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After finishing a three-mile run, you start your cooldown
stretching and put two fingers to your neck to feel your
pulse. Your heart rate is still elevated, and pulses are
repeating fast and strong. After a few minutes, you
check again, and you can feel that the rate has decreased,
and the pulse strength has also diminished. The heart is
doing its job to supply the body with oxygenated blood
to supply the muscles that have been used during exercise.

In normal resting states, the heart supplies blood to the
organs in the abdomen after a meal or to your brain for
drafting that next paper for an academic journal. How-
ever, you may not think much about this process that
occurs thousands of times a day and likely do not con-
sider the blood vessels that carry blood all over the body
to facilitate normal or more elevated function during
an exercise.

The cardiovascular system consists of the heart and a
series of vessels that carry blood away from the heart
(arteries) and branch into smaller and smaller vessels to
the level of capillaries that allow for diffusion of nutrients,
oxygen, carbon dioxide, and other important molecules
to maintain life. After the capillaries, the vessels merge
into larger and larger vessels (veins) to carry blood back
to the heart and lungs for oxygenation.

The vascular tree consisting of the arteries, veins, and
capillaries has a high degree of variation in the makeup
of the vessels used to take blood to each organ and back
to the heart. The walls of these vessels include different
proteins and tissues that maintain compliance or strength
(collagen), the ability to stretch (elastin), and the abil-
ity to constrict or relax (smooth muscle) (Nichols and
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O’Rourke, 2005). The geometry changes from being more
than a centimeter in diameter (aorta, the major vessel
carrying blood from the heart) to capillaries that may be
only slightly wider than a red blood cell to pass through.
The associated makeup of the vessels gives rise to their
respective function under different dynamic pressure
loads, particularly their mechanical properties.

In the case of the cardiovascular system, it is well established
that even in normal aging, structural changes occur in the
vasculature that cause the arteries to stiffen. Over time or
with disease, modifications of the elastin, collagen, and
muscular components can cause the arteries to stiffen. For
example, over time, elastin may be degraded and replaced
with collagen, which is a much stiffer fiber and restricts
stretching of the vessel wall. The implication of this arterial
stiffening is that the pressure pulses exerted by the heart on
every heartbeat are not absorbed by stretching of the blood
vessel walls, also known as compliance. Thus, organs like
the brain are exposed to a full-pressure pounding rather
than the normal blood flow that is usually modulated by the
compliant walls of the blood vessels leading to it. Over time,
this can cause deleterious effects on these organs such as
microscopic areas of damage in the brain or pressure waves
that reflect from vessel branch points in the larger vessels
that may impair the function of the heart. In diseases, the
alteration of the arterial walls may accelerate, causing these
harmful effects to appear earlier. This effect was summed
up succinctly by William Osler, one of the founders of
The Johns Hopkins Hospital, Baltimore, Maryland, “Man
is only as old as his arteries” (O’'Rourke and Hashimoto,
2007). With this assertion, developing noninvasive means
for evaluating vascular stiffness to understand the state of
one€’s health could be very useful.
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Ultrasound Imaging of the Vasculature

Medical ultrasound imaging uses high-frequency sound
waves to form images of the internal structure of the
human body. Because the sound speed in soft tissues, an
average of 1,540 m/s, is very high, the echoes from the
transmitted waves into the body return to the transducer
in a short period that permits imaging of the tissue with
real-time frame rates. This speed allows for imaging
dynamic processes such as the beating heart, pulsation
of the vasculature, and blood flow. Ultrasound imag-
ing at frequencies ranging from 1 to 40 MHz is used to
visualize vessels at different levels of the vascular tree
(Ketterling and Silverman, 2017). Sensitive methods have
been developed for visualizing flow in the smallest arter-
ies, veins, and capillaries, often collectively referred to
as the microvasculature, with and without bubbles that
can be injected into the bloodstream to provide added
ultrasound imaging sensitivity. These gas-filled bubbles
reflect the ultrasound waves and return substantially
large pressure amplitudes back to the transducer despite
their small size, with diameters typically on the order of
1-6 um, thereby improving the detectability of tiny vessels.

Due to these capabilities, ultrasound imaging of the
cardiovascular system is widely used for diagnosis of
many diseases and conditions. Significant applications
of ultrasound to vessels are imaging of plaques or blood
clots within vessels, narrowing of blood vessels (steno-
sis), abnormal widening of vessels (aneurysms), and
leaky vessels. Ultrasound imaging also provides real-
time imaging for gaining vascular access for an IV and
assessing blood flow patterns (Ruoss et al., 2020). How-
ever, clinical evaluation of the mechanical properties of
the vessel wall, outside of measuring dynamic diameter
and thickness changes, has traditionally not been a focus.

Ultrasound-Based Elastography

Over the last three decades, multiple research groups and
medical-imaging vendors from around the world have
worked toward developing and disseminating methods
for measuring and creating images of the elastic proper-
ties of soft tissues using a method typically called shear
wave elastography. Palpation has been used for centuries
by physicians because abnormal tissues feel different than
normal tissues. For example, breast cancer tumors feel
like a “lump” in the tissue and indicate that something
is not normal and may trigger having medical imaging
and a biopsy performed. Despite being a fundamental

part of the physical examination, palpation has several
drawbacks. It is subjective and may depend on the pro-
ficiency of the examiner, and it may not be sensitive
to deep abnormalities. To address these shortcomings,
ultrasound elastographic methods allow measurement
of the elastic modulus or the stiffness of a material in a
quantitative manner.

Measuring Vascular Elasticity

Noninvasive measurement of the elastic modulus of the
vasculature could be a useful biomarker for early and
progressive disease in the arteries. The high temporal
resolution of ultrasound allows for the measurement of
dynamic activity of arterial wall motion caused by the
pressure pulse transmitted by the blood flow. A straight-
forward approach is to measure the diameter change and
quantify the minimum and maximum diameters (Lau-
rent et al., 2006). As an example, an elastic vessel like the
carotid artery in the neck is made up of three different
layers that may have different amounts of elastin, col-
lagen, and smooth muscle (Figure 1). As a composite
material, the artery wall can be tracked with ultrasound
to determine diameter changes over time. When com-
bined with measurements of the diastolic and systolic
blood pressures measured with a blood pressure cuff,
the elastic modulus of a vessel can be evaluated. More

Figure 1. Distension of elastic artery with three layers: tunica
externa, tunica media, and tunica intima (left). Ultrasound
has a sufficient frame rate to allow measurement of real-time
motion and thus the diameter change over the cardiac cycle
(right). Created with Biorender.com. See Multimedia File 1 at
acousticstoday.org/urbanmedia for a video of the pulsating vessel.
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accurate blood pressure measurements would require a
catheter in the blood vessel, which is invasive and not
routinely considered.

Others have developed methods that utilize the artery’s
pulsatile motion to quantify the strain of the vessel wall
(de Korte et al., 2002). The general assumption in using
these methods is that a compliant vessel will undergo
more strain than a stiff vessel. However, this method does
not consider the vessel’s pressure levels, which directly
affect the amount of strain produced.

A widely used method for determining vascular elasticity
is applanation tonometry to measure the vascular sys-
tem’s pulse wave velocity (PWYV), or the rate at which
the pressure pulse generated by the heart travels through
the vessels (Laurent et al., 2006). Tonometry uses a pen-
like probe with a pressure-sensing transducer. The probe
is used to deform the vessel of interest to measure the
pressure pulsation within the vessel, something that is
like putting your fingers on your neck to feel your pulse.
The most common application is to make simultaneous
measurements in the carotid artery in the neck with the
probe (Figure 2, blue circle) and femoral artery in the

Figure 2. Pulse wave velocity (PWYV) is measured from
tonometer pressure signals at the carotid artery in the neck
(blue circle and blue trace) and femoral artery in the upper leg
(red circle and red trace). The time difference (At) between the
pressure signals can be measured. The distance (AL) between
the measurement sites (circles) can be measured over the body
surface to be used for calculation of the PWV. Created with
Biorender.com.
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upper leg with a blood pressure cuft (Figure 2, red circle)
and examine the time difference (At) between the wave-
forms (Figure 2). Using the length over the body surface
(AL) made with a measuring tape the PWV is calculated
using PWV = AL/At. However, the length measurement
accuracy is limited by measuring over the skin surface
instead of the actual internal pathway. Additionally,
the wave originates in the heart. It moves in opposite
directions, upward to the carotid artery in the neck and
downward to the femoral artery in the upper leg. Hence,
the wave measured is not moving from one of the mea-
surement locations to the other (carotid to femoral artery
or vice versa). The PWYV is more related to the central or
aortic stiffness and is not localized to a particular vessel.
Despite these limitations, many studies have shown that
the PWYV increases with age and in patients with car-
diovascular disease (CVD) (O’'Rourke and Hashimoto,
2007). The PWYV is related to Young’s modulus (E), wall
thickness (h), inner radius (R), and density of the blood
(pv) by the Moens-Korteweg equation (PWV=Eh/2Rps)
(Nichols and O’Rourke, 2005). This equation highlights
that the mechanical properties and geometry are essen-
tial in determining the PWV.

Over the last 15 years, efforts have been directed toward
measuring the local PWV using fast ultrasound imaging
of a vessel like an aorta or carotid artery in a method
called pulse wave imaging (PWI) (Konofagou et al.,
2011). An example of PWI is shown in Figure 3 where
ultrasound imaging of a vessel is performed to measure
how the wall deformation caused by the pressure pulse
travels within the imaging plane (x-z plane). The PWV
typically ranges between 4 and 15 m/s depending on the
state of the vessel. However, the view of an ultrasound
transducer for an artery may only be a few centimeters of
the arterial length. For example, for an ultrasound trans-
ducer with a 4-cm-wide field of view (FOV), the time
difference for a wave to pass from one end of the image to
the other may be only 10 ms for a vessel with a PWV of 4
m/s. Although conventional ultrasound imaging is in real
time (30 frames per second), a single ultrasound image
frame may take 33 ms to acquire and would miss the
pulse wave traveling in the ultrasound image, so ultrafast
imaging methods are needed to capture the motion of the
wave traveling across the image.

Acquisitions of a limited number of imaging lines with
focused transmissions can be performed at high frame
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Figure 3. Pulse wave imaging (PWI) as the pulse travels from
left to right (+x direction; left, red arrow) passes through
the imaging plane (x-z plane) and the distension motion is
captured by the ultrasound transducer (left, black arrows).
A diagram of the wall velocity as a function of distance
(x direction) along a human carotid artery is shown (top
right), with the corresponding electrocardiogram (ECG) trace
(bottom right). The time axes are the same for both plots. Top
right, red: motion toward the transducer; blue, motion away
from the transducer. The PWV is determined by tracking the
time of arrival of the wave peak (red) or another feature at
each position along the length of the artery (x direction). In
this case, the PWV is 5.01 m/s. Created with Biorender.com.

rates and, when synchronized, produce a complete FOV
visualization of the wave propagation throughout sev-
eral heartbeats. Alternatively, an unfocused transmission
can insonify a large region, and the imaging rate is only
limited by the time it takes for the ultrasound echoes to
return from a prescribed depth. This plane wave imaging
can yield frame rates of thousands of frames per second
(Montaldo et al., 2009). Compounding several angled
plane waves can improve the signal-to-noise ratio of
the acquired ultrasound data. Using PWI methods can
provide 1 or 2 measurements over the course of a car-
diac cycle related to the ejection of blood from the left
ventricle of the heart (Luo et al., 2012). The frequency
content of the pulse wave is low, around 1-10 Hz.

Induced Waves and Computational
Approaches

Although the previously described methods use the endog-
enous pulsatile motion of the artery as an excitation source,
we and other groups have used methods to induce waves

in the arterial wall to make measurements of the arterial
elastic modulus. This “tapping” involves using focused
ultrasound beams to generate small deformations on the
order of a few micrometers in the arterial wall (Figure 4).
The focused ultrasound generates an acoustic radiation
force (ARF) that lasts on the order of 200-400 ps. This
“tap” creates a series of waves propagating along the length
of the artery and around its circumference (Couade et al.,
2008). The wave motion is measured with the same plane
wave compounding methods used in PWI to achieve
ultrafast frame rates and measure the waves propagating
at 4-20 m/s. These waves typically have a frequency con-
tent of 200-1,500 Hz. With the fast transit times of the
waves through the FOV, measurements can be completed
within 10-20 ms at different points throughout the cardiac
cycle. This unlocks the ability to evaluate dynamic arterial
elastic properties under different physiological conditions
while the pressure pulse is traveling through the artery and
stretching the vessel.

The motion that we measure in the space-time (x-t)
domain could be used to match to simulation models,
but another approach is using methods in the frequency

Figure 4. Measurement with acoustic radiation force (ARF)
excitation of propagating waves in the x direction in the human
carotid artery while imaging in the x-z plane with the ultrasound
transducer (top). The ARF “tap” causes the wave motion from the
top wall of the artery (bottom left). We apply a two-dimensional
Fourier transform and examine the magnitude distribution
(bottom enter). The peaks in the magnitude distribution are
identified for each frequency to estimate the phase velocity
dispersion curve (bottom right). Created with Biorender.com.
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domain. Instead of examining the velocity of the whole
wave packet, we can measure the wave velocity at cer-
tain frequencies and its variations, which is referred to
as dispersion.

The main approach we follow is to estimate the elastic
modulus of the arterial wall by matching the measured
and computed dispersion characteristics of the wave
propagating along the artery. Measured dispersion
characteristics can be quantified by applying a two-
dimensional Fourier transform to the wave motion in
the space-time domain and using sophisticated signal-
processing techniques to extract the dispersion curves
related to different propagation modes (see Figure 4)
(Bernal et al., 2011). Using the measured values of artery
wall thickness and diameter made with B-mode ultra-
sound images and the induced wave motion, we can
match the measured dispersion curves with those pre-
dicted using analytical or computational models.

Initial approaches to estimate dispersion curves for artery-
mimicking tubes and arteries used a simple plate (Lamb
wave) model, where the arterial wall is approximated as a
plate (Maksuti et al., 2016). However, this plate model was
not able to capture the effect of the curvature of the tube
wall, which has a significant effect given that the radius
is of a similar order as the wavelengths being considered.

We observe multiple wave modes induced by the applica-
tion of the ARF in the arterial wall due to the cylindrical
shape and the nature of the excitation. Theoretical models
describing the modes propagating in a cylinder of known
diameter, wall thickness, and elastic modulus have been
described, starting with Gazis (1959). These models have
been instrumental for the nondestructive testing of pipes
and other structures. However, we can apply the same
underlying physics to the soft “pipes” within the human
body (Zhang et al., 2005).

Simple closed-form solutions of these models do not exist,
especially for thick-walled tubes such as large arteries, so
computational approaches to obtain the mode shapes and
other features have been used. Specifically, the dispersion
can be calculated and used to compare with measured
data. For example, the dispersion curves for a cylindrical
vessel made of a material with a shear modulus of 225
kPa (shear wave velocity of 15 m/s, assuming a density
of 1,000 kg/m?), an outer diameter of 8 mm, and a wall
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thickness of 1 mm are shown in Figure 5. In addition,
Lamb wave or plate wave model dispersion curves for
zeroth-order asymmetrical and symmetrical modes are
also shown for a 1-mm-thick plate of the same material.

One can construct the computational models with sev-
eral different approaches, including finite-difference
models and finite-element modeling (Treeby et al.,
2019). We use a semi-analytical finite element (SAFE)
approach that captures the behavior of the three-dimen-
sional model but at a significantly reduced computational
expense (Roy and Guddati 2022). The model that we are
using (see Figure 6) assumes a hollow cylinder of infi-
nite length that has fluid on the outside and inside and
has a uniform thickness and diameter. The cylinder is
stimulated by a force that has a specific spatiotemporal
definition, which provides a high degree of flexibility in
adapting to different configurations of ARF excitation,
which can also be determined using simulations (Treeby
et al., 2019). The solution is written in terms of harmonic
modes in time and spatially configured along the axial
(x) or length direction and in the azimuthal direction

Figure 5. Mode dispersion curves for a cylindrical vessel made
of a material with a shear modulus of 225 kPa (shear wave
velocity of 15 m/s, assuming a density of 1,000 kg/m?), an outer
diameter of 8 mm, and a wall thickness of 1 mm. Longitudinal
[L(0,1)], flexural [F(1,1) and F(2,1)], and torsional [T(0,0)]
dispersion curves are shown. Shown in addition, the shear
wave velocity and zeroth-order asymmetrical and symmetrical
mode dispersion curves for the plate approximation with Lamb
waves. These are the possible velocities that can occur in this
cylindrical vessel, but depending on the ARF excitation, only
certain modes may be stimulated.



Figure 6. Top: semi-analytical finite element (SAFE)
model simplifying a three-dimensional (3D) infinite length
cylindrical vessel into a one-dimensional waveguide model.
The simplification allows for efficient computation without
sacrificing fidelity to the underlying physics. Center: simulated
3D motion at t = 0.81 ms after the ARF stimulation at the top
wall in the center of the cylinder. The snapshot shows waves
propagating down the length of the vessel in both directions
as well as a wave traveling around the circumference of the
vessel. See Multimedia File 2 acousticstoday.org/urbanmedia

for a video of the simulated propagating waves. Bottom:
motion isolated from a line along the top wall corresponding
to measurements that can be made in an artery with an
ultrasound transducer. Reproduced from Roy et al. (2021),
with permission of IOP Publishing Ltd., © Institute of Physics
and Engineering in Medicine, all rights reserved.

(0) in polar coordinates (Figure 6, top). The response
of each of these modes is then solved with the help of
a high-order one-dimensional finite-element discretiza-
tion that is highly efficient (Figure 6). We emphasize that
the method accurately captures the fully three-dimen-
sional (3D) wave propagation phenomenon as well as
coupling with interstitial and surrounding fluid. In fact,
the responses of each of these modes can be synthesized
to obtain the full 3D response of the artery (see Figure

6). Computation of the 3D response takes less than four
seconds, in contrast to several hours needed for direct
finite-element simulation.

This “waveguide” model provides the opportunity to
quickly obtain the motion and the dispersion curves for
a given configuration (geometry and elastic modulus).
Estimates of the elastic modulus from dispersion curves,
using common optimization approaches, can be quickly
determined. The presence of multiple modes appears as
a complicating factor, but information from multiple
modes could also be used to estimate the elastic proper-
ties of the artery (Roy et al., 2021).

Our group and others use these methods to estimate
the elastic properties of human arteries for evaluating
patients with different conditions such as high blood
pressure and other diseases that are known to affect vessel
function (Pruijssen et al., 2020). Shear wave elastography
is typically applied, with a few underlying assumptions
such as the organ is locally homogeneous and large with
respect to the wavelengths of the waves generated in the
organ. These assumptions are not valid in the case of the
arterial wall where the wall is thin with respect to the
wavelengths produced by the ARF excitation and the
cylindrical shape creates complicated waves. Therefore,
the full physical behavior must be accounted for, using
guided-wave models, in estimating the elastic mechanical
properties of the artery.

Figure 7 shows an example of an in vivo measurement and
comparison with results from the computational model.
The measured motion in the arterial wall is shown along
with the dispersion curve extracted from analysis of the
motion signal (Figure 7, blue solid curve). The simulated
motion from the model described in Figure 6 is also shown
along with the corresponding dispersion curve (Figure 7,
red dashed curve). It is notable that the data match well
in the time domain (motion) and the frequency domain
(dispersion curves). The simulation contains information
about the geometry of the measured artery and captures
the complicated motion that is exhibited in the experiment.

Future Opportunities

We would be remiss if we did not acknowledge the col-
laborative work that combines the in vivo wave motion
measurements in arteries and the evaluation of the
inverse problem associated with estimating the elas-
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Figure 7. Left: measured motion from the left carotid artery of a human research subject). Center: dispersion curve from analysis

of the measured motion data (blue solid curve) is shown along with the dispersion curve from 250 to 500 Hz (red dashed curve)

from the simulated model (right) for a shear modulus of 254 kPa and viscosity of 45.7 Pa-s. The images of the motion look similar

as do the dispersion curves, indicating good agreement between the measured wave and the waves simulated from the SAFE model.

tic mechanical properties. Combining the necessary
expertise of ultrasound engineers and computational
mechanics has brought the prospects of accurately evalu-
ating the elastic properties of the arterial wall. Continued
development opens the doors for evaluating additional
mechanical properties such as anisotropy, nonlinearity,
and viscoelasticity of the artery.

At this stage, we are assuming that the artery is a homo-
geneous and isotropic cylinder; the underlying layered
structure of the artery makes the mechanical properties
anisotropic in the length or axial direction and the circum-
ferential direction. With different propagating modes in the
axial and circumferential directions (Figure 6), we may be
able to discern the properties in these different directions.

The high temporal resolution of measurements throughout
the cardiac cycle allows for the opportunity to explore the
behavior of the artery exposed to different internal pres-
sures (Marais et al., 2019). The elastin and collagen fibers
that compose the arterial wall have different mechanical
behaviors. The elastin fibers stretch linearly at low pres-
sures (or low-stress states). At a certain point of applied
stress, the elastin fibers reach a point of maximum stretch
and the contribution of the collagen fibers increases.
However, collagen fibers exhibit a nonlinear relationship
to applied stress. As a result, the composite stress-strain
curve has a linear region at low pressures and a nonlinear
increase as the pressure or stress increases. We can make
several measurements of the elastic modulus along the
stress-strain curve to characterize the nonlinear relation-
ship of the artery. Additionally, combining aspects related
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to the low-frequency distension due to the pulse wave and
the high-frequency-induced waves could provide oppor-
tunities for developing new biomarkers.

Last, the artery, like many soft tissues, can be viscoelas-
tic. That is, the tissue has a time-dependent behavior
that involves the dissipation of energy due to viscous
components in the tissue. Previous work related to the
evaluation of the hysteresis of the distension of arteries
has identified that the combined elastic and viscous com-
ponents could help characterize the arteries of different
patient cohorts (Armentano et al., 1998). Using wave-
based techniques, we can fit dispersion curves using a
viscoelastic material model (Figure 7) or attempt to mea-
sure the attenuation of the waves as they propagate to
understand the viscous nature of the arterial wall.

In conclusion, using wave-based physics applied to bio-
medical ultrasound and modal analysis of structures has
provided new ways to examine the human vasculature.
New biomarkers could provide insight into disease pro-
cesses and assist in identifying cardiovascular disease
at earlier stages, which would have profound effects on
earlier interventions and improved patient outcomes.
These developments could provide for the measurement
of the physiological “age” of a person’s arteries in line
with Osler’s previous assertion.
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SOUND PERSPECTIVES

Recent Acoustical Society of America Awards and Prizes

Acoustics Today is pleased to present the names of the recipients of the various awards and prizes given out by the
Acoustical Society of America. After the recipients are approved by the Executive Council of the Society at each
semiannual meeting, their names are published in the next issue of Acoustics Today.

Congratulations to the following recipients of Acoustical Society of America medals, awards, prizes, and fellowships,
who will be formally recognized at the Spring 2023 Plenary Session. For more information on the accolades, please

see acousticstoday.org/asa-awards, acousticalsociety.org/prizes, and acousticstoday.org/fellowships.

Gold Medal

Mark F. Hamilton

(University of Texas at Austin)

for contributions to theoretical nonlinear acoustics and
education and for service to and leadership of the Society

Helmholtz-Rayleigh Interdisciplinary Silver Medal in
Biomedical Acoustics and Physical Acoustics

Vera Khokhlova

(University of Washington, Seattle, and M. V. Lomonosov
Moscow State University, Moscow, Russia)

for contributions to the application of nonlinear acoustics to
medical ultrasound

Medwin Prize in Acoustical Oceanography

David Barclay

(Dalhousie University, Halifax, Nova Scotia, Canada) for
contributions to the fundamental understanding of ocean
ambient sound

R. Bruce Lindsay Award

Julianna Simon

(Pennsylvania State University, University Park, Pennsylvania)
for contributions to the understanding of ultrasound-induced
mechanical bioeffects and their clinical applications

Hartmann Prize in Auditory Neuroscience
Bertrand Delgutte
(Harvard University, Cambridge, Massachusetts)
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Congratulations also to the following members who were
elected Fellows in the Acoustical Society of America in
Spring 2023.
¢ Kevin Haworth
(College of Medicine, University of Cincinnati,
Cincinnati, Ohio) for contributions to the develop-
ment of passive cavitation imaging and therapeutic
ultrasound methods
® Tracianne Neilsen
(Brigham Young University, Provo, Utah) for
applications of machine learning to inverse prob-
lems in ocean acoustics
* Bogdan Popa
(University of Michigan, Ann Arbor)
for contributions to active acoustic metamaterials
¢ Sarah Verhulst
(Ghent University, Zwijnaarde, Belguim) for
contributions to computational modeling of the
normal and impaired auditory system
* Robert White
(Tufts University, Medford, Massachusetts)
for advancement in the field of acoustic
microelectromechanical systems
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