, phase velocity at 900 Hz, shear
modulus (µ), Young’s modulus (calculated as 3µ) and Young’s modulus from the Moens-Korteweg
equation (Eq. 2) for pressures between 10 and 100 mmHg

On the contrary, the arteries showed a significant change in their k-space plots with
transmural pressure, not only changing the slope of the main mode, but also showing 2 or
3 modes propagating at the same time (Figure 6.4 A, B, C). These modes of propagation
91

can also be seen in the dispersion curves on the second row of Figure 6.4, where the main
mode is presented as the black circles and the higher modes in red crosses. Also, it is
important to notice how the frequency at which these modes appear increases with
transmural pressure, this can be explained by the stiffening of the arterial wall due the
increased pressure.
Lamb waves have been used in the study of the mechanical properties and defect analysis
of plates, and the theory has also been proposed as a good approximation for tubes with a
thickness to radius ratio of 0.2 or lower [46]. In our experiments the thickness to radius
ratio was around 0.28 and 0.24 for the tube and the artery, respectively. In Figure 7.4, we
presented the dispersion curves for the urethane tube and artery (panels A and B,
respectively), where the black circles represent the main mode and the magenta crosses
the higher modes. In the case of the tube, is clear that there is only an A0 like Lamb wave
mode, where A is used for antisymmetric wave modes and S is used for symmetric wave
modes, while in the artery (panel B) there are multiple higher order modes (A1, S1 like
modes). The blue and the red lines represent the results of the Lamb wave model fitting
for symmetric and asymmetric modes. The input parameters for the model were the
diameter obtained from the pulse-echo measurement at 50 mmHg for the tube and the
artery, the density of both structures (close to 1000 kg/m3), the density of the liquid inside
(water or saline) and the frequency range to explore.
In Lamb wave theory of plates, the velocity at which the dispersion curve for the A0
mode plateaus is referred to as the Rayleigh wave speed, and it is the value at which the
A0 and S0 modes converge when the frequency is high enough that the propagating wave
is no longer affected by the thickness of the sample. In our data, we observed a difference
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in the dispersion of the main mode between the tube and the artery. The tube shows an
increasing speed from low frequencies up to 2 kHz, without showing a plateau of the
speed in our frequency range (Figure 7.4A). The speed data for the artery in Fig. 7.4B
reaches the plateau speed (Rayleigh speed) at around 500 Hz, and after that the higher
modes seem to converge to this value (Figure 7.4B). The Lamb wave model shows good
agreement for both the tube and the artery data, showing a single mode for the tube in our
frequency range, while showing multiple modes close to the experimental data for the
artery. In the case of the artery, by 900 Hz (half the bandwidth of the time signal), the
A0-like mode and the S0-like mode have already converged, while for the urethane tubes
the speed of propagation at half the bandwidth differs from the plateau speed.
Some of the discrepancies between the Lamb wave model and the experimental data are:
the shape of the A0-like mode at low frequencies and, the frequencies at which the higher
modes come down to the Rayleigh speed. These discrepancies can be due to the fact that
the Lamb model used is described for an elastic material, not viscoelastic material as the
arteries are known to be. Also the model is for a plate and not a tube, and although it has
been shown to be good approximation there is some refining that needs to be done. Also,
the model does not account for transmural pressure which can also play a significant role.
Nevertheless the fact that higher modes can be seen in arteries is of great relevance since
this could motivate the creation of better mathematical models for this kind of problem,
where a cylindrical, anisotropic, nonlinear material is described. Unfortunately, analytical
solutions for these models have yet to be developed.
The group velocity is described by Morse and Ingard as the “velocity of progress of the
‘center of gravity’ of a group of waves that differ somewhat in frequency” [56]. In this
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study, the group velocity was measured using the time delay between multiple points by
cross-correlation of the time signals. Since the wave generated by the radiation force is a
broadband wave, we compared the group velocity to the phase velocity at half the
bandwidth. These two values were in good agreement for all the transmural pressures, for
both the tube and the artery as shown in tables 1.4 and 2.4, first and second rows.
Nevertheless it is important to note a big difference between the artery and the tube data.
Over the bandwidth of our signal, the artery dispersion curve reached the plateau velocity
at about 500 Hz (Rayleigh like speed), figures 6.4 (D, E and F) and 7.4B, while in the
tube, it is clear from figures 5.4 (D, E, F) and 7.4A that the plateau velocity has not been
reached by 2 kHz. Therefore, the interpretation of the group velocity is problematic,
because while the arterial group velocity is the same as the plateau velocity, or the
velocity at which the multiple modes will converge; the group velocity of the urethane
tube does not represent this value since the bandwidth does not include higher
frequencies.
The third column in Table 1.4 and 2.4, is the shear modulus (µ) that was used to get an
appropriate fit of the Lamb wave model on the dispersion data. The fourth column is the
Young’s modulus (E) calculated as 3 times the shear modulus. Since the group velocities
obtained in the arteries with our technique were very similar to the ones reported in the
literature for the pulse wave velocity [4, 5, 10, 32, 35, 39, 57], we used the MoensKorteweg equation to get an estimate of the Young’s Modulus. The results from this
equation are presented in the fifth column. Interestingly, the values for elasticity in the
arteries with the Moens-Korteweg and with the Lamb wave model were very similar
despite the different origins and natures of the two waves (pressure wave and the wave
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generated in our experiments). This seems to suggest that in arteries, where the group
velocity is the same as the plateau velocity, the Moens-Korteweg equation could be use
as a simple way to calculate the elasticity of the arterial wall. Nevertheless, a more
complex mathematical model that captures the different modes of propagation in the
arterial wall is required to characterize the elasticity and viscosity in the different
orientations of the vessel wall. However in the urethane tubes the use of the MoensKorteweg equation underestimated the elasticity values. We believe that this was due to
the fact that the group velocity underestimated the plateau velocity, since the bandwidth
of our signal was not high enough to capture the speed at which the multiple modes
converge. More research comparing the pressure wave and the wave generated with
ultrasound radiation force needs to be done, to evaluate if the Moens-Korteweg equation
could in fact be use to estimate the elasticity of arteries, since the nature of this two
waves is very different. Also, this research would help in understanding how the speeds
that we have measured compare with conventional PWV.
Some other differences between the tube and the artery are that for the artery, the change
in pressure generates an increase of the group and phase velocity which was expected
since the components of the arterial wall have nonlinear elastic behavior [31], whereas
the tube does not exhibit changes in either velocity at the different pressures due to its
linear elastic nature. This suggests that at these levels of transmural pressure there is no
effect on the material properties of the tube in the frequency range explored.
As mentioned before some of the disadvantages of the Lamb wave model are that it was
developed for an isotropic, elastic plate. And even though the model seems to capture the
overall nature of the propagating wave in the tube and the artery, some of the higher
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mode curves have different cut off frequencies than the model. This was to be expected
since the arteries are anisotropic and viscoelastic materials, and although the Lamb wave
model accounts for water loading conditions, it does not include the effect of anisotropy
or viscoelasticity.
Multiple propagating modes in arteries have not been reported previously. With
appropriate models, their in vivo measurement should allow more complete
characterization of arterial properties. The temporal and spatial resolution of the method
presented here along with the type of analysis would provide a tool to explore these
modes of propagation and for analysis dynamic changes in physiology of local regions of
arteries.

