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Abstract: In the last 10 years the advent of computational power and the availability of fully
programmable research ultrasound imaging systems have allowed the emergence of ultrafast
ultrasound imaging (<1000 frames per second), which has become a central research topic in
the ultrasound community. Ultrafast ultrasound imaging relies deeply on the capability of mas-
sive parallel beamforming/processing of a single transmit ultrasound event insonifying a large
field of view. This ultrafast acquisition capability opens up new tradeoffs in terms of processing
and observations of transient rapid phenomena. Firstly, it can be used to improve conventional
imaging modes such as B-mode, Doppler modes, Contrast Enhanced Ultrasound in terms of
sensitivity, contrast, spatial, and/or temporal resolutions. It can also enrich conventional color
flow imaging modes by providing quantitative and synchronous spectral information on the
whole image. Secondly it can be used to capture transient phenomena that where unseen with
conventional frame rates (<50 Hz) enabling completely novel imaging modes such as real time
shear wave elastography (SWE), a technique for mapping quantitatively soft tissue elasticities,
or ultrafast PWYV, a technique for measuring locally the pulse wave velocity (PWV). In this
review, we first introduce the theoretical basis of ultrafast imaging. We then present a state of
the art of ultrafast ultrasound imaging in the specific field of arterial wall mechanical proper-
ties characterization.
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Introduction
The concept of ultrafast ultrasound imaging was first introduced by Bruneel et al' almost
40 years ago. However, its implementation on a commercial ultrasound diagnostic
device has only been possible recently, thanks to the massive parallel processing power
of personal computers developed in the last decade. Ultrafast ultrasound imaging relies
on plane or diverging wave transmissions rather than line by line scanning focused
beams used in conventional ultrasound imaging devices. This novel insonification
strategy has overcome the low frame rate limitation of conventional ultrasound imag-
ing (<100 frames/s) by reducing the number of insonifications required to generate
an equivalent image; therefore reducing the total time of flight while allowing imaging
frame rates to reach several thousands of Hertz. This tremendous increase in frame rate
is not only a technological breakthrough but it has also allowed the advent of novel
ultrasound imaging modes, such as shear wave elastography (SWE), ultrafast Doppler,
ultrafast contrast imaging, and even functional ultrasound imaging of brain activity.
Indeed imaging at an ultrahigh frame rate (several thousands of frames per second
[fps]) provides a unique way to observe and track transient physiologic events such
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as blood flow,* arterial pulse wave propagation,®* cardiac
contraction,’® and brain activity.® Today there are two main
applications of ultrafast imaging in the vascular imaging field.
The first application is the local estimation of pulse wave
velocity (PWV) by tracking its propagation along an arterial
segment, a technique often called “pulse wave imaging”.” The
second one uses ultrafast imaging to track the propagation
of mechanical wave induced remotely by acoustic radiation
force to reconstruct elastic maps of arterial walls throughout
the cardiac cycle.® This latter technique, called SWE, was
first introduced and extensively developed in the radiologi-
cal field for the characterization of suspicious masses in the
breast® and thyroid,’ the detection of suspicious areas in the
prostate,'® and also for liver fibrosis assessment.!! Recently,
the capability of SWE to locally measure in vitro and in vivo
myocardial elasticity has also been investigated.'*"?

In this review, the first section will provide an overview of
existing methods used to assess arterial mechanical proper-
ties with conventional ultrasound with their advantages and
limitations. The second part will present the ultrafast imag-
ing theory and its applications in vascular imaging. The last
section will summarize the clinical studies using ultrafast
imaging for vascular applications.

State of the art: estimation of
viscoelastic properties of the

arterial wall

Arterial stiffness is a generic term which usually refers to
the arterial distensibility, defined as the coefficient of pro-
portionality between the increase of pressure systole and the
relative change of diameter induced by this pressure step.
Intrinsically, the distensibility is related to the bulk elasticity
of the arterial wall as well as its diameter and wall thick-
ness. Therefore, a modification of this apparent stiffness or
distensibility can be the consequence of a simple thickening
of the wall or a deeper modification of the wall structure

o=0

-

Figure | Definition of the Young modulus.
Note: The Young’s modulus (E) is the ratio between the applied stress ¢ and the
resulting strain €.

and therefore its bulk elasticity. Ultimately, the mechanical
properties of the arterial wall should be described locally as
the relationship between the deformation and the stress, and
a proper model should be used in order to compute higher
scale parameters such as distensibility that can be interpreted
more easily in a given clinical context. In reality, we usually
have access directly to such a parameter or so-called “index
of arterial stiffness” without the possibility to derive more
intrinsic parameters due to a lack of information, usually the
knowledge of the pressure inside the lumen. In this review,
the term “stiffness” refers to the Young’s modulus defined in
Figure 1, Equations 1 and 2.

