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Abstract

Our long-term goal is the detection and characterization of vulnerable plaque in the coronary
arteries of the heart using IVUS catheters. Vulnerable plaque, characterized by a thin fibrous cap
and a soft, lipid-rich, necrotic core is a pre-cursor to heart attack and stroke. Early detection of
such plaques may potentially alter the course of treatment of the patient in order to prevent
ischemic events. We have previously described the characterization of carotid plaques using
external linear arrays operating at 9 MHz. In addition, we previously modified circular array IVUS
catheters by short-circuiting several neighboring elements to produce fixed beam-widths for intra-
vascular hyperthermia applications. In this paper we modified VVolcano Visions 8.2 French, 9 MHz
catheters and Volcano Platinum 3.5 French, 20 MHz catheters by short circuiting portions of the
array for ARFI applications. The catheters had an effective transmit aperture size of 2 mm and 1.5
mm respectively. The catheters were connected to a Verasonics scanner and driven with pushing
pulses of 180 V p-p to acquire ARFI data from a soft gel phantom with a Young’s modulus of 2.9
kPa. The dynamic response of the tissue-mimicking material demonstrates a typical ARFI motion
of 1-2 microns as the gel phantom displaces away and recovers back to its normal position. The
hardware modifications applied to our IVUS catheters mimic potential beamforming
modifications that could be implemented on IVUS scanners. Our results demonstrate that the
generation of radiation force from IVUS catheters and the development of intra-vascular ARFI
may be feasible.
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I. INTRODUCTION

Coronary atherosclerotic disease is the major cause of cardiovascular related deaths in the
United States. The disease results from initial vessel endothelial damage and progresses to
the formation of fatty streaks and atherosclerotic plaques. Many cases of acute myocardial
infarction and sudden cardiac death directly result from the rupture of specific
atherosclerotic plagues known as vulnerable plaques in the coronary arteries. As a result,
clinical decision-making and the implementation of therapeutic strategies rely on an
understanding of plague morphology (1-4).
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Coronary plaque vulnerability, defined as susceptibility to disruption and leading to
thrombosis, is directly linked to 60-70% of coronary events. These plaques have a
characteristic soft tissue core surrounded by a tough, fibrous cap with a thickness ranging
from 65 um to 700 um (5-7) and have a lipid core area (in a transverse section of the artery)
larger than 1 mm? or a ratio of the lipid core area to the total plaque area greater than 20%
(7). Although imaging modalities including angiography, intravascular optical coherence
tomography (OCT), contrast based computed tomography (CT), and magnetic resonance
imaging (MRI) can be used to detect the presence of plaques; a cheap, minimally invasive
vulnerable plaque classification technique has remained an elusive goal (8, 9). Early
implementations of B-mode ultrasonography have resulted in poor reproducibility due to
both the subjective nature of gray scale differentiation between hyperechoic and hypoechoic
regions and the limited contrast difference between different regions of the plaque (10, 11).

Recent studies have illuminated the use of photoacoustic imaging combined with
intravascular ultrasound (IVUS) to determine plagque morphology. Catheter based
intravascular ultrasound allows for a real time cross sectional view of the vessel wall
endothelium and atherosclerotic disease with image resolutions up to 30 um. However,
reliable differentiation of vulnerable plaque is not possible with IVUS imaging alone (12—
14). Intravascular photoacoustic (IVPA) imaging was developed to overcome the limitations
of IVUS providing a more reliable method for plaque characterization. In this approach,
localized short laser pulses produced by optical fibers are used to generate unique ultrasound
waves in tissue. The generation of these distinct acoustic signals results from differences in
the optical absorption and thermal expansion properties of tissues. An IVUS catheter serves
as an acoustic detector and displays differences in tissue morphology based on the varying
intensities of the received signals. Preliminary experiments have demonstrated feasibility for
a combined IVPA/IVUS approach, but have shown limitations in catheter flexibility with the
incorporation of side firing optical fibers on IVUS transducers (15, 16).

Acoustic radiation force impulse (ARFI) ultrasound provides an alternative method for
imaging the mechanical properties of tissue. This method utilizes commercially available
ultrasound scanners to generate short duration acoustic radiation forces. The radiation force
F applied to the tissue is a function of the speed of sound in the medium (c), the absorption
coefficient of the tissue (a), and the temporal average intensity of the acoustic beam (1) at a
given point (Equation 1) (17).

Localized displacements resulting from these forces have been measured using B-mode
ultrasound correlation techniques immediately after the production of the radiation force.
The differences in displacement magnitudes demonstrate variations in tissue stiffness and
can be used to determine the elastic moduli of tissues (17).

Intracardiac echocardiography (ICE) ARFI imaging is currently used to monitor
radiofrequency ablations (RFA) and the stiffness of the myocardium through a cardiac cycle.
ICE imaging catheters consist of side firing phased arrays that can generate sufficient
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radiation forces to track displacements in cardiac tissue. Although ICE has shown promising
results for characterizing tissue stiffness with the implementation of ARFI pulse sequences,
the larger 8-10 Fr size of the ICE catheter transducers prohibits endovascular imaging of
plaques in the smaller coronary arteries (18-20).

In our previous studies, we successfully distinguished a soft lesion in a vessel phantom
(Figure 1a) and detected a carotid artery plaque in vivo (Figure 1b) with the use of external
vascular ARFI imaging via a linear array operating with a push frequency of 4 MHz and
track frequency of 6 MHz on a Siemens S2000 ultrasound scanner. The in vivo result using
the Siemens S2000 scanner shows a plaque with what may be a lipid core corresponding to
regions of high displacements, a characteristic of soft tissues, and a tougher fibrous cap
corresponding to regions of low displacements (21, 22).

The long-term purpose of this project is a minimally invasive, endovascular approach to
image the mechanical properties of plaques in the coronary arteries. The design goal is a
thin, flexible IVUS catheter that can provide real time ARFI imaging in the lumen of small
blood vessels that are not accessible to external vascular transducers. Circularly, phased
array IVUS catheters operating at high frequencies of 20 MHz contained within a sheath less
than 4 Fr have demonstrated efficacy in navigating coronary arteries with diameters of 2 mm
(23). As a result, the 3.5 Fr Eagle Eye Platinum Volcano transducer operating at 20 MHz is
considered here as a potential platform for IVUS ARFI imaging.

In this paper, we describe our first feasibility studies to evaluate the merits of intravascular
ARFI imaging by modifying commercially available 3.5 Fr IVUS transducers to achieve
appropriate power levels required for acoustic radiation force imaging. In order to validate
our displacement results, we also used a 9 MHz external linear array and the 8.2 Fr, 9 MHz
Volcano Visions transducer as positive controls.

II. MATERIALS AND METHODS
A. IVUS ARFI Prototypes

For our prototypes, Volcano Visions and VVolcano Eagle Eye Platinum imaging catheters
(Volcano Corp., San Diego, CA) were modified to accommodate higher voltages for ARFI
as well as to connect to a Verasonics imaging system (Verasonics Inc., Redmond, WA).
Both transducers consist of a circular array of 64 piezoelectric elements attached to 5 ASIC
chips operating at nominal frequencies of 9 MHz and 20 MHz respectively. Fig 2 shows
short axis B-mode images of the same vessel phantom as in Fig. 1a using the Volcano s5
ultrasound scanner. Note that the conventional B-scans show no hint of the soft lesion.

Volcano IVUS circular array catheters are focused using conventional phased array
techniques so that an ~1 mm aperture can be focused at a depth of 1 mm. Ideally, software
modifications could be used to electronically phase a portion of the elements to both
generate a focused acoustic radiation force beam and track the resulting displacements
through time with the 1\VUS catheters. These modifications would allow for increased power
levels and an efficient implementation of the ARFI imaging sequence for clinical
applications; however, we did not have access to the VVolcano scanner software and were
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limited to a maximum of 12 V transmit bursts due to the integrated circuits in the catheter
transducers.

Therefore, in our experimental approach, we modified the transducers by physically short-
circuiting sixteen elements, and we constructed a custom connection to a Verasonics
imaging system. The Verasonics scanner supports higher power levels with a 192 V peak to
peak (pk-pk) maximum, allows for the implementation of the ARFI imaging sequence, and
provides access to the raw radio frequency (RF) data for offline processing. Each transducer
prototype functioned as a single element transducer to obtain one line of ARFI data. Our
goal was to prove initial ARFI feasibility, even though the diverging acoustic wave
produced by these modifications limit the available radiation force, which would greatly
improve with electronic focusing of the elements. We have previously used this transducer
approach to demonstrate ultrasound hyperthermia using I\VVUS arrays for intra-cranial
applications (24). This paper builds on our previous work in developing 3D ultrasound
catheters (25-28)

Much of the catheter was cut away leaving a total length of approximately 8 cm. The traces
to the circular array elements originated from five flex circuit boards in groups of thirteen.
As shown in Figure 3, the polyimide surface covering the transducer elements was partially
removed by making a cut close to the flex circuit board and carefully peeling back the
polyimide layer to expose the traces. Silver paint was applied between the exposed traces to
create a short circuit between sixteen elements and a single silver wire was attached to the
connected traces with silver epoxy (red arrow). A ground connection was established using
the same technique at the opposite end of the elements (black arrow). The hot and ground
silver wires were then attached to a micro coaxial cable with a length of 40 cm and
connected to the Verasonics V-1 scanner.

Spectral analysis of each transducer prototype was then performed in a water tank with an
impulse excitation using the Panametrics Pulser/Receiver Model 5073 PR (Olympus,
Waltham, MA) to verify the specified nominal operating frequencies. Figure 4 illustrates
power spectrum results for typical catheter transducer prototypes.

B. Measurements

The transmit beamplots of several such modified VVolcano Eagle Eye Platinum catheters
have been previously measured at a depth of 3 mm and described yielding a —6-dB beam
width of approximately 55 degrees (29). For our current measurements, the experimental
setup is illustrated in Figure 5 wherein we sequentially measured ultrasound intensities and
ARFI response in a tissue phantom as the Verasonics scanner drove the ATL linear array,
Volcano Visions catheter, and Volcano Eagle Eye catheter.

For the intensity experiments, the transducer was held stationary 3 mm above a parallel
hydrophone platform that could be adjusted on all three axes in a water tank. A calibrated
membrane hydrophone (S4-251, Sonora Medical Systems, Longmont, CO, USA) was used
to capture a 10-cycle excitation beam from the Verasonics system. The linear array ATL
L12-5 transducer with a 1.6 mm aperture operating at 9 MHz was used as a positive control
with a transmit voltage of 80 Vpk_pk. The modified Volcano Visions catheter operating at 9
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MHz was then assessed with a transmit voltage of 192 V.« and finally, the modified
Volcano Eagle Eye Platinum catheter operating at 18 MHz was assessed with a transmit
voltage of 192 Vp_pk. The 18 MHz transmit frequency of the Volcano Eagle Eye Platinum
was used because of limitations on the available transmit frequencies for the Verasonics
scanner. The voltage data were converted to pressures using the hydrophone calibration
coefficients at the appropriate center frequencies. The pressure amplitudes measured by the
hydrophone for these waveforms were 5.77, 4.72, and 4.84 MPafor the ATL L12-5, Volcano
Visions, and Volcano Eagle Eye Platinum cather, respectively. The intensity spatial peak
pulse average (Isppp) for each transducer was calculated using Equation 2 where n is the
number of cycles, T is the period, p is the pressure amplitude, p is the density of the
medium, and c is the speed of sound through the medium (30). The non-derated | gppa values
measured in water (c = 1490 m/s, p= 1 g/mL) for the ATL L12-5, modified Volcano Visions
catheter, and modified Eagle Eye Platinum catheter were found to be 1120 W/cm?, 746
W/cm?, and 786 W/cm? respectively. The non-derated mechanical indices (M1) for the
transducers at these intensities we estimated to be 1.92 for the ATL L12-5, 1.57 for the
modified Volcano Visions catheter, and 1.14 for the modified Eagle Eye Platinum catheter.

1 nT 9
p
ISPPA:ﬁ/Edt 2
0

C. Phantom Fabrication

The ARFI experiments were performed in elastography phantoms fabricated from gelatin,
alcohol, gluteraldehyde, water, and graphite. Three phantoms were constructed using the
recipe described in Nightingale et al (17). Each phantom was uniform cylinder
approximately 8 cm in diameter and 8 cm deep, large enough to avoid boundary effects,
with a Young’s modulus around 3 kPa, which is in the range of moduli found in the soft
tissue of atherosclerotic plaques (22). We used shear wave imaging and the radon sum
transformation method explained in Rouze et al. to determine the Young’s modulus for each
phantom (31, 32).

D. Verasonics Data Acquisition

For each ARFI experimental trial, the transducer was placed directly on the surface of a
gelatin phantom immersed in mineral oil. The pulse sequence was designed to first acquire
five reference A-lines followed by a pushing pulse at the same location. This pushing pulse
refers to an extended duration pulse that provides the acoustic radiation force to displace the
tissue. Immediately after the pushing pulse, a series of radio-frequency (RF) A lines,
referred to as tracking lines, were acquired in order to track the resulting displacements
through time using a normalized cross correlation algorithm. A pulse repetition frequency
(PRF) of 5 kHz was used for the pulse sequence and the raw RF data were stored for further
processing (17, 22).

The ATL L12-5 linear array transducer operating at 9 MHz was used as a positive control
for these experiments. The pushing pulse had a duration of 107 ps at a transmit voltage of 80
Vpk-pk- Eighteen A-lines were acquired at a transmit voltage of 15 Vi over a duration of
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3.5 msec. For a comparison to the smaller apertures of modified catheter transducer
prototypes, the aperture of the ATL probe was incrementally reduced from 10 mm to 1.6
mm by varying the F-number (i.e. the number of active elements) and focal depth using
software controls on the VVerasonics scanner.

The modified Volcano Visions prototype was used to obtain single line ARFI data at 9 MHz
and used a pushing pulse with a duration of 107 ps at a transmit voltage of 192 V. pk. The
modified VVolcano Eagle Eye Platinum prototype was used to obtain single line ARFI data at
18 MHz with a pushing pulse duration of 72 ps at a transmit voltage of 192 V_pk. For both
catheters, RF A-lines were acquired at a transmit voltage of 60 Vpy_pk. Thirty tracking lines
were acquired over 6 msec and the experiment was repeated for three different phantoms in
each case.

E. Data Processing

Raw RF data was acquired from the Verasonics system at a sampling rate of 36 MHz for the
9 MHz transducers and a sampling rate of 72 MHz for the Volcano Eagle Eye Platinum
transducer prototype. For the ATL L12-5 transducer, the RF data were beamformed using a
speed of sound of 1540 m/s. In order to track displacements in the typical range of 1-10
microns, the RF data was up-sampled by a factor of five to 180 MHz. Normalized cross
correlation was implemented for each axial depth sequentially between the up-sampled
reference and tracking lines (33). Kernel lengths corresponding to 1.5 wavelengths were
used for the algorithm. The axial tissue displacements were estimated from the shift in the
peak of the cross correlation function between subsequent tracks and the results were used to
generate a model for the temporal response of the tissue-mimicking phantom after the
application of the radiation force. A five point moving median filter was implemented to
smooth the data while preserving the maximum displacement amplitude

[ll. RESULTS
A. Linear Array ARFI Results

The ATL L12-5 linear array was able to achieve sufficient ARFI displacement results in a
2.9 kPa uniform gelatin phantom with apertures, varied under software control, ranging from
10 mm to 1.6 mm. Figure 6 displays representative displacement profiles as a function of
time for F/1 apertures. The three different apertures of 10 mm, 5 mm, and 1.6 mm generated
maximum displacement values of 4.5 um, 2.6 um, and 0.78 um respectively.