4.6. CONCLUSION

The importance of measuring the arterial mechanical properties is of great interest for the
prediction of cardiovascular diseases and mortality. It has been associated with other
comorbidities such as diabetes, hypertension, end-stage renal disease, and the list keeps
growing as we learn more about the effect of arterial stiffness. In this chapter, we present
an ultrasound radiation force technique for the high temporal and spatial resolution
measurement of the speed of propagation. We also showed that modal analysis for
characterization of the multiple waves propagating simultaneously can help to better
characterize the mechanical properties of arteries. Implementation of this methodology in
a clinical ultrasound system would allow measurements of arterial elasticity in vivo and
characterization of arterial properties within the cardiac cycle, which could help in the
diagnosis and follow up of diseases processes and treatments.
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5. Chapter 5

Effects of surrounding tissue in the mechanical properties of arteries measured with
shear wave dispersion ultrasound vibrometry (SDUV)
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5.1. ABSTRACT

Arterial elasticity has become an important predictor of cardiovascular diseases and
mortality. Several techniques are being developed and used to try to estimate arterial
stiffness. Among these techniques the pulse wave velocity (PWV) is the most widely
accepted. Even though PWV has been useful to correlate diseases with arterial stiffening,
its disadvantages have prevented this technique from becoming a clinical tool. In our
laboratory we have been working on an ultrasound radiation force based technique to
generate mechanical waves in the arterial wall. The speed and modes of propagation of
these induced waves are used to estimate the mechanical properties of the vessel wall. In
this work, we present a study done on excised carotid arteries from 8 healthy, young pigs.
We compared the effect of surrounding tissue-mimicking gelatin on the elasticity
properties by testing the arteries embedded and not embedded in the gelatin as an
evaluation of the effects of surround tissue. We also compared the properties of the left
and right carotid arteries to test the sensitivity and accuracy of our technique, and
evaluate the effect of prestretch on the arterial wall properties. The results showed that
there was little difference in the Young’s modulus of the arteries when loaded with or
without gelatin. The Young’s modulus increased from 80 kPa at 10 mmHg to 160 kPa at
100 mmHg. There were also no statistically significant differences (p < 0.05) in the
elastic modulus between the left and right carotid arteries. The levels of stretch
significantly changed the behavior of the Young’s modulus with pressure, for 7 cm
stretch the modulus increased from 81 kPa at 10 mmHg to 192 kPa at 100 mmHg; for 8
cm, the modulus increased from 120 to 367 kPa and for the 9 cm stretch in increased
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from 623 to 734 kPa. This technique has the potential to study the mechanical properties
of the arterial wall in a noninvasive, quantitative and reproducible manner. We showed
that the loading of soft tissue around the arteries does not change significantly the
mechanical properties, while the level of stretch plays a significant role.

5.2. INTRODUCTION

Arterial elasticity has gained importance as a predictor of cardiovascular diseases and
mortality in a multiple number of populations [20, 34, 57]. It has been shown to increase
with age [58], hypertension [33, 36, 59], diabetes [9, 60], end stage renal disease [38],
and the list keeps growing as we learn more about the arterial wall mechanics [2, 32, 38,
57]. Since it has potential to provide helpful clinical information, several techniques have
been developed to estimate the properties of the vascular system. Some of the most
common used ones are: the pulse wave velocity (PWV), augmentation index, pulse
pressure and localized arterial stiffness methods (using the change in diameter as a
function of pressure) [2]. The speed of propagation of the pressure wave or pulse wave
velocity is the most utilized method. It has been used since the 1920’s to estimate the
elasticity of arteries when Bramwell and Hill in 1922 first showed an increase in the
speed with increased transmural pressure [10].

Most of the epidemiologic studies

showing the predictability properties of arterial elasticity for cardiovascular diseases have
used PWV to make these correlations. The European Network for Non-invasive
Investigation of Large Arteries recommends the carotid-femoral PWV as the gold
standard for the assessment of the arterial stiffness.
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The velocity can be calculated as
PWV =

∆x
,
∆t

(1)

where ∆x is the distance between two points in the vascular tree and ∆t is the time of
travel. The measurement of PWV can be related to the Young’s modulus (E) of the
arterial wall by the modified Moens-Korteweg equation [3], where
PWV =

Eh
2 R ρ (1 −ν 2 )

(2)

and h is the thickness of the wall, R is the mean radius of the artery, ν is the Poisson’s
ratio and ρ is the density of the fluid inside the vessel.
According to this equation the stiffer the arterial segment the faster the pressure wave
will travel. Even though this technique has been widely used and showed trends in the
increase of stiffness with disease and age, two major sources of error in the measurement
of PWV have prevented the use of this method to assess individual risk or used as a
diagnostic tool. The measurement of ∆x is commonly done using a tape measure over the
surface of the segment that is being evaluated. This measuring technique does not
account for body type, therefore an obese individual of the same height as a lean one,
would record longer segments when this might not be the case. Also, in this method the
tortuosities of the vessels are not accounted for, and the segments are assumed to be in a
straight line. The other source of error comes from the measurement of ∆t , which is
usually done by identifying a characteristic feature in the pressure wave and measuring
the time of travel between the two points. One difficulty is that as the pressure wave
travels in the arterial tree, its shape changes due to reflection and amplification processes
[6, 7]. Therefore, measuring the time of travel can vary depending on the techniques used
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for this purpose and introduce variability and inaccuracy [4]. Other disadvantages of the
PWV are due to the nature of the pressure wave. The heart pumps blood at rate of 1 to 2
cycles per second in a normal patient, determining the frequency and the wavelength of
the pressure wave. Due to the low frequency (1-2 Hz) of the wave, the elasticity of the
arterial wall can only be calculated once every hearty cycle. The long wavelength (0.3 to
0.5 m) of the wave makes the measurement of PWV only possible between distant points
in the vascular tree (carotid-femoral, carotid-radial, etc). Therefore, this technique can
only be used to get an average estimate of the arterial elasticity, but it can not be used for
studying small segments or localized injury lesion. Techniques like the one proposed by
Konofagou et al have looked for ways to correct this problems by measuring the local
pulse wave velocity by speckle tracking [5]. Other approaches, have explore the
possibility of superimposing a high frequency signal on top of the pressure wave,
therefore solving the low temporal and special resolution at the same time. Anliker et al
in 1968 proposed a method to study the dispersivity of large vessels in anesthetized dogs,
which used an external vibrator to generate small perturbations on the vessel walls at
different frequencies. Using pressure transducers they were able to measure the speed of
propagation of those higher frequency waves, allowing the study of the dispersion and
attenuation of the vessel walls [61]. In our laboratory we have taken a similar approach
to study the mechanical properties of arteries. In the past we have used a focused
ultrasound transducer to generate high frequency, localized, transient perturbations on the
vessel walls and measure the speed of propagation [43]. In the previous chapter we
described a technique to study the modes of mechanical waves propagating in soft tubes
and arteries. This technique using ultrasound radiation force allows the study of the
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mechanical properties of the arterial wall at a rate of 50 Hz. Therefore, it is possible to
characterize the properties throughout the cardiac cycle. Preliminary studies have shown
a change of the speed of propagation with the pulse pressure [62]. In this chapter we
present a continuation of the method for the study of the modes of propagation. Here we
show a study done on the excised carotid arteries (left and right) of 8 pigs to evaluate the
values of elasticity for healthy, young carotids. We also study the effects of loading and
attenuation of surrounding tissue on the modes and speed propagation, as well as effect
on the elastic properties. Finally, we evaluate the ability of this technique to measure
changes in the mechanical properties, by subjecting the arteries to different levels of
longitudinal strain.

5.3. METHODS
5.3.1. Preparation of the excised artery phantoms

Left and right carotid arteries were excised from 8 young farm raised swine. The animals
were euthanized with an over dose of potassium chloride according to the Institutional
Animal Care Use Committee. Immediately after the animals were sacrificed, the arteries
were excised and placed in saline solution at a temperature of 4 °C. Within 3 to 4 hours
after excision the surround tissue was dissected from the arteries, sealed for possible
leaks, and allowed to recoil. Two marks, 5 cm apart were made using a permanent ink.
This segment was used to control for the prestrain applied to the arteries when mounting
on a metallic frame. The arteries were attached to two nozzles, one on each end of the
frame, using a silk suture at the marked sites. The arteries were stretched until the
distance between the marks was 7 cm restoring the physiological in vivo length. It has
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been reported that arteries tend to recoil between 20 and 40% when they are excised [31,
53, 63, 64]. After mounting the arteries in the frames, they were embedded in gelatin,
with a 10% by volume concentration using saline solution at 0.9%.

5.3.2. Testing the arteries

The arteries were all tested the day after preparation of the phantom, after they had spent
the night in the refrigerator. The testing of each artery took place in a water tank at room
temperature (22 °C), where the phantom was submerged (see Figure 1.5 for the setup of
the experiment). One end of the artery was sealed using a stopcock valve while the other
end was connected to a column of saline that allowed changing the pressure inside the
artery. The transmural pressure was varied between 10 mmHg and 100 mmHg in 10
mmHg increments.
The mechanical waves were generated using a 3 MHz focused transducer. The transducer
was position over the artery perpendicular to the xy-plane, and at an angle of about 30
degrees with the z-axis (Fig. 1.5). The sequence used to excite the vessels was five cycles
of 200 µs tonebursts repeated every 20 ms. The motion detection was done using a 7.5
MHz single element focused pulse-echo transducer at pulse repetition rate of 4 kHz. A
750 µs delay was set on the excitation to allow the measurement of 3 samples prior to the
initiation of the motion. Twenty one points, 1 mm apart, along the artery were measured
with the pulse-echo transducer to track the propagation of the mechanical wave. The
excitation was always kept in the same location while the pulse echo transducer was
moved to the different positions along the artery. The RF signal from the pulse-echo
transducer was also used to measure the diameter of the vessels at each pressure.
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After the experiment was done with the artery embedded in the gelatin, the phantom was
taken out of the water and stripped of the gelatin. After this, the frame with the vessel
was submerged back in the water tank and the testing was repeated in the same segment
of the artery.
To study the effects of prestretch on the material properties of the arterial wall, once the
gel was removed from the artery, the length between the marks was changed from 7 to 8
cm and then to 9 cm. At each of these lengths, the artery was tested as described before,
changing the transmural pressure from 10 to 100 mmHg.