Today different techniques exist that estimate either local
or global arterial wall mechanical properties. The need to
measure global or local arterial wall viscoelastic properties
highly depends on the pathology. For instance, a global index
of arterial stiffness is required to assess the vascular resistance
of cardiac afterload to monitor subjects at risk, such as patients
suffering from high blood pressure, while the characterization
of focal pathologies, such as plaques or aneurysms, benefits
from a local mapping of elastic properties. Methods to mea-
sure local and regional arterial stiffness are usually based
on ultrasound or magnetic resonance imaging (MRI), while
a global index of arterial stiffness is usually obtained with
methods based on tonometry. In this section, we will focus on
ultrasound techniques that are available today. These methods
rely on two physical phenomena, which are both linked to
arterial wall elasticity; the first one being the deformation of
the arteries with blood pressure variation and the second one
being the analysis of the propagation of the pulse wave.

Elasticity estimation based on deformation

or strain measurement

Under certain assumptions, elastic properties of soft tissue
can be estimated with an ultrasound scanner by means of
strain elastography (or static elastography), which consists of
measuring the strain (&) induced within the tissue under the
application of an external stress (o) (Figure 1). If € and care
known, it is possible to retrieve the elastic properties of the
tissues using a proper model of the stress—strain relationship.
Usually, the stress—strain relationship is supposed linear
(Hooke’s law) and the Young’s modulus, E or elasticity of
the medium is derived from the following equation:

o=Fe (1)

Assuming that the arterial walls’ mechanical properties
follow Hooke’s law (Equation 1), the Young’s modulus of the
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arterial wall can be quantitatively estimated by combining
pressure estimation with arterial diameter variation measure-
ment with the following equation:

D AP @)
h AAd/4

E =

where D is the artery diameter, 4 the surface of the artery
lumen, A4 its variation between diastole and systole, AP is
the variation of blood pressure between diastole and systole,
and / the arterial wall thickness. Indeed, pulsatile blood pres-
sure provides a “natural” source of stress, which generates
a change in arterial diameter. Blood pressure variation can
either be measured at a specific site invasively with a catheter
or non-invasively with the measurement of brachial arterial
pressure combined with a so-called “transfer function”.'*

This method of estimation of arterial stiffness has several
limitations. Firstly, as the diameter variation needs to be
tracked at a sub-pixel scale, specific algorithms applied on
the transducer per-channel signals (backscattered echoes)
are required!>!® in combination with a high frequency probe,
limiting the scope of strain imaging to superficial vessels
such as the carotid arteries.'*

Another limitation appears in the presence of a strong
inhomogeneity such as an arterial plaque: despite the pos-
sibility to measure the deformation locally, the local stress
within the plaque cannot be derived from the application of a
transfer function on brachial pressure measurement. Similar
techniques based on MRI with better access to deep arteries
are also available but only in clinical research settings.!’

The last limitation is linked to the fact that Equation 2
is obtained assuming a linear dependency between stress
and strain as shown in Figure 2A. This is convenient as a

A
A

> e

Figure 2 Linear versus non-linear elastic behavior.

single elastic parameter (Young’s modulus) can be derived
from AP and A4A. However, soft biological tissues, and more
particularly the arterial wall, do not follow Hooke’s law: they
usually stiffen under mechanical compression or stretching,
as a mechanism of protection, which prevents excessive
deformations occurring. One convenient way to represent
this non-linear behavior is to define a “tangential elasticity”
for a given level of applied stress, defined as the local slope
of the stress—strain curve. Thus, it represents the elasticity
perceived when applying a small amount of stress at a given
level of preload, as shown in Figure 2B.

The arterial wall can be seen as a composite material
consisting of elastin and collagen fibers, which are mainly
responsible for its mechanical properties. When the arterial
pressure increases, the elastin fibers progressively unfold
resulting in a slight increase in arterial wall stiffness. When
systolic pressure increases above normal, collagen fibers take
over elastin and a strong increase of stiffness occurs. This
increase of stiffness with stretching allows the stability of
the artery by limiting the increase in diameter and thereby
prevents the breakdown of less rigid structures (elastin,
smooth muscle cells, etc).'®

This non-linear stress-strain relationship implies that
the measurement of a single elastic value between diastole
and systole very dependent on the blood pressure dur-
ing the acquisition. In Giannattasio et al,'” diastolic and
systolic stiffness estimations are obtained by measuring
the slope of the stress—strain relationship respectively
around diastolic and systolic pressures, providing two
different elastic values (or tangential elasticity). By tak-
ing into account the non-linear elasticity of the arterial
wall, this approach produces stiffness indexes, which are
less dependent on the blood pressure at the time of the

B

1

>

Notes: (A) Stress—strain relationship of a linear material, (B) non-linear stress-stress relationship: a tangential elasticity can be defined for each level of stress.
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measurement. Additionally, diastolic and systolic stiffness
may provide complementary information from a clinical
perspective. For instance, beyond the estimation of a single
index of arterial stiffness, the knowledge of the arterial stiffness
increase in systole may be useful to detect a weak portion of
an artery and predict the risk of aneurysm formation.

Elasticity estimation based on PWV: from
global to regional arterial wall stiffness

estimation

Another approach, which does not require the knowledge
of the pressure, uses arterial pulse wave propagation speed
or PWV to derive arterial wall stiffness. More precisely,
assuming that the pulse wave induces negligible strain and
that the arterial wall is a linear and isotropic elastic tube,
the relationship between PWV and the Young’s modulus
can be expressed with the Moens—Korteweg equation,*
as proposed by Bramwell and Hill?! with the following

PWV = /E—h 3)
2R

where E is Young’s modulus, p the density of the arterial

equation:

wall, 4 its thickness, and R its radius.

In practice, the average PWV along a given arterial
segment is estimated by taking the ratio between its length
and the pulse wave transit time between its two extremities.
Existing techniques measuring PWV can be classified into
two main groups: global PWV and local PWV.

The first group of techniques estimates PWV with
tonometry devices. The propagation distance between
the two sites of pulse pressure measurement is estimated
approximately with a measuring tape while the time delay

PWV = D/T

Figure 3 Principle of the measurement of pulse wave velocity (PWV) with
tonometry: the arterial pulse wave delay (T) and the distance (D) between the
femoral and carotid sites are estimated and PWYV is computed as the ratio D/T.
Note: PWV is computed as the ratio D/T.

of the pulse wave is estimated by measuring the waveform
delay between the two sites as represented in Figure 3. Two
devices are commercialized today, the Complior® (Alam
Medical, Vincennes, France) and the SphygmoCor (AtCor
Medical, West Ryde, NSW, Australia). This technique has
very good reproducibility, applicability, and proven clinical
value,” but remains limited to a global estimation of central
arterial stiffness.

Nevertheless, PWV measured between the carotid and
the femoral site is the reference technique today. This aver-
age PWYV estimation mainly depends on the aortic stiffness
and has been proposed and validated as a predictive value
of cardiovascular risks.*

The second group of techniques relies on more local
measurements of PWYV at specific sites, such as the carotid*
or the abdominal aorta,” using conventional focused
ultrasound. As the arterial pulse wave propagates typically
at 5 to 15 m/s, the propagation time over a few centimeters
is typically inferior to a millisecond and thus a high frame
rate is required to measure locally the pulse wave transit
time (>1,000 fps). Several authors proposed using Doppler
imaging with a low line density (typically eight to 16 lines)
to reach a high imaging frame rate.>* Another approach relies
on smart electrocardiogram (ECG)-gated acquisitions over
multiple cardiac cycles® to track the propagating pulse at
different times in the cardiac cycle.

However, both global and local PWV approaches have
some limitations. Indeed, none of the hypotheses used to estab-
lish the Moens—Korteweg equation (Equation 3) are strictly
verified. This might explain the discrepancy observed between
the Young’s modulus (£) estimations derived from strain imag-
ing and from PWV measurement at the same site.’

Theory of ultrafast imaging and
its application to arterial wall
mechanical characterization

Principle of ultrafast imaging

The recent development of ultrafast scanners allowed a
tremendous increase in ultrasound imaging temporal resolu-
tion from typically less than 100 fps to several thousands.
SuperSonic Imagine (Aix en Provence, France) was the
first company to develop a unique architecture allowing the
implementation of UltraFast™ imaging onto a commercially
available diagnostic ultrasound device, called Aixplorer®.
This technological breakthrough has permitted the advent of
several novel imaging modes using ultrafast imaging, includ-
ing SWE, ultrafast Doppler, and ultrafast PWV (ufPWV)*
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Figure 4 Conventional focused and ultrafast ultrasound imaging sequences for a typical medical imaging setup (4 cm deep region of interest).
Notes: (A) Conventional focused imaging (~192 focused beams, typically ~50 fps). (B) Plane-wave imaging using three tilted plane waves (~3200 fps). Reproduced from ©
2011 Bercoff ]. Published in Ultrafast Ultrasound Imaging, Ultrasound Imaging - Medical Applications, Prof. Oleg Minin (Ed.), under CC BY-NC-SA 3.0 license. Available from:

http://dx.doi.org/10.5772/19729.
Abbreviation: fps, frames per second.

and the diagnostic contributions of these modes have been
clinically proven in general radiology. While strong potential
exists for ultrafast imaging in the cardiovascular field, it
remains to be fully explored and clinically validated.

Ultrafast imaging is based on the reconstruction of a
complete image from a single transmit receive ultrasound
event, in opposition to conventional imaging, which consists
of scanning line by line the imaging plane with focused
beams. This is achieved by transmitting unfocused acoustic
signals such as plane waves, which identically insonify the
entire region of interest (ROI). Indeed, the reconstruction of
a complete image from a single transmission is performed
at the expense of image quality (resolution and contrast), as
backscattering signal comes from the entire imaging plane
instead of only a narrow acoustic line. To retrieve the trans-
mission focalization on each pixel of the image and thus,
image quality, one can coherently combine plane waves of
different inclinations, a process known as synthetic imaging.?’
Figure 4 shows the comparison between a conventional image
reconstructed from focused beams and images reconstructed
with plane waves compounding using and increasing number
of transmissions. The trade-off between frame rate and image
quality then depends on the number of transmissions used
to reconstruct a synthetic image, which affects each pixel of
the image almost identically,”” while conventional imaging
is optimal only at the focal depth.

Ultrafast imaging of the arterial pulse
wave, potential applications and limits
Sorensen et al® studied the impact of frame rate on the
reproducibility of PWV measurement on healthy subjects
(PWV <5 m/s) using ultrafast imaging. They observed an

improvement in reproducibility with frame rate increased up
to a value of approximately 1,000 fps. As PWV can increase
above 10 m/s with aging and pathologies, a frame rate of
more than 2,000 fps should probably be required in order to
cover the entire range of encountered velocities. Reaching
such a high frame rate with conventional focused Doppler
imaging requires a drastic reduction of the number of scan
lines, typically eight to 16. Furthermore, scan lines are not
acquired simultaneously and the acquisition delay of each
line needs to be compensated for when estimating the tran-
sit time of the pulse wave between the scan lines. Ultrafast
imaging does not suffer from these limitations. For instance,
in the case of the carotid artery, more than ten transmissions
can be combined to obtain a single synthetic image over the
full ROI. Because all pixels within an image are acquired
simultaneously, there is no time delay to consider between
regions of the image. Finally, ultrafast imaging drastically
simplifies the acquisition sequence for pulse wave imaging
and allows a much higher temporal and lateral resolution over
a large ROI, improving the precision and the reproducibility
ofthe measurement.?®?* An example of PWV values obtained
with ultrafast imaging is represented in Figure 5. After careful
alignment of the probe with the arterial wall, the acquisition
is performed within 2 seconds and the result is displayed in
a few tens of seconds.

Although higher temporal and spatial resolutions might
not always be required when considering a homogeneous
segment of an artery it will be required for a more local
analysis of arterial wall mechanical properties. Recently,
Apostolakis et al proposed to reconstruct maps of PWV for
the characterization of focal pathologies such as arterial
plaques or aneurysms.*® These studies report encouraging
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Figure 5 Pulse wave velocity (PWV) values obtained at the carotid site with ultrafast imaging.
Notes: Top image represents automatic segmentation of the arterial walls. Bottom image is a color coded chronogram (horizontal axis) of wall distention speed (cm/s) along
the segmented wall (vertical axis). The white star on the bottom image identifies the isovolumic contraction peak (on which PWV is not measured here).

Abbreviations: BS, beginning of systole; ES, end of systole.

results allowing the differentiation between pathological and
normal arterial wall segments. Nevertheless, this approach
is limited by the very low spatiotemporal frequency content
of the arterial pulse wave, which limits the spatial resolu-
tion of PWV measurements. While the shape, amplitude,
frequency, and occurrence of the pulse waves are deeply
related to the pathophysiological conditions of a subject
and thus worth being analyzed,'* they are not well suited
for a high spatial resolution mapping of the arterial walls’
elastic properties. Indeed, local elastic inhomogeneity such
as arterial plaques or aneurysms alters the propagation of
the pulse wave but the estimation of underlying local PWV
is doomed to be imprecise as their size is much smaller than
the spatial extension of the pulse wave (pulse wavelength is
in the order of centimeter to meter [Table 1]). Keeping this

limitation in mind, the analysis of the pulse wave propagation
within relatively large heterogeneity within the arterial wall
such as an aortic aneurysm may provide useful biomarkers
for the monitoring of such focal vascular diseases. Another
limitation of PWYV is the fact that it can provide informa-
tion of arterial wall elasticity only at specific remarkable
points in time in the cardiac cycle, usually at the SF and at
high distention.

SWE

SWE is an imaging technique based on the analysis of
transient mechanical vibrations induced remotely using an
acoustic radiation force or “pushing beam”. Acoustic radia-
tion force is the result of the conversion of ultrasonic vibration
(MHz) into a roughly unidirectional stress constant during

Table | Properties of the arterial pulse wave versus shear wave generated by acoustic radiation force

Type of mechanical wave Frequency spectrum Spatial extension Amplitude Occurrence
(wavelength)
Arterial pulse wave 0-10 Hz cm-m mm Typically One per
heartbeat
Shear wave generated by 100-1,000 Hz 1-10 mm um 1-100 Hz

acoustic radiation force
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the burst duration (typically 100 us). This acoustic pressure
induces a local displacement of the tissue with a range of a
few microns. Once the acoustic radiation force is released,
this local vibration propagates in soft tissues as a shear wave,
the speed of which c_(so-called “shear wave speed”) is
directly linked to the underlying elasticity or Young’s modulus
E through the following equation:

E=3pc @)

In order to retrieve local ¢, shear wave propagation follow-
ing the pushing beam is tracked at high frame rate (typically
3,000 to 10,000 fps) using ultrafast plane wave imaging. This
high frame rate is required in order to analyze the propaga-
tion at a millimetric scale in the full propagating region:
for typical range of soft tissue elasticity, ¢ varies from 1 to
10 m/s, which corresponds to a propagation time of less than
a millisecond between two points separated by 1 mm. The
complete principle of SWE is summarized in Figure 6.
SWE is very similar to PWV as it is based on the mea-
surement of the propagation speed (or celerity) of mechanical
waves in soft tissues. Nevertheless, compared to the arterial
pulse wave, shear waves generated with a pushing beam have
different properties, as shown in Table 1. First, acoustic radia-
tion force generates much higher frequency and thus shear
wave propagation can be analyzed at a lower spatial scale
(<1 cm) allowing to map elasticity with higher spatial reso-
lution in the order of millimeters. Secondly and as opposed
to the arterial pulse wave, the shear stress induced by the
acoustic radiation force is too small to produce a significant

IR —

Figure 6 Principle of shear wave elastography.

change in elasticity as a result of the non-linear stress—strain
relationship of biological tissues. Thus, if the elasticity does
not change significantly during the few milliseconds required
to record shear wave propagation within the RO, it is possible
to follow the variation of elasticity caused by physiologic
events such as myocardium or skeletal muscle contraction.
However, the small amplitude of generated shear waves
makes them more difficult to detect than the arterial pulse
wave. Finally, because the pushing beam can be generated at
any time, elasticity can be retrieved at any stage of the cardiac
cycle, while PWV can only be estimated at specific instants
(usually systolic foot [SF] and dicrotic notch [DN]).

Equation 4 can be used in a bulk homogeneous medium
containing elastic inclusions larger than a wavelength, but
it cannot be applied directly to the arterial wall, as its thick-
ness is close to the shear wavelength (mm). While the shear
wave propagates, reflections occur at the boundary of the
arterial wall, modifying the apparent propagation speed, the
wall acting like a “wave guide”. The theory of guided shear
wave propagation in the arterial wall has been studied by dif-
ferent groups in silico, in vitro, and in vivo.3!*? In summary,
the shear wave propagation depends on the elasticity of the
wall as well as the surrounding medium, the frequency of the
wave f, and the geometric parameters of the wall, especially
its thickness 4. The exact expression of the propagation speed
cannot be derived analytically in a general case. Nevertheless,
a simple empirical formula has been proposed and validated
in vitro by Couade et al.*! This formula is valid for a soft plate
immerged in water, with a thickness / and a bulk shear wave
propagation speed c_:

1.5 ms 2m

10 ms

14 ms

o

ns
Hm
30
20
10

Notes: (A) The propagation of shear wave is induced with the acoustic radiation force; (B) the induced shear wave propagation is imaged with ultrafast tissue Doppler
imaging. Reproduced from Nguyen TM. Elastographie haute résolution pour I'évaluation des propriétés élastiques de la cornée et de la peau [High-resolution elastography
for the assessment of the elastic properties of the cornea and the skin].[doctoral thesis]. Paris: Université Paris 7; 2012. French.*’
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Figure 7 Theoretical dispersion curves of a shear wave propagating in a soft cylindrical shell.

Notes: (A) Influence of the geometry on the dispersion curve (propagation speed as a function of frequency), € being the ratio between tube thickness and radius.
(B) Influence of the surrounding medium’s elasticity on the dispersion curve. Adapted from Couade M. Imagerie des propriété viscoélastiques du coeur et des artéres par
échographie ultrarapide et palpation a distance [Imaging of the viscoelastic of the heart of the arteries by ultrafast ultrasound imaging and remote palpation]. [doctoral thesis].
Paris: Université Paris 7; 201 |. French.®

27feh the surrounding tissues, the influence of this last parameter

V(f ) = Ty (5)  can be neglected in first approximation especially at high

frequency. Similarly, the influence of the cylindrical geometry

The influence of the cylindrical shape of the arterial wall ~ of the artery can be neglected at high frequency. Finally, the

as well as the elasticity of the surrounding medium can also  arterial wall can be approximated as a soft plate surrounded

be taken into account by solving numerically the propaga-  with water in order to derive its elasticity from the shear wave
tion equations.* velocity (SWV) measurements.

In Figure 7, the effect of the geometry and the contrast This simple model has been applied in vivo by Couade

between the elasticity of the arterial wall and the surrounding et al,*! showing SWV measurement capability to estimate

medium is depicted. As the arterial wall is much stiffer than  arterial wall stiffness. Although both shear wave and arterial
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Figure 8 Real-time in vivo measurement of carotid arterial wall shear modulus variation during a single heart cycle (13 values per cycle) with time-registered
electrocardiogram (ECG).

Notes: (A) Fifteen successive space-time representations of tissue particle velocity in the arterial wall. One clearly notices on each successive set of data the presence of
a propagating wave caused by the radiation force generation. (B) The same dataset after filtering of the homogeneous velocity offset as a result of the arterial pulse wave
propagation for each ultrafast acquisition. One can clearly notice that this filtering enables to distinguish both waves (arterial pulse wave and radiation force-induced wave).
(C) Shear modulus deduced from each ultrafast acquisition. Reprinted by permission of Elsevier from Quantitative assessment of arterial wall biomechanical properties
using shear wave imaging, by Couade M, Pernot M, Prada C, et al, Ultrasound in Medicine and Biology, 36(10), 1662—1676,*' © 2010 by World Federation.
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pulse wave propagates at comparable speed, it is possible to
filter out the propagation of the arterial pulse wave. This is
possible since generated shear waves exhibit a much higher
frequency. As the acquisition is performed within a few milli-
seconds, it can be repeated multiple times over the cardiac
cycle, enabling the visualization of wall elasticity variation
generated by the progressive stretching induced by systolic
pressure, as shown in Figure 8.

Ultrafast Doppler imaging

The application of ultrafast imaging to flow imaging has
filled the gap between blood flow mapping and quantitative
analysis of velocities,”” allowing a full analysis of Doppler
spectrum for any pixel of the color flow cine-loop. On a
conventional scanner, such a quantitative analysis is only
possible when limiting the ROI to one acoustic line (pulsed
wave Doppler mode). More recently, advanced spatiotem-
poral tissue motion filtering taking advantage of the huge
amount of data available synchronously within a large ROI
to increase sensitivity to slow blood flow (< mm/s)* has
been applied to the mapping of newborns’ brain vasculature*
and for the discrimination of fetal and maternal blood flow
in the placenta.’® Such a technique could potentially be used
to detect and map arterial plaque vascularization, which is
correlated with its vulnerability and thus cardiovascular
events, as shown by a recent study using contrast-enhanced
ultrasound.’

Ultrafast imaging for evaluation
of arterial wall mechanical properties:
literature review and clinical

perspectives

While ultrafast-based imaging modes have been extensively
clinically validated in the field of radiology both at the
academic and industrial research levels, the cardiovascular
applications of this technology have been mainly investigated
by academic research groups in the scope of preclinical
studies as research scanners with ultrafast capabilities have
become more available in the recent years. The realization
of wider clinical studies will be conditioned in the future by
the availability of this technology for vascular applications
on commercial scanners.

ufPWV

While the feasibility of PWV direct measurement has
been proven on conventional scanners, to our knowledge,
it has never been implemented on a commercial system.
Consequently, no side-by-side clinical study has been

conducted to compare the diagnostic performance of ultrafast
versus conventional imaging to measure PWV. Nevertheless,
ultrafast imaging has been adopted by research groups as
an improvement of pulse wave imaging. As it offers a better
visualization of the pulse wave propagation and eases the
identification of different peaks, which compose the arterial
pulse wave, some of these studies have been focusing on
measuring the propagation speed at these different times.
As previously pointed out by Hermeling et al,”* PW'V can be
measured with ultrasound at least at two different instants of
the cardiac cycle corresponding to a low distention (SF) and
high distention (DN). In the same study, PWV has been found
lower when measured in early systole than in late systole.
They also demonstrated a significant increase of PWV, with
age while no significant dependency of PWV  was found with
age. In arecent paper, Mirault et al* used ufPWV to establish
reference values of this technique on the carotid artery for
both a normal cohort (N=102) and a patient cohort (N=37)
suffering from Ehler Danlos syndrome (EDS). ufPWV
was also measured at two different times at the beginning
of systole (BS) or SF and at the end of systole [es] or DN.
In the normal cohort, results were very similar to the one
obtained by Hermeling et al.” While PWV, was very stable
with aging, except in young adults, PWV_ increased signifi-
cantly with age. In addition, PWV_ was significantly higher
in late systole than when measured in early systole, a much
smaller increase of PWV was reported in the EDS cohort.
These results were attributed to the lack of collagen in the
arterial wall of EDS subjects. According to these results,
PWVs measured both around the SF (low pressure) and at
the DN (high pressure) contain complementary information
on the biomechanical properties of the arterial wall, which is
a step toward a better characterization of vascular aging and
structural weakness. Nevertheless, the non-linearity of the
wall’s stress—strain relationship is more pronounced at high
pressure, which makes PWV_ more dependent on systolic
pressure than PWV, on diastolic pressure. As a consequence,
ufPWYV should be adjusted to take into account blood pres-
sure and age, especially when considering PWV_. Nagaoka
et al’” measured the propagation speed of the reflected wave
occurring at the carotid bifurcation, as well as a much weaker
wave occurring before the opening of the aortic valve and
thus before the SF. This wave is attributed to the propagation
of the vibrations induced by the isovolumetric contraction of
the myocardium. As it propagates before the SF, it reflects
stiffness of the arterial wall at the “true” diastolic pressure.
Contrary, PWV_or PWV, is measured when the acceleration
of the wall reaches its maximum, which typically corresponds
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to 50% of the pressure uptake but varies depending both on
the shape of the waveform and on the applied signal. Accord-
ing to the results of this study, PWV measured at this site
could provide a better estimation of the diastolic stiffness
than PWV, . In Figure 5, this peak is easily identified and a
PWYV could be derived from its analysis. Unfortunately, it is
not always the case because of its small amplitude.
Ultrafast imaging can also be used for vector Doppler
estimation.? Nagaoka et al*’” simultaneously derived PWYV,
longitudinal and transverse motion of the arterial wall from
ultrafast acquisitions at the carotid site. Finally, published
studies indicate the possibility to simultaneously investigate
the propagation of the pulse wave as well as a quantitative
mapping of arterial wall motion and blood flow in two
dimensions**’ using ultrafast imaging.

