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Abstract—A significant risk factor in ischemic strokes is
carotid atherosclerotic plaque that is susceptible to rupture, with
rupture potential conveyed by plaque composition and structure.
Prior work has shown that Variance of Acceleration (VOA),
derived from Acoustic Radiation Force Impulse (ARFI) imaging,
is capable of delineating plaque components. However, the method
relies on focused ARF excitations at each lateral location, limiting
framerate. To increase framerate, it is hypothesized that VoA
imaging may be implemented using fast plane wave imaging
techniques. In this work, VoA’s ability to discriminate materials
based on signal decorrelation and SNR is compared for
conventional focused wave versus plane wave tracking methods.
Relative to focused wave tracking, plane wave tracking yields
comparable discrimination. This study suggests that a plane wave
implementation of ARFI VoA analysis could be feasible for
increased frame rate in atherosclerosis imaging.
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I. INTRODUCTION

With over 140,323 deaths from strokes every year,
preventative diagnostic tools are needed [1]. Techniques such
as B-mode ultrasound suffer from poor tissue specificity and
atherosclerotic plaque delineation, so developing a new
imaging technique and validating its ability to distinguish
between plaques components will enable clinicians to better
track plaque progression and determine if surgical intervention
is required.

A. Plaque Discrimination with Acoustic Radiation Force

Degree stenosis has often been treated as a measure of
atherosclerotic plaque rupture risk [2]. However, highly
stenotic plaques may be stable, while minimally stenotic
plaques may be rupture-prone, depending on the plaque
composition and structure [3, 4]. Therefore, there is a vital need
for noninvasive methods for identifying the compositional and
structural features that undermine plaque integrity. Hallmarks
of plaque rupture including thin fibrous cap, intraplaque
hemorrhage (IPH), lipid-rich necrotic core (LRNC), and
calcium, are difficult to delineate using standard imaging
methods [4]. In order to differentiate these components, recent
methods such as Acoustic Radiation Force Impulse (ARFI)
ultrasound imaging have been used to measure peak induced
tissue displacement, which reflects tissue stiffness [5].
However, the method exhibited low sensitivity and specificity
for differentiating stiff collagen from stiff calcium or soft
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LRNC from soft IPH. To improve discrimination between
plaque features with similar stiffness, our group developed a
new higher-order ARFI-derived parameter that considers
echogenicity and elastic recovery behavior, Variance of
Acceleration (VoA) [6].

B. Variance of Acceleration Imaging

Variance of Acceleration (VoA) imaging exploits
decorrelation from scatterer motion and signal-to-noise (SNR)
differences due to local variations in echogenicity to identify
plaque features [6]. More specifically, as the Cramer Rao
Lower Bound (CRLB) [7] predicts, displacement measurement
variance, or jitter magnitude, increases with decreasing
correlation and SNR. Therefore, plaque features that exhibit
different amounts of displacement in response to an ARF
excitation and/or have different echogenic properties may be
differentiated by evaluating jitter magnitude. To highlight jitter,
a high-pass filter, in the form of two time-derivative operations,
is applied to ARFI displacement profiles, yielding profiles of
acceleration versus time. Then, jitter magnitude is
parameterized as the decadic log of the variance of acceleration
(log(VoA)), as in equation (1):

N
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Here N is the calculation kernel length delayed in time by A
after the occurrence of peak displacement, A is acceleration,
and p is the mean acceleration across the kernel. This allows
for independent calculation of log(VoA) for each pixel in the
image. After empirical testing, N and A were chosen to be 5 and
20 temporal samples, respectively, corresponding to 0.5 and 2.0
ms. By evaluating log(VoA) images obtained in the carotid
plaques of 25 human volunteers, in vivo, Torres et al
demonstrated that VoA improved discrimination of collagen
from calcium, and of intra-plaque hemorrhage from lipid-rich
necrotic core, relative to ARFI PD [6].

While VoA has been shown to be effective for delineating
the structure and composition of atherosclerotic plaques, the
associated tracking data are acquired in ensemble form in
several different lateral locations, which is time consuming
when using conventional focused transmit-receive beam
forming methods. The purpose of this work is to evaluate the
potential for plane wave tracking to expedite VoA data
acquisitions.
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II. METHODS

To simulate the effects of a 300-cycle acoustic radiation
force (ARF) excitation focused at 25 mm in depth from a VF7-
3 transducer, point loads representative of the excitation were
modeled in LS-Dