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Detection of natural pulse waves
(PWs) in 3D using high frame rate
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Introduction: Numerous studies have shown that natural mechanical waves have
the potential to assess the elastic properties of the myocardium. When the Aortic
and Mitral valves close, a shear wave is produced, which provides insights into
tissue stiffness. In addition, the Atrial Kick (AK) generates a wave similar to Pulse
Waves (PWs) in arteries, providing another way to assess tissue stiffness. However,
tissue anisotropy can also impact PW propagation, which is currently
underexplored. This study aims to address this gap by investigating the impact
of anisotropy on PW propagation in a phantom.

Methods: Tube phantoms were created using Polyvinyl Alcohol (PVA). Anisotropy
was induced between two sets of two freeze-thaw cycles by stretching and
twisting the material. The study first tests and validates the procedure of making
helical anisotropic vessel phantoms using the shear wave imaging technique (by
estimating the shear wave speed at different probe angles). Using plane wave
ultrasound tomography synchronized with a peristaltic pump, 3D high frame rate
imaging is performed and used to detect the 3D propagation pattern of PW for
each manufactured vessel phantom. Finally, the study attempts to extract the
anisotropic coefficient of the vessel using pulse wave propagation angle.

Results: The Shear wave imaging results obtained for the isotropic vessel show
very similar values for each probe angle. On the contrary, the results obtained for
the axial anisotropy vessel show a region with a higher shear wave speed at about
0°, corresponding to the long axis of the vessel. Finally, the results obtained for the
helical anisotropy depicted increasing shear wave velocity value from —20° to 20°.
For the axial phantom, the wavefront of the pulse wave is perpendicular to the
long axis of the vessel, while oriented for the helical anisotropic vessels phantom.
The pulse wave propagation angle increased with the number of twists made
during the vessel manufacturing.

Discussion: The results show that anisotropy can be induced in PVA vessel
phantoms by stretching and twisting the material in freeze-thaw cycles. The
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findings also suggest that vessel anisotropy affects pulse wave propagation angles.
Estimating the pulse wave propagation angle may be interesting in characterizing
tissue anisotropy in organs where such waves are naturally present.

cardio-vascular, ultrafast ultrasound imaging, pulse wave, anisotropy, vessel phantom

1 Introduction

Cardiovascular diseases (CVDs) are a major cause of
mortality around the world and pose significant challenges to
global healthcare systems. Early-stage diagnosis is crucial for
patients suffering from CVDs [1]. The mechanical properties of
the myocardium, play a key role in the overall cardiac
performance [2]. Alterations in myocardial elasticity can

indicate pathological conditions, such as myocardial
infarction, fibrosis, hypertrophy, or myocardial ischemia [2].
Additionally, tissue remodeling can affect the cardiac fiber
orientation, which could serve as a pathological marker [3]. In
recent years, ultrasound imaging has emerged as a powerful non-
invasive modality for evaluating cardiovascular stiffness. Shear
Wave Elastography (SWE), which relies on the propagation of
shear waves generated by radiation forces from an acoustic push,
has been used to retrieve tissue elasticity in several cardiac
applications in humans. For instance, SWE was used to
quantify stiffness in hypertrophic cardiomyopathy adults [4],
healthy children [5], and patients with conduction delays [6].
SWE was also used to evaluate stiffness in various vascular
applications. It has been used to evaluate the stiffness of the
carotid artery [7] and on patients with spontaneous coronary
artery dissection [8] or to evaluate atheroma plaque [8].

The elastic properties of the cardiovascular tissue can also be
characterized by natural mechanical waves [6-8] The closure of
aortic and mitral valves generates a shear wave that can be used to
estimate tissue stiffness [9, 10] and anisotropy [11], i.e., cardiac
fiber orientation. Similarly, the Atrial Kick (AK) generates a wave
comparable to Pulse Waves (PWs) in the arteries, which can also
be used to characterize tissue stiffness [12, 13]. In [14], we show
the possibility of estimating and reconstructing the trajectory of
such waves in the left ventricle in 3D.

To the best of our knowledge, PW has only been used to
determine vessel stiffness. High-frame rate ultrasound imaging
has been used to quantify vessel stiffness in vitro and retrieve the
incremental Young modulus via the Moense-Korteweg equation
[15-17]. PWI (pulse wave imaging) has been used to measure
carotid artery stiffness in vivo in healthy subjects [18, 19] and
stenosis patients [20]. PW velocity has also been estimated using
a 2D matrix array on a healthy carotid artery in vivo [21]. In previous
work, we demonstrated on a single phantom with 2D high frame
rate imaging that anisotropy may affect the pulse wave
propagation [22].

There is limited knowledge available on the use of PW imaging
for estimating tissue anisotropy. The main aim of this study is to
investigate the impact of anisotropy on PW propagation in vessel
phantoms. The process of creating an anisotropic vessel phantom is
explained and tested with the SWE technique. Using plane wave
ultrasound tomography, synchronized with a peristaltic pump, the
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3D propagation pattern of PW is reconstructed and compared
between vessels phantom with different induced anisotropy.
Finally, a preliminary attempt is made to determine an
anisotropy coefficient from the pulse wave propagation.

2 Materials and methods
2.1 Phantom manufacturing

The
composed of polyvinyl alcohol (PVA). PVA has been chosen

study was conducted wusing cylindric phantoms
for his ability to change his mechanic properties with freeze-thaw
cycles. The stiffness of a PVA phantom can be changed according
to the number of freeze-thaw cycles [23], and fibers can be
introduced by applying strain during the freeze-thaw cycle
[24]. The different phantom models were created through the
following process: A blend consisting of 10% w/v polyvinyl
(MW 85 k-124 Kk, Aldrich,
United States), 89% w/v water, and 1% w/v silica gel (mesh
size 230-400, 40-63 um, Supelco, Sigma Aldrich, Bosnia-
Herzegovina) was heated to 90°C and stirred until the PVA
powder completely dissolved [25]. After degassing, the
solution was allowed to cool to 25°C. Subsequently, any

alcohol  powder Sigma

remaining air bubbles were removed from the surface, and the
solution was poured into the mold.

The mold is a 300 mm-long cylinder with an internal diameter of
13 mm. An 8 mm-diameter filled cylinder was used to create the
lumen (Figure 1). The phantoms first underwent two freeze-thaw
cycles. Each cycle consisted of a 24-h freeze period at —20°C + 0.5°C
and a 3-h thaw period at 16°C + 0.5°C. Following the methodology
described in [26], axial and shear strains were induced in the
phantoms to achieve anisotropy by creating fiber in the
desired direction.

A first batch was used for anisotropy validation using SWE.
Axial anisotropy was induced in the first phantom by stretching it a
factor of 1.6 of its initial length with a final length of 21 cm. The
second phantom was induced with helical anisotropy by first
stretching it by a factor of 1.6 of its initial length and then
twisting it by two complete turns, with a final length of 18.5 cm.
To make anisotropy permanent, both phantoms underwent two
additional freeze-thaw cycles while being kept in their deformed
state. An isotropic vessel phantom has been made with the same
procedure but without any stretching or twisting.

A second batch was used for the PW imaging investigation. It
consists of one isotropic and three helical anisotropy phantoms. The
three helical anisotropy phantom was made by stretching it by a
factor of 1.6 of its initial length and then twisting it by one, two, and
three complete turns, respectively. Finally, the phantoms were
placed in a water tank.
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FIGURE 1

PVA phantom-making procedure. A blend consisting of 10% w/v polyvinyl alcohol powder 89% w/v water, and 1% w/v silica gel was heated to 90°C.
After degassing, the solution was allowed to cool to 25°C. Subsequently, any remaining air bubbles were removed from the surface, and the solution was
poured into a mold. The phantoms underwent two freeze-thaw cycles. Then axial and shear strains were induced in the phantoms to achieve anisotropy
by creating fiber in the wanted direction. Finally, the phantoms underwent two additional freeze-thaw cycles while being kept in their

deformed state.

2.2 Anisotropy validation using shear wave
elastography

We validated the procedure of making the anisotropy with SWE.
The same methodology described in [26] has been used to retrieve
the fiber direction. The radiation force of a focused ultrasound beam
has been used to induce shear waves in the vessel phantom with the
L7-4 probe connected to the Vantage 256 (Verasonics Inc., Kirkland,
Washington, United States).

Each pushing beam with a duration of 120 ms was followed with
high frame rate imaging made single plan wave at 0°, reaching
10,000 fps. The ultrasound probe attached to a rotation device was
rotated from —20° to 20° at 5° increments. Ten shear wave events
have been produced and processed for each increment.

The motion induced by the shear wave was estimated using
conventional Tissue Doppler imaging (TDI). TDI was implemented
by taking the phase of lag-one autocorrelation R, of the IQ signal, to
assess the axial velocity V given by Equations 1, 2:

LR, (1) x vNyq

V= (1)
i
where the Nyquist velocity vNyq follows the expression:
Cy X PRF
vNyq = o 2

4f,

where C, is the sound speed (1540 m/s), and f, is the transducer
center frequency (5.2 Mhz).
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After taking an anatomical M-mode along the vessel wall, 2D
spatial-temporal maps was extracted and used to estimate the shear
wave speed (Figure 2) For each shear wave event, the 1D (along the
M-mode line) time of flight of the shear wave was estimated
automatically by detecting the maxima of the tissue velocity in
the space-time dimensions. The shear wave speed has been extracted
from the linear regression of the detected maxima.

2.3 Pulse wave tomography imaging

2.3.1 High frame rate imaging

Radio Frequency (RF) channel data were acquired using a Vantage
256 scanner system (Verasonics) equipped with an L7-4 probe. The
ultrasound probe was positioned perpendicular to the vessel’s long axis.
The acquisition sequence consisted of non-compounded plane waves
fired at 2.5 kHz Pulse Repetition Frequency (PRF). The total acquisition
time for each cross-section was 2s or 10,000 frames. RF channel data
were demodulated and beamformed using a conventional delay and
sum technique available in the USTB [26].

2.3.2 Pulse wave tomography

The pulse wave was induced by connecting the vessel’s phantom,
placed in a water tank, to a peristaltic pump (Masterflex, Avantor). The
L7-4 probe was attached to a translational device controlled by the
Vantage computer and synchronized to the ultrasound acquisition.
After each acquisition of 2s the data were saved together with the
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Shear wave experiment. The radiation force of a focused ultrasound beam has been used to induce shear waves in the vessel phantom. The
ultrasound probe was rotated from —20° to 20° at 5° increments. The estimated tissue motion is displayed on the left of the figure from 1 ms to 5 ms. A 2D
spatial-temporal map extracted at the lower vessel wall is shown at the top of the figure for five rotational angles. The shear wave speed estimated for the
Axial (in red), helical (in yellow), and isotropic (in blue) phantom is displayed for the eight investigated angles. The results obtained for each 10-shear
wave event are represented as a box plot for each rotational angle. The results obtained for the isotropic vessel show very similar values for each angle. On
the contrary, the results obtained for the axial anisotropy vessel show a region with a higher shear wave speed of about 0°, corresponding to the long axis
of the vessel. Finally, the results obtained for the helical anisotropy depicted increasing shear wave velocity value from —-20° to 20°.

acquisition timing, then followed by a probe translation of 0.58 mm.
The process was repeated 45 times while the peristaltic pump ran
continuously. The 45 cross-sectional acquisitions were synchronized
offline with a Pump signal (Figure 3).

2.3.3 Pulse wave tracking

Tissue motion induced by PW propagation was detected using TDI.
Tissue acceleration curves were estimated as the time derivative of TDI,
smoothed using a 5 x 5 samples spatial moving average filter
(0.74 mm x 0.74 mm) and a 20 samples temporal moving average
filter (4 ms). The foot of the PWs was defined as the inflection point,
where the temporal derivative of the velocity (i.e., wall acceleration)
attains its maximum before the peak velocity. Therefore, the PW time of
arrival for each spatial point on the cross-section was found by detecting
the maximum of the tissue acceleration curves. The search was limited
to a 12 ms temporal window or 60-time samples. Because the upper and
lower walls have a velocity in the opposite directions, the results were
produced separately for the positive and negative velocity components
(Figure 3). The spatial-temporal maps have been extracted by detecting
the maxima of the tissue acceleration at all points within the vessel
phantoms in 3D. To simplify the visualization of the wave propagation
timing, a 2D spatial-temporal map was extracted from the 3D volumes
by taking a cylinder in the middle of the vessel wall (Figure 3).
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2.3.4 Wave propagation assessment

The 2D spatial propagation time difference has been estimated
with the 2D spatial gradient method. The results are then depicted as
arrows showing the local wave propagation direction. Note that the
vectors do not represent velocity but time over space and its
amplitude is expressed in s/m, which we conveniently called the
inverse speed. In this study, we proposed to use this inverse speed
vector to describe the pulse wave propagation. For instance, a plane
wave propagating in a homogenous medium will have an inverse
speed of zero perpendicular to its propagation and an inverse speed
different from zero in the direction of the propagation. Hence, the
inverse speed vector will point out the main axis of the wave
propagation. Here, we propose to extract the local angle of the
inverse speed to characterize the wave propagation direction.

3 Results
3.1 Shear wave results
The shear wave results can be found in Figure 2. The results

obtained for each 10-shear wave event are represented as a box plot
for each rotational angle. The results obtained for the isotropic vessel
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Pulse wave tomography. 1. The pulse wave was induced by connecting the vessel's phantom, placed in a water tank, to a peristaltic pump. The L7-4
probe was attached to a translational device controlled by the computer. 45 cross-sectional acquisitions were saved and synchronized offline with a
Pump signal. 2. Tissue motion induced by PWs propagation was detected TDI. The wave propagation timing was estimated by detecting the maximum of
the tissue acceleration from TDI. Tissue acceleration curves were estimated as the time derivative of TDI. Then, to simplify the visualization and
processing of the wave propagation timing, a 2D spatial-temporal map has been extracted from the 3D volumes by taking a cylinder in the middle of the

vessel wall.

(in blue) show very similar values for each probe angle, with a
standard deviation of +0.04 m/s, indicating a homogeneous shear
wave propagation speed. On the contrary, the results obtained for
the axial anisotropy vessel (in red) show a region with a higher shear
wave speed at about 0°, corresponding to the long axis of the vessel.
Finally, the results obtained for the helical anisotropy depicted
increasing shear wave velocity value from —20° to 20°. Knowing
that the wave speed of the wave is supposed to be higher in the fiber
direction [24]. The results suggest that anisotropic structure have
been introduced along the long axis of the vessel and with a certain
angle for the axial and helical anisotropy phantom, respectively.

3.2 Pulse wave imaging results

Examples of the estimated tissue acceleration in 2D for one
cross-section and for each type of phantom are shown in Figure 4.
Differences can be found between the two types of phantoms. While
no delay can be found between each tissue acceleration for the axial
anisotropy phantom, the helical anisotropic phantoms exhibited a
delay between each tissue acceleration. By extracting the timing of
the maximum acceleration, the time of flight map was produced. For
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the axial anisotropic phantom, the results indicated that the pulse
wave arrives at the cross-section almost at the same time with no
delay between the positive and negative components of the motion
induced but the pulse wave. On the other hand, temporal gradient
can be found spatially all around helical vessel phantoms. This
indicates that the pulse wave arrived with a delay at the cross section
in a helical fashion. These results also show that the positive and
negative components of the motion induced by the wave are
following each other, turning all around the phantom.

3D volume rendering was produced after the synchronization of
each cross-section with the Pump signal, as shown in Figure 3. To
better appreciate and compare the wave propagation pattern, the
timing of the maximum acceleration found in a cylinder located in
the middle of the wall vessel has been extracted and shown in 2D
space. Resulting in a 2D spatiotemporal map representing the TOF
of the PW over elevation and circumferential distances. The
extracted TOF maps for the four different phantoms are depicted
in Figure 5 separately for the negative and positive components. To
better see the differences the same dynamic range has been used for
each case. For the axial phantom, the wavefront of the pulse wave is
perpendicular to the long axis of the vessel, indicating that the pulse
wave direction follows the long axis of the vessel, for both positive
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and negative components. As expected, the positive component of
the motion induced by the wave was detected on top of the phantom,
whereas the negative component was detected at the bottom. The
propagation pattern exhibited by the three helical cases is markedly
distinct. The wavefront is not perpendicular to the long axis of the
wall but oriented. Given that the mechanical wave propagates in a
perpendicular direction relative to the wavefront, this result
corroborates the hypothesis that the pulse wave direction is
locally oriented. Moreover, while the time difference does not
appear to vary significantly between the cases in the elevation
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direction, it does increase significantly in the circumferential
direction. The results indicate that the pulse wave direction is
influenced by the tissue anisotropy.

The average values of the propagation time amplitude and angle
are presented in Figure 6. While the propagation time amplitude in
the elevation direction (along the long axis of the vessel) appears to
be relatively consistent across different vessel phantoms, the
propagation time amplitude in the circumferential direction
increases with the number of circumferential turns made during
vessel manufacturing. As expected from the observation made in
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Figure 5 the propagation time angle increases with the number of

circumferential turns.

4 Discussion

In this work, we evaluated the influence of tissue anisotropy on
the pulse wave propagation in vessel phantom. The main
conclusions of this study are: i) anisotropy can be induced in
PVA vessel phantoms, ii) The pulse wave propagation is affected
by vessel anisotropy, and iii) The angle of the wave propagation
main axis increases with the number of circumferential turned made
during vessel manufacturing and suggest that pulse wave
propagation could be used evaluated tissue anisotropy.

Frontiers in Physics 07

Anisotropy has been introduced by creating fibers in
different directions. The fibers were introduced by applying
forces during the freezing cycles of PVA phantom-making.
Axial anisotropy has been introduced by stretching, whereas
helical anisotropy has been introduced by stretching and
twisting the vessel phantom. Introducing a certain anisotropy
with this procedure was a simple task due to the small vessel
thickness and the small amount of force needed to stretch and
twist the phantom properly. However, we did not have enough
control over the spatial consistency of the introduced
anisotropy, which can be seen as a major limitation of the
presented procedure. Hence, the the
introduced anisotropy could explain the propagation time

inconsistency of

angle variation depicted in Figures 5, 6.
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Propagation Time Amplitude and angle. The propagation time amplitude in the circumferential and elevation direction are depicted together with
the angle from the detection of the maxima (on top) and the minima (at the bottom) of the tissue acceleration.

The tissue anisotropy was evaluated using shear wave imaging.
Following the procedure described in [26], we estimated the shear
wave speed at different probe orientation angles. The wavelength of
the induced shear wave is larger than the wall thickness of the vessel,
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making the shear wave strongly dispersive and guided within the
vessel wall. Hence, depending on the angle of the probe, the so-called
guided circumferential wave or guided longitudinal wave could be
detected [27], contradicting the results. We limited the orientation
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angle at —20° to 20 to focus only on the guided longitudinal wave.
This limitation does not allow us to correctly find the fiber angle for
the helical phantom. However, clear differences between the
isotropic, axial, and helical phantom have been observed which
confirms that that we manage to induce fiber in the
wanted direction.

The pulse wave produced a motion perpendicular to the tangent
to the vessel. In this study, the motion induced by the pulse wave has
been estimated along the ultrasound field direction only; hence, the
amplitude of the estimated motion will depend on the position
around the vessel, deteriorating the wave detection on the right and
left sides of the vessel. 2D motion estimation, such as vector Doppler
[27] or TO method [28], could help to better detect the motion
induced by the wave in 2D.