SWE

As reported in the Ultrafast imaging of the arterial pulse
wave, potential applications and limits section and the SWE
section, when propagating within the arterial wall, shear
waves generated by acoustic radiation force are “guided
waves” and thus a specific model is required in order to
retrieve the arterial wall elasticity from the measurement of
the propagation speed. It is important to keep in mind that the
thickness and the elasticity of the arterial wall have a similar
influence on the value of the shear wave propagation speed
measured by SWE. For instance, if the arterial wall thickens
locally without a change in its stiffness, higher propagation
speed will be measured in this region. Finally, in the presence
of strong local inhomogeneity for instance within an arterial
plaque, this model cannot be applied and further develop-
ments are required to derive elastic maps such as the recent
encouraging work by Nenadic et al*® and the development
of 3D ultrafast imaging.*!

Beyond a precise estimation of the Young’s modulus of a
homogeneous section of an artery, several teams studied the
case of local elastic inhomogeneity both in vitro and in vivo,
in the presence of carotid plaque. Ramnarine et al** acquired
elastic maps of phantoms mimicking arterial stenosis and
plaque with soft and hard elastic heterogeneities. They used
conventional SWE and thus neglected the “guiding effect”
of the arterial wall. Although the conversion of propagation
speed maps into Young’s modulus maps with Equation 4 is
theoretically incorrect, a strong contrast between hard and soft
regions was observed with a good reproducibility both with
and without the presence of a pulsatile flow in their in vitro
setup. This is probably related to the fact that the material used
to build the phantom had a linear behavior in the range of the

applied stress. In vivo, as the acquisition of SWE maps was
performed in real-time at a frame rate of 1 Hz without ECG
triggering, successive maps were acquired at various instants
of the cardiac cycle and thus more variability in the measured
elastic value is expected. In the future, high frame rate SWE
acquisitions and ECG triggering could improve the outcome of
such studies. Ramnarine et al** also evaluated SWE in vivo in
arterial plaques on 54 subjects with carotid stenosis (>30%).
In figure 9, an example of elasticity map acquired with SWE
on a carotid plaque is presented. Good feasibility (96%) and
reproducibility (coefficient of variation <20%) was observed
and a correlation between elastic values measured by SWE and
plaque stability was also described. Indeed symptomatic plaque
appeared softer (mean 54 kPa; 95% confidence interval =44—64
kPa) than asymptomatic plaque (mean 88 kPa; 95% confidence
interval =71-105 kPa). Garrard et al** also conducted a similar
study using histology as the reference after endarterectomy.
Similarly, unstable plaques were shown to be softer
than stable plaques. These differences in elasticity were
compared with histological findings such as the presence of

Figure 9 Shear wave elastography of the arterial plaque.

Notes: (A) Grayscale image of a plaque: internal carotid artery (ICA) and the
common carotid artery (CCA). (B) SWE maps: the four regions of interest from
within the wall are labeled (1-4) as are the two from within the plaque (P| and P2).
Reproduced from Ramnarine KV, Garrard JW, Kanber B, Nduwayo S, Hartshorne
TC, Robinson TG. Shear wave elastography imaging of carotid plaques: feasible,
reproducible and of clinical potential. Cardiovasc Ultrasound. 2014;12:49.4
Abbreviation: SWE, shear wave elastography.
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hemorrhage, fibrous/lipid tissues, and significant correlations
were found between those features and SWE elasticity
values. Despite these encouraging findings, the elasticity values
of stable and unstable plaque overlap when stable plaques had
severe stenosis. The authors pointed out the influence of the
degree of stenosis, which from a clinical point of view could
be considered as a confounding factor. From a more theoretical
point of view, the thickness of the arterial plaque may influence
the propagation of shear wave and thus elastic values estimated
with conventional SWE. Finally, those clinical results motivate
further developments of SWE for the characterization of arte-
rial plaque. Widman et al and Maksuti et al**¢ pursued the
validation of guided wave theory applied to arterial stiffness
estimation using shear wave propagation speed maps in both
homogeneous and heterogeneous cylindrical tubes mimicking
the arterial walls using a custom research package available on
the Aixplorer® system. In this study, the plaque was modeled as
a homogeneous inclusion of constant elasticity and thickness,
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which makes the theory of guided wave applicable as the
geometry is supposed to be infinite in the propagation direc-
tion. Such conditions are unfortunately not always encountered
in vivo as plaques are usually very heterogeneous in shape and
content. In order to convert shear wave propagation speed maps
measured in arterial plaques captured with ultrafast imaging
into elastic maps, a new inversion method will be required.
Until such a method is developed, “elasticity maps” of arterial
plaque should be analyzed as “propagation speed maps™ and
displayed in m/s. This mode is also called SWV.
Shcherbakova et al*’ studied arterial wall ex vivo on horse
aorta with both SWV and tensile testing. Elastic anisotropy
refers to the fact that the elasticity of a material may vary
depending on the direction of the applied stress. For instance,
skeletal muscles are stiffer in the direction of the fibers than
perpendicularly to them.*® In Shcherbakova et al,*’ tensile
testing was performed by stretching-unstretching cycles in
the circumferential direction, which is the main solicitation of

35

N
3]
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o
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Tensile strain (%)

35.0
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Shear wave velocity (m/s)
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Figure 10 Ex-vivo measurements of shear wave velocity in an arterial wall sample under mechanical testing cycles.

Notes: (A) Tensile strain curves obtained by loading and unloading mechanical cycles, during which the tissue was stretched from 10% to 35% with a strain rate of 7.7%/sec.
(B) Typical stress—strain curve during dynamic loading. (C) Mean shear wave velocity values are marked with the gray squares and were measured during mechanical loading
with the ultrasound probe position at the angle of 0°. The solid line represents the interpolated values. (D) Shear wave velocity values versus tensile strain varying during one
loading/unloading cycle with the ultrasound probe position at the angle of 0°. Data from Shcherbakova DA, Papadacci C, Swillens A, et al. Supersonic shear wave imaging to
assess arterial nonlinear behavior and anisotropy: proof of principle via ex vivo testing of the horse aorta. Adv Mech Eng. 2014:1-12.47
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the artery in systole. Tensile strain, stress, and corresponding
SWYV in m/s are represented on Figure 10.

Arterial wall stiffness was found to be higher in the
circumferential direction than in the longitudinal direction
with both SWV and tensile testing at all stretching levels.
In the circumferential direction, an increase in stiffness was
measured with both techniques, the relative increase being
similar while absolute SWV values are typically 50% higher
when assessed by SWV. This variation of SWVs with stress
reflects the hyper-elastic properties of the arterial wall, which
are also brought to light by PWV when measured in diastole
and systole. In the longitudinal direction, perpendicular
to the stretching direction, the propagation speed did not
significantly vary with loading condition, as it was applied
perpendicularly. This last result is in contrast with the find-
ings of Couade et al.*! Indeed in this later work, a significant
increase of the longitudinal stiffness was found in vivo on the
carotid artery. This could be related to a significant differ-
ence in the loading condition (ideal uniaxial stretching in the
ex vivo experiments) as well as differences in the underlying
wall structure between aorta and carotid arteries. Finally, this
study brought experimental proof of the capability of SWV
to measure circumferential and longitudinal elastic proper-
ties of the artery by scanning respectively in a transverse
and a longitudinal plane giving the opportunity to retrieve
complementary information on the composite structure of the
arterial wall related to the elastic fiber architecture (elastin/
collagen).

Conclusion and perspectives

Among all, cardiovascular applications of ultrafast imaging
are probably the most promising yet challenging, being
the subject of a large number of studies. To date, ultrafast
Doppler and ufPWV are the only tools available in clinic,
which can provide quantitative information on both blood
flow and arterial stiffness simultaneously. ufPWV provides
arapid and simple way to obtain an arterial stiffness index
during a conventional ultrasound exam. Normal reference
values of PWV measured with this technique in the carotid
have recently been reported.’® Long-term studies of the
predictive value of PWV measured in carotid value with
ultrafast imaging for cardiovascular risk assessment have
not been reported yet, which today limits its clinical scope.
Independently, a few studies have indicated that SWV could
be useful to assess the local arterial wall mechanical prop-
erties and differentiate stable from unstable plaques in the
carotid artery. However, more work needs to be performed
to fully validate SWV for that indication. While SWV

could also be applied to other superficial arteries, access
to deeper vessels such as the aorta remains challenging as
the use of lower frequency transducers with lower spatial
resolution is required and as the generation of shear wave
propagation is more challenging at large depths. In this
latter case, ufPWYV could be an interesting alternative.
Furthermore, a large amount of clinical studies have been
focusing on the diagnostic and predictive value of aortic
PWYV as an index of central arterial stiffness. The use
of ultrafast imaging in Doppler has allowed simultane-
ous blood flow mapping with its quantitative analysis of
velocities, as well as increased Doppler sensitivity to enable
micro-vascularization imaging. This ultrasensitive Doppler
technique could potentially enable the visualization of
arterial plaque vascularization, which is correlated with its
vulnerability and thus cardiovascular events. Ultimately,
as a strong coupling exists between the blood flow and the
arterial wall, the application of ultrafast imaging to simul-
taneously quantify mechanical and vascular properties of
the wall as well as blood flow hemodynamics may also be
an untapped very promising research field.
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