B. IVUS Prototype ARFI Results

Both of the IVUS prototypes were able to successfully track ARFI displacements in three
independent uniform gelatin phantoms (Phantoms A, B, and C). Figure 7 portrays
illustrative displacement curves versus time for the 9 MHz VVolcano Visions prototype at an
axial depth of 4 mm. Ten trials at varying locations were conducted for each phantom and
the results are summarized in Table 1. The mean maximum displacement values for
Phantom A, B, and C were found to be 2.2 um, 2.08 um, and 1.9 um respectively.
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Figure 8 shows an illustrative displacement profiles for the Volcano Eagle Eye Platinum
prototype at an axial depth of 1.5 mm. Ten trials were conducted for each phantom and the
results are summarized in Table 2. The mean maximum displacement values for Phantom A,
B, and C were found to be 0.65 um, 0.57 um, and 0.55 um respectively. We note the skewed
temporal response for Phantom A, which may be a result of poor SNR and areas of non-
uniform speckle in the tissue-mimicking phantom.

V. DISCUSSION AND CONCLUSION

Volcano Visions and VVolcano Eagle Eye Platinum IVVUS catheters were modified to create
prototypes for IVUS ARFI applications. Ideally, a portion of the elements would be
electronically phased to produce a focused radiation force beam on a desired target close to
the vessel endothelium. Physically short-circuiting a portion of the transducer circular array
allowed us to demonstrate feasibility by generating acoustic radiation forces and tracking the
resulting displacements from a diverging wave. Power spectrum analysis indicated spectral
peaks at 8 MHz and 20.5 MHz for the two IVUS prototypes. Hydrophone measurements for
the Volcano Visions prototype and VVolcano Eagle Eye Platinum prototype verified the
potential for the generation of acoustic radiation forces with |gppa values similar to the
positive control ATL L12-5 linear array transducer.

Results from the ARFI experiments are promising for the implementation of IVUS ARFI in
carotid and coronary arteries. The modified VVolcano Visions prototype demonstrated greater
displacement than the L12-5 transducer with a similar transmit aperture. Although the
Volcano Eagle Eye Platinum prototypes tracked ARFI displacements, the displacement
profiles lacked the smooth and well-defined displacements typically observed with ARFI
imaging due to poor SNR and significant transducer ring down to an axial depth of 1 mm.
However, a comparison of figure 8 to the control displacement profiles in figures 6 and 7
shows that the 20 MHz prototype provided enough acoustic radiation force to generate a
typical ARFI temporal response. However, the ARFI measurements had adequate
correlations over a depth window of only a few mm. Further, the phantoms used for these
experiments had stiffness values similar to the lipid pools found in vulnerable plaques.
Future experiments should involve implementation of ARFI imaging on both softer and
harder phantoms with Young’s Moduli ranging from 1-5 kPa — the characteristic stiffness
range of soft tissues in vulnerable plaques (34). Our attempts to produce softer phantoms
failed due to the poor reproducibility in current fabrication methods.

Because of the noisy displacement tracking with the transmitted diverging wave,
adjustments to the Volcano imaging system should be considered. We note that the 1 micron
motion from the Volcano Eagle Eye was approaching the Cramér-Rao lower bound for
detectable displacements for ARFI (35). Software code modifications of the VVolcano
scanner would allow electronic phasing of a portion of the elements for focused ARFI
imaging at a desired location on the vessel endothelium. This would improve SNR, reduce
electronic ring down, and provide a much stronger acoustic radiation force, resulting in
improved detection and estimation of displacements and would permit imaging the
mechanical properties of a wider range of tissues. Other possibilities would include ARFI
synthetic aperture approaches.
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The higher power levels required for ARFI could be achieved through hardware
modifications to the Volcano scanner power supply and alterations to the integrated circuits
of the commercially available imaging catheters although it is uncertain whether transmit
voltages approaching 200 Volts can be achieved. Our studies demonstrated that the catheter
transducers can handle such high voltage levels and extended pulse durations over multiple
experiments and about 50 trials before failure. Analysis of the specturm of the catheter
transducers have shown that its spectrum is unchanged between trials.