Fig. 1.5. Experimental setup for excised carotid arteries. Mechanical waves were
generated using a 3 MHz focused transducer, the propagation of the waves was
tracked using a 7.5 MHz pulse echo transducer at a pulse repetition frequency of 4
kHz. The arteries were pressurized using a column of saline. The setup was tested
with and without gelatin covering the arteries.

5.3.3. Speed dispersion diagrams and Young’s modulus

To visualize the different modes of propagation on the arterial wall, we performed a
two-dimensional (2D) discrete fast Fourier transform (DFFT) of the form

104

+∞

+∞

H (k , f ) = ∑ ∑ vz ( x,t )e − j 2π ( kmx + fnt )
m =−∞ n =−∞

(3)

where vz(x,t) is the velocity of motion of the arterial wall in the radial direction (z, in the
direction of the pulse-echo transducer), which is a function of the distance along the
artery (x) and time (t), k is the wave number and f is the frequency of the wave. H(k,f) is
the k-space representation of the propagating wave. The x-axis represents frequency and
the y-axis represents the wave number (k or 2πf/λ). To generate the dispersion curves, we
found the wavenumber and the frequency at which there was energy deposited. We used
the first and second derivatives to find the peaks in energy first in the frequency direction
and then in the wavenumber direction. Using the location of the energy peaks, we
calculated the phase velocity (c) as c = λ f , where λ is the wavelength (1/wavenumber)
and f is the frequency. For more detail refer to Bernal, et al., [65].
To estimate the Young’s modulus of the arterial wall, we used a thin plate Lamb wave
model as a first approximation to fit to our dispersion data. The dispersion of an
antisymmetric Lamb wave for a plate immersed in liquid is governed by
4k L3 β cosh(k L h) sinh( β h) − (k s2 − 2k L2 )2 sinh(k L h) cosh( β h) = k s4 cosh(k L h) cosh( β h)

(4)

where k L = ω cL is the Lamb wave number, cL is the frequency dependent Lamb wave
velocity, β = k L2 − ks2 , and h is the half-thickness of the plate-tube. A derivation of this
equation was presented by our group previously.
5.3.4. Statistical analysis

To compare the effect of the gelatin loading on the material properties of the arterial wall
a t-test was performed at each pressure between the two conditions (gel and no-gel) for
the same artery. A p value of 0.05 was considered statistically significantly different. The
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degree of correlation of the two groups was assessed using a Pearson correlation between
all the values for the same arteries in both conditions. Since the relationship between the
pressure (in our experiments) and the Young’s modulus was linear, we used the slope of
the linear regression to compare the gelatin and no-gelatin conditions. We did a t-test
between the populations of slopes for each condition, considering a p value of less than
0.05 as statistically different behavior.
To compare the mechanical properties between the left and the right carotid, we used a ttest between the left and right populations for the same pigs. Again a p value of less than
0.05 meant a difference between the left and right carotid arteries. A slope analysis
similar to the one done to evaluate the gel and no-gel conditions was done for the right
and left carotids to see if they behaved differently to pressure. The degree of correlation
was assessed using the Pearson test.

5.4. RESUTLS

The propagation of the mechanical wave generated by the ultrasound radiation force as
shown in Figure 2.5A. Notice how after the main wavefront, there are other modes
arriving later in time, the speed of this later modes change in speed with distance. Figure
2.5B shows the k-space representation of the propagating wave, were the multiple modes
can be visualized. The black circles correspond to the maximum energy at each
frequency, and the magenta crosses (+) the multiple peaks in energy in the frequency
direction. Panel C shows the dispersion curve for the arterial wall; the phase velocity was
calculated using the peaks identified in the k-space and the wavenumber and frequency
coordinates.
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Fig. 2.5. Time signal, k-space and dispersion curve for an artery pressurized at
50 mmHg). Panel A, shows the time signal for the mechanical wave propagating
away from the point of excitation with the focused transducer. Panel B, shows
the result of the 2D FFT (k-space), where the black circles correspond to the
maximal energy for each frequency and the magenta crosses (+), the peaks of
energy in the frequency direction. In Panel C is the dispersion curve generated
from the k-space data in Panel B.

Figure 3.5 shows the differences in the dispersion curves for the gelatin and no gelatin
conditions at 10, 50 and 100 mmHg, Panels A, B and C, respectively. In black circles is
the main mode for the gelatin condition, while the no gelatin is represented by red
squares. The higher modes are shown in magenta crosses and blue “x” for the gelatin and
no-gelatin, respectively. Notice how the main mode and the plateau speed of propagation
does not change significantly, while the frequency at which the higher modes appear do
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change between the two conditions. Also, the plateau speed changes with pressure from
4.27 m/s at 10 mmHg, to 5.24 m/s at 50 mmHg and to 6.57 m/s at 100 mmHg .

Fig. 3.5. Comparison in the dispersion curves of an excised pig carotid artery
embedded and not embedded in gelatin at 3 different pressures. Panel A, shows the
dispersion curve at 10 mmHg. The black circles represent the maximum mode at
each frequency when the artery was loaded with gelatin. The magenta crosses “+”
are the higher modes corresponding to the peaks in the wavenumber direction (k)
from the k-space plots when the artery was loaded with gelatin. Similarly, the red
squares and the blue “x” represent the maximum mode and the higher modes,
respectively, when the artery was stripped of the surrounding gelatin. Panel B and
C, shows similar data at 50 and 100 mmHg, respectively.