First, the PW propagations were observed with the relative time of
arrival over a cross-section (Figure 4). For the axial case, the pulse wave
arrived at the same time at the section with positive and negative
acceleration, i.e., maximum and minimum acceleration, respectively, on
top and at the bottom of the vessel. For this phantom, the results did not
show a perfect separation between the positive and negative acceleration
at an equal distance from the middle. This can be attributed to the fact
that the estimated tissue acceleration is relatively low on the sides of the
phantoms, which can make it challenging to distinguish between
positive and negative components. For the helical cases, Helical
2 and 3 exhibit clear temporal gradients throughout the cross-
section, whereas Helical 1 exhibits temporal gradients only in the
left area. This could be due to either a misdetection detection of
mechanical waves or manufacturing inaccuracies.

After the synchronization of the 45 cross-section acquisitions, the 3D
PW propagation was analyzed by extracting a 3D TOF map from the 3D
volumes and computing the spatiotemporal gradient map (Figure 5).
The amplitude of the gradient expressed in s/m gives information
regarding the time that takes the PW to travel a unit distance. This
time propagation has been depicted in both circumferential and
elevation directions. For instance, for the axial vessel phantom, the
propagation time amplitude in the circumferential direction is very close
to zeros, indicating no propagation in this direction. On the other hand,
in the elevation direction, the propagation time amplitude is around
0.12 s/m, indicating wave propagation in this direction. As expected, the
propagation time in the circumferential direction increased with the
number of circumferential turns during vessel manufacturing. In the
elevation direction, the propagation time amplitude remained fairly
constant across the vessel’s phantom, indicating a constant stiffness in
this direction expected from the same number of freeze-thaw cycles used
for each phantom. We proposed to use the angle of the propagation time
vectors as an anisotropy coefficient. As expected, the propagation time
angle increases with the number of circumferential turns during vessel
manufacturing.

Because the pulse wave propagation time vector angle changed
with the number of circumferential turns made during vessel
manufacturing and that the number of circumferential turns
should be linked to the degree of anisotropy, i.e., fiber angle, we
suggest that the pulse wave propagation time vector could be used to
quantify the anisotropy of the vessel wall.

It is interesting to note that the pulse wave in the helical
anisotropy vessel phantom also appears to propagate in a helical
manner by rotating around the vessel wall with respect to the center
of the vessel. Hence, positive or negative components will follow
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each other by turning around the phantom. This highly atypical
pulse wave propagation can be put in perspective to the recent study
published in Science where natural flexural pulse waves have been
observed in human arteries [28].

The future clinical impacts of this finding are multiple. On the one
hand, the propagation time angle of the Pulse wave could be used to
evaluate the artery’s anisotropy for early detection of atherosclerosis of
atheroma plaque development, and rupture. Indeed, collagen fibers are
essential structural components in various tissues and are primarily
responsible for providing tissue strength [29]. Knowing that the
strength of tissue is influenced by the orientation of the collagen
[30] understanding the orientation of collagen fibrils in the
atheroma plaque could be valuable in improving our knowledge of
tissue vulnerability to rupture [31, 32]. On the other hand, considering
the similarities between AK waves in the myocardium and pulse waves
in arteries, these results suggest that such natural waves combined with
the presented method could potentially be utilized to detect and image
anisotropy in the myocardium.

5 Conclusion

Tubular phantoms were fabricated using PVA. By stretching
and twisting the material, anisotropy was induced between two
sets of two freeze-thaw cycles. Firstly, shear wave imaging was
used to validate the process of fabricating an anisotropic vessel
phantom. Subsequently, high frame rate 3D imaging was
performed and used to detect the 3D propagation pattern of
PW for each manufactured vessel phantom. The results suggest
that vessel anisotropy affects pulse wave propagation. Finally, we
propose to use the propagation angle which reflects the number
of circumferential turns during vessel fabrication as a potential
method to extract vessel anisotropy.
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