The flow of blood in the artery will not impact the radiation force generated by the catheter
transducers. In fact, blood flow would improve IVUS ARFI in the sense that flowing blood
would decrease both heating of the transducer and localized tissue heating near the
transducer through convective heat transfer. Attenuation due to scattering from the blood
itself may impede the generation of radiation force by the higher frequency catheter
transducers, although the distances propagated in this domain are very small, so will limit
the impact of attenuation compared to noninvasive applications of ARFI elsewhere in the
body.

Coronary atherosclerotic disease is a major cause of fatal cardiovascular disease in the
United States. Clinical decision-making and interventional treatment strategies for the
disease rely on a sufficient understanding of atherosclerotic plaque composition in the
coronary arteries. Vulnerable plaques are more likely to induce acute myocardial infarction
and have a characteristic soft core surrounded by a tough, fibrous cap. In this study, we
successfully demonstrated the potential for an acoustic radiation force from an endovascular
approach to distinguish plaque morphology using circular array IVUS imaging catheters.
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Figure 1.
(a) B-mode image overlaid with color ARFI results of an artery-mimicking tissue phantom

with a soft lesion (white arrow) (21). (b) Vascular ARFI image of a heterogeneous plaque
with a soft region surrounded by a fibrous cap in a 55 year old female volunteer (22).
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Figure 2.
Vessel phantom images with the soft lesion indicated with the red arrows. (a) Volcano

Visions 9 MHz image. Image radius is 10 mm. (b) Volcano Eagle Eye Platinum 20 MHz
image. Image radius is 6 mm.
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Figure 3.
Images show IVUS prototypes with gold piezoelectric elements. Black lines extending from

the elements represent the traces. Red arrow indicates hot connection and black arrow
represents ground connection. (a) Volcano Visions prototype. (b) Volcano Eagle Eye
Platinum prototype.
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Figure 4.
Pulse-echo power spectra were obtained from aluminum block reflection at a depth of 2.8

mm in a water tank. (a) Frequency spectrum for VVolcano Visions prototype with a peak at 8
MHz. (b) Frequency spectrum for Volcano Eagle Eye Platinum prototype with a peak at
20.5 MHz.
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Figure 5.
Block diagram of laboratory experiments showing the Verasonics scanner, the ATL L12-5

transducer with a 1.6 mm aperture, and the modified Volcano catheters for hydrophone
measurements and ARFI measurements in a tissue phantom.
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The graphs represent tissue displacement profiles through time at the axial focus for varying
transmit apertures from the ATL L12-5 linear array. (2) 10 mm aperture and 10 mm focus.
(b) 5 mm aperture and 5 mm focus. (c) 1.6 mm aperture and 1.6 mm focus.
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Figure 7.
The graph depicts averaged ARFI displacement profiles for three phantoms with nearly

identical elastic moduli. This illustrates the reproducibility of the displacement
measurements for the VVolcano Visions transducer prototype.
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Figure 8.

The graph depicts representative ARFI displacement profiles for three phantoms with nearly

identical elastic moduli. This illustrates the reproducibility of the displacement
measurements for the Volcano Eagle Eye Platinum transducer prototype.
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Table 1

Shows the mean maximum displacement and standard deviation values for n=10 trials. Elastic moduli of the
three tissue mimicking phantoms are reported as well.

Phantom A (2.6 kPa) | Phantom B (2.8 kPa) | Phantom C (2.9 kPa)

Mean Maximum Displacement (um) | 2.2 2.08 1.9

Standard Deviation 0.27 0.12 0.14
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Table 2

Shows the mean maximum displacement and standard deviation values for n=10 trials. Elastic Moduli of the
three tissue mimicking phantoms are reported as well.

Phantom A (2.6 kPa) | Phantom B (2.8 kPa) | Phantom C (2.9 kPa)

Mean Maximum Displacement (um) | 0.65 0.57 0.55

Standard Deviation 0.22 0.13 0.11
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