To evaluate the effect of the gelatin loading, we tested 8 arteries with and without gelatin.
Figure 4.5 shows the difference in the mean Young’s modulus estimated using the Lamb
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wave model. The error bars represent the standard error at each pressure and the p value
of the t-test at each pressure for the two groups is given, where a statistically significant
difference was marked with “*”. To evaluate the differences in the behavior of the
Young’s modulus with pressure, we compared the slope of the linear regression for each
artery at the two conditions. The p value for the comparison was 0.1354, therefore there
was no statistical difference in the behavior due to the gelatin loading. The Pearson
correlation coefficient was 0.8758 with a p value < 0.001, which led us to reject the null
hypothesis of no correlation.

Fig. 4.5. Differences in gelatin and no-gelatin loading on the Young’s modulus of excised carotid
arteries. Statistical significant differences (p < 0.05) between the two conditions for each pressure
are marked with “*”, and p value is reported above the standard error bars.

Similarly, Figure 5.5 shows the comparison in Young’s modulus as a function of pressure
for the right and the left carotid arteries. The left and right arteries of 6 pigs were tested
as mentioned above without gelatin. In this figure we show the mean Young’s modulus
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with the standard error for each group. There were no statistically significant differences
between the left and right carotids at any of the pressures (p value less than 0.05). The
comparison of the behavior of the Young’s modulus and pressure (slope analysis)
between the right and left carotids gave a p value of 0.5165. Therefore there was no
difference in the behavior. The Pearson correlation coefficient of 0.7445 with a p value <
0.001, which suggested a tight correlation between the two groups.

Fig. 5.5. Comparison of the Young’s modulus between left and right carotids 6 pigs. The p
value at each pressure between the two groups is show above the standard error bars. There
were no statistically significant differences (p < 0.05) between the right and left arteries.

The effect of prestretch in the Young’s modulus estimation is shown in Figure 6.5. The
response of the arterial properties with pressure was linear for the first two stretch levels
(1.4 and 1.6), while this relationship was not maintained at the higher stretch condition.
The Young’s modulus decreased from 10 to 50 mmHg and then it increased from 50 to
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100 mmHg. This behavior was observed in two different arteries at high levels of
longitudinal strain.

Fig. 6.5. Response of the Young’s modulus of an excised carotid artery to pressure and to different
levels of prestretch. The artery was stretched to 7, 8 and 9 cm in the metallic frame.

5.5. DISCUSSION

In Figure 2.5A we showed the propagation of a mechanical wave in the arterial wall in
the time-space domain. Notice how the time of propagation for 2 cm was around 5 ms,
and the motion of the artery goes back to the resting state around 20 ms. Therefore it
would be possible to investigate the properties of the arterial wall every 20 ms, or at a
frequency of 50 Hz. This capability is of great importance in the study of diseases and
aging processes, since the characterization of the changes between systole and diastole
and the relationship between these can help understanding the pathophysiology process.
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Also the localized aspect of the technique allows it to be used to study the properties of
multiple vascular beds, and characterizing each portion individually, contrary to what it is
done with the PWV since the long wavelength does not allow the investigation of small
segments. In this study we explored 2 cm at 1 mm distance between each point, but the
sampling can be done at a finer spatial resolution to evaluate smaller segments. This
could be of great importance in the analysis of plaque stiffness and mechanical behavior.
The visualization of the wave propagation in the frequency domain (k-space) allowed the
identification of multiple modes propagating at different speed within the same frequency
range. In Panel A, after the main wavefront, it is possible to appreciate some delayed
propagation that can not be characterized in the time domain. The k-space allows the
identification of the multiple propagating modes and also allows the calculation of the
speed at which they propagate. Figure 2.5C, shows a typical dispersion curve for an
excised carotid artery, where the black circles show the main propagating mode, which
behaves like an antisymmetric zero (A0) Lamb wave mode. The magenta crosses
identified the multiple locations where the energy was distributed for each frequency,
therefore identifying other less energetic modes at each frequency. These other modes
also show a behavior similar to higher symmetric and antisymmetric Lamb wave modes
(A1, S1). Therefore we decided to use a thin plate Lamb wave model as a first
approximation to estimate the mechanical properties of the arterial wall. A similar
approach was recently published by Couade, et al., where they compared the use of a
plate Lamb wave and a tube model and notice that at higher frequencies (above 800 Hz )
the dispersion curves of both models converge to a plateau speed, also referred as
Rayleigh speed. In this work we fitted the Lamb wave model to match the dispersion
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curves in the high frequencies (where the speed had plateaued) in order to estimate the
material properties.
The effect of pressure on the speed and modes of propagation was shown in Figure 3.5A,
B and C. Comparing the black circles and the magenta crosses in the different panels, we
can see that the pressure increased the speed of propagation and shifted the frequencies at
which the higher modes appear. The effect of the surrounding gelatin at 3 different
pressures is shown in each panel. The main mode of propagation (A0-like mode) in both
cases was very similar, and so was the plateau speed (black circles and red squares). The
effect of the gelatin loading also increased the frequencies at which the other modes (A1
and S1 like Lamb wave modes) appear for each case. The effect of pressure on the speed
of propagation was expected since it has been shown that pulse pressure and hypertension
increase the PWV. The higher pressures stretched the arterial wall shifting the load
bearing elements from the elastin (a very elastic material) to the collagen which is a much
stiffer. Meanwhile the effect of the gelatin around the arteries was more uncertain.
Previously our laboratory had shown an increase in the speed of propagation gelatin
loaded arteries compared to the non-loaded ones [66]. In this work we studied 8 arteries
with and without gelatin and performed some statistical analysis to evaluate the effect of
the gelatin on the mechanical properties. Figure 4.5 showed the mean and the standard
error for both groups of arteries. The t-test between both groups showed that there were
statistically significant differences in the estimation of the Young’s modulus at 10, 80 and
100 mmHg. Some of the variation at higher pressures can be attributed buckling of the
arteries, especially when they were tested without the surrounding gelatin. This buckling
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sometimes occurred in the xy-plane, which affected the quality of the RF data and
therefore the precision of our estimation.
The behavior of the Young’s modulus with pressure for the two groups (gelatin and nogelatin) showed to be linear within the pressure range that we explored in our
experiments (Fig. 4.5). To evaluate whether this behavior was different due to the gelatin
load, we performed a linear regression for each artery in both conditions (R2 value higher
than 0.97 in all the cases), and compared the two populations of slopes. The p value of
the t-test was 0.1354 meaning that both conditions have the same relationships of
Young’s modulus and pressure, suggesting that the loading of the gelatin plays no effect
in how the arterial wall responds to an increasing pressure in the range tested. The
Pearson’s correlation coefficient agreed with this conclusion, showing a high degree of
correlation with a value of 0.8758 and a p value < 0.001.
The comparison between the left and the right arteries showed similar results. At each of
the pressures there was no significant difference in the Young’s modulus between the left
and the right artery of each pig. This was expected since the carotid arteries in pigs do not
differ in geometry or wall components. Also, the mechanical behavior of the arterial wall
to pressure, assessed by the slope of the linear regression (R2 values higher than 0.95),
showed no significant difference between the left and the right carotid arteries, with a p
value of 0.5165. The Pearson correlation coefficient was 0.7445 with a p value < 0.001
suggesting a high correlation between the behaviors of both sides.
The strain in the carotid arteries in dogs has been shown to vary from 20 to 60 %
depending on the neck motion of the cervical vertebrae [31]. Therefore, it is important to
recognize the differences in the mechanical properties of the arterial wall at different
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levels of stretch. Figure 6.5 showed the Young’s modulus variation as a function of
pressure for 3 different levels of prestretch (7, 8 and 9 cm between marks). As it was
expected the increase in prestretch, similarly to the effect of increasing transmural
pressure, recruited the collagen fibers and the load bearing elements, therefore the speed
of propagation increased significantly from one level of stretch to the next. Notice how in
Figure 6.5 the change in the Young’s modulus as a function of pressure for the 7 and 8
cm stretch remains between the reported values of elasticity by O’Rourke, et al [32].
Since the recoiled amount for 7 (28%) and 8 cm (42%) is within the values expected in
vivo, the values of Young’s modulus were not expected to be out of the physiological

range. The stretch level of 9 cm (60 % recoil) is well above the expected physiological
range; therefore the high increase in the Young’s modulus is not surprising. The stretch
of 9 cm was close to the limit of the maximal arterial strain, because while trying to
increase the stretch to 9.5 cm the artery ruptured at one of the suture spots attaching it to
the metallic frame. The dispersion curves for these different stretch levels showed a
marked increased in the A0-like mode and the plateau speed, while the higher order
modes (A1 and S1 like modes) did not seem to be affected by the increase in longitudinal
stretch. Nevertheless, these higher modes varied with transmural pressure as described
before for the 7 cm stretch level. This leads us to believe that this higher order modes
could be associated with the circumferential Young’s modulus rather than with the
longitudinal. Another hypothesis for the change of these higher order modes is their
possible dependency on the radius or the viscosity or the wall tissue. The Lamb wave
model using in this work fails to incorporate the viscosity in the calculation of the
dispersion curves. Therefore the matching of the higher orders (A1 and S1) was
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promising at some frequencies but differed from the experimental data at some others.
Current efforts in our laboratory are directed toward a better mathematical model and to
develop finite element model simulations to corroborate our findings.
Another current disadvantage of our method is the need for two transducers to perform
our experiments. Currently our team is working on implementing this technique using a
single array transducer (Verasonics V-1 system) which will allow the generation of the
mechanical wave and the tracking of the motion of the tissue using plane wave imaging
with the same transducer. This will make our approach suitable for clinical application in
the study of the mechanical properties of arterial wall during the heart cycle.
In this work we continued the efforts from our group in developing a quantitative,
noninvasive and reproducible technique for the study or arterial wall mechanics. We
presented some reference values in healthy excised pig carotid arteries that will help in
the evaluation of the mechanical properties of diseased vessels. We compared the effect
of surrounding tissue on the Young’s modulus at multiples pressures, concluding that our
technique was appropriate to measure the elasticity regardless of the tissue medium in
which the artery was hold. We tested the robustness of this methodology by comparing
between the left and right carotids of the same animals, showing that both sides had very
similar elasticity. Therefore we are confident that this approach could give an important
insight of the wall mechanics and help in the diagnosis and follow up in the study of
disease and physiological processes.

5.6. CONCLUSIONS
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Arterial elasticity has gained importance as an independent predictor of cardiovascular
diseases and mortality. Efforts in developing noninvasive, reproducible methods have
been going on for years. In this chapter, we evaluated the effect of surrounding tissues on
the mechanical properties of arteries. We evaluated the sensitivity of our technique by
comparing the Young’s modulus of excised carotids arteries from multiple healthy pigs,
and comparing the values between the left and right carotids showing little variation in
our measurements. The proposed technique is currently being implemented in a clinical
ultrasound scanner for clinically assessing the properties of arteries with high temporal
and special resolution.
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6. Chapter 6

Conclusions and Future Directions
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6.1. Summery

Arterial elasticity has become a measurement of interest in the world of preventive
medicine, since it has shown to be an independent predictor of cardiovascular disease and
mortality, and it has been associated with a number of disease processes in multiple
population studies. Unfortunately, the techniques that are currently available have been
useful in correlating the disease processes with the increased arterial elasticity, but so far
none of the current techniques has been applied as a clinical tool for screening and
follow-up due to the great variability and multiple sources of error.
In this work we presented two different approaches for the study of the elasticity of
arteries. One of the approaches used piezoelectric elements and sonometry to measure the
strain and stress relationships in the longitudinal and circumferential directions. This
technique is more suited for the study of the mechanical properties ex vivo since it
requires the attachment of the crystals to the arterial wall. Nevertheless, it could also be
used in animal models to characterize the biaxial elastic properties in vivo during the
heart cycle or during pharmacological manipulation.
The other portion of this work presented a noninvasive, reproducible and quantitative
technique that uses ultrasound radiation force to generate a localized mechanical wave
which propagates in the arterial wall. The measurement of the speed and modes of
propagation of this wave allows us to estimate the elastic properties of the vessel wall.
Being a localized and high frequency technique, it has the potential to be use in a clinical
setting to study the elasticity through the heart cycle in different segments of the vascular
tree.
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In chapter 2 we introduced the technique of piezoelectric elements in the study of the
mechanical properties of soft tubes in the longitudinal and circumferential directions. In
this chapter we discussed the principles of the technique; we made use of the constitutive
equations for isotropic materials presented before [30]. In this chapter we also presented a
sensitivity analysis to study the stability of the constitutive equations and the errors in the
calculated Young’s modulus due to the variation of the radius and length measurements.
We studied the sensitivity of the technique by testing urethane tubes of different material
properties, and tested the accuracy by comparing the results to compression test results of
the same urethane samples.
In chapter 3, we showed the application of the piezoelectric element technique in the
study of the biaxial mechanical properties of excised arteries and presented the
constitutive equations for transversely isotropic materials. We compared different
pressurization rates to study the changes in the secant Young’s modulus. We also
changed the temperature of the saline solution in which the arteries were immersed to test
the sensitivity of this technique to measure changes in the arteries mechanical properties.
Chapter 4 focused in explaining the shear wave dispersion ultrasound vibrometry
(SDUV) technique and its application in the study of the elasticity of soft urethane tubes
and excised carotid arteries. We explained how we generated a mechanical wave using
ultrasound radiation force and showed an analysis in the frequency domain to visualize
the different modes propagating simultaneously. We used a plate Lamb wave model as a
first approximation to match our experimental dispersion curves and estimate the material
properties of the tube/arterial wall. We showed the effect of transmural pressure on the
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speed and modes of propagation in the isotropic (tubes) and anisotropic materials
(arteries).
In the fifth chapter we showed the results using the SDUV technique on a population of
excised pig carotid arteries. We performed these studies to obtain a set of reference
values of elasticity in healthy carotid arteries, and compared the effect of the surrounding
tissue on the mechanical properties of arteries by using embedding the structures in a
tissue mimicking gelatin. We also tested the sensitivity of our technique by comparing
between the left and right carotids of the same pigs. This work showed that there was no
significant difference in the behavior of the Young’s modulus with pressure when the
arteries were or were not surrounded by gelatin. Comparing the left and right arteries
showed a similar trend. To test the ability of this technique to measure changes in the
material properties of the arteries we varied the level of longitudinal prestretch showing
significant differences in the speed and modes of propagation.

6.2. In vivo applications and Future Directions

Our laboratory is currently working on the implementation of the SDUV technique in
commercial scanners for clinical applications. The purpose of this implementation is to
avoid the use of two transducers (one to excite and one to measure the propagation) and
allow an easier interface for the clinical use.
Currently we are working with Philips to implement the SDUV technique on their iU22
clinical scanner. In Figure 1.6 we show and schematic of a preliminary experiment done
to evaluate the feasibility of generating mechanical waves using a clinical probe. Figure
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2.6A shows the motion at 4 different locations (0.7 mm apart) and Panel B shows the
propagation of the wave as a function of time and distance from the excitation point.

Fig. 1.6. Setup for the iU22 experiment, where the pushing toneburst and the
detection lines are implemented in the same ultrasound probe. The artery
was embedded in gelatin made with saline solution and evaporated milk (to
increase ultrasound attenuation to tissue values).

Cross correlation of the time signal at the different points gave a group velocity of 7.02
m/s which is a little higher that what we have observed in other excised pig carotid
arteries, but nevertheless it is within a reasonable range. The phase velocity showed some
dispersion increasing from 5.2 m/s at 100 Hz to 7.6 m/s at 900 Hz. It was not possible to
performed the modal analysis on this data because the iU22 outputs 5 detection lines
along the artery (one of which is at the push point which is usually unusable due to
interference) and this is not enough spatial resolution to perform the modal analysis.
Future studies using the iU22 involves the generation and measurement of shear waves in
vivo, starting in an animal model (pig) and then moving towards human application. One

of the disadvantages of working with Philips is that changes to the machine must be done
by Philips engineers and resources devoted towards this work are limited.
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Fig. 2.6. Motion and propagation of a mechanical wave generated using
the iU22 Philips ultrasound machine. Panel A shows the motion of the
arterial wall at 4 different locations 0.7 mm apart from each other.
Panel B, shows the propagation of the wave on the arterial wall.

To overcome these difficulties, our laboratory is implementing the SDUV technique in
the Verasonics V-1 machine, which is a fully programmable ultrasound system. This
machine is research platform that uses 128 independent transmit channels and 64 receive
channels. The system is integrated around a software-based beamforming algorithm that
performs a pixel-oriented processing algorithm. This algorithm facilitates conventional
and high frame rate imaging. The high frame rate imaging, using plane wave
transmissions, useful for tracking mechanical waves propagating in tissue, since this
system allows the capture of the motion in a two-dimensional plane [67]. This type of
imaging is performed in Supersonic Shear Imaging [68], and has been shown to be useful
in characterizing the multiple types of tissues in a single acquisition such as muscle layers
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overlying the liver [69]. This type of imaging capability would allow the characterization
of the arterial wall similarly to what was shown ex vivo in the previous chapters. Up to
date, our group has shown that this system has the capability of generating a toneburst
long enough to generate motion in a gelatin phantom using a curved linear array. Figure
3.6 shows the propagation (in time) of the mechanical wave generated inside the phantom
through a specific window of the curved array.

Fig. 3.6. Motion on a gelatin phantom using the Verasonics V-1 ultrasound
machine. The x axis represents the plane in which the wave generated
propagates. The y axis is the displacement of the gelatin phantom in the
direction of the ultrasound probe. The different color lines represent the
motion of the gelatin at different moments in time.

The multiple lines correspond to the tissue motion at different times raging from 0.5 to
9.5 ms after the push pulse. Figure 4.6, shows the propagation of the wave generated
inside the gelatin phantom starting from the point of excitation at 0 mm and progressing
to both sides of the focal spot.
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Fig. 4.6. Propagation of the mechanical wave generated with the
Verasonics V-1 machine. The x axis represents the plane in which the
wave propagates, and the y axis the time on propagation. The color of
the graph represents the displacement in the direction of the probe.

The use of the 2D FFT results in the k-space plot shown in Figure 5.6A. This figure is
similar to the ones shown for the tubes in chapter 3, where there is only one mode
propagating. Panel B, shows the dispersion curve for this gelatin phantom. The properties
of this material were not assessed using the Lamb wave model since the phantom was a
block of gelatin rather than a plate of a tube. Therefore the Voigt model which relates the
shear modulus (µ 1), viscosity (µ 2), frequency (ω) and density (ρ) to the shear wave
dispersion (cs) was used to fit the data.

(

cs ( ω ) = 2 µ12 + ω 2 µ 22

)

(

ρ µ1 + µ12 + ω 2 µ 22

)

(1)
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The values of shear modulus and viscosity for the gelatin were 2.04 kPa and 0.55 Pa·s,
respectively, while mechanical testing of the same phantom revealed a shear modulus of
1.8 kPa.

Fig. 5.6. k-space and dispersion curve for the gelatin phantom.
Panel A shows the result of performing a 2D FFT on one side
of the propagating wave from Fig. 4. Panel B, shows the
dispersion curve of the gelatin phantom, where the blue circles
correspond to the maximum energy at each frequency.

The next steps are to acquire a linear array compatible with this system, since the curved
array is not optimal for superficial structures, to explore the modes of propagation
generated in excised arteries using this setup. After this stage, in vivo experiments in
anesthetized pigs will be scheduled to measure the speed of propagation during the heart
cycle and estimate the changes in elasticity during systole and diastole. Previous work
from our laboratory using the two transducer setup showed variation in the group velocity
which was in phase with the change in the diameter. Figure 6.6 shows 2 seconds of
recording where in Panel A the motion of the top wall due to the pulse pressure can be
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appreciated. Panel B, shows the change in the group velocity (calculated from cross
correlation of the time signals between consecutive time windows) in the same 2 second
window.

Fig. 6.6. Changes in group velocity in the arterial wall of an
anesthetized pig as a function of the pulse pressure. Panel A
shows the motion of the front wall of the femoral artery of an
anesthetized pig. Panel B, shows the calculated group velocity
and its variation with arterial distension.

In collaboration with the cardiovascular physiology laboratory and more specifically with
Dr. Michael Joyner and Dr. Darren Casey, our technique will be use in studying the
impact of aging on the skeletal muscle blood flow and vasodilators kinetics during
exercise. For this, the arterial elasticity using the Verasonics machine will be measured in
30 individuals, 15 young (ages 30 to 40) and 15 older (55 to 80). The subjects will be
instrumented for a single forearm muscle contraction using a handgrip device and
different levels of resistance, 10, 20 and 40 % of their maximal voluntary contraction.
Vascular elasticity will be assessed at the start of the study, and then repeated through the
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single muscle contraction at the different resistance levels. After 15 minutes of rest the
whole procedure will be repeated while saline solution is being infused into the radial
artery. The saline infusion will serve as a control condition for the L-NMMA (nitric
oxide inhibitor), which will be infused in to the radial artery after 15 minutes of rest
following the saline infusion and the muscle contractions. During the saline and LNMMA infusions boluses of acetylcholine (vasoconstrictor) and nitroprusside
(vasodilator) to evaluate how aging affects rapid endothelial and vascular smooth muscle
vasodilator response. A timeline of the experiment is shown in Figure 7.6. The hypothesis
of this study is that arterial elasticity will demonstrate a strong inverse relationship with
the magnitude of contraction-induced rapid vasodilatation. Moreover, we expect that the
SDUV technique will be more tightly correlated to the rapid vasodilator response in older
individuals than measures of PWV. Lastly, data from the L-NMMA infusions will allow
us to determine the contribution of endothelial derived NO in the rapid vasodilator
response to a single muscle contraction and the effect in arterial elasticity.

Fig. 7.6. Protocol for studying the effect of aging on the skeletal muscle blood flow and vasodilators
kinetics during exercise. Figure courtesy of Dr. Darren Casey.

Finally, we are confident that once we acquire the linear transducer and solve some minor
technical difficulties with the Verasonics V-1 machine, the implementation of our
technique for generating mechanical waves in the arterial wall will be possible. This will
allow the estimation of the mechanical properties of the arterial in a fast, localized and
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reliable manner for the study of disease processes and physiological phenomenon. Future
work in more robust mathematical model describing the multiple modes of propagation
will allow better characterization of the mechanical properties including the viscosity of
the arterial wall tissue which might be of clinical relevance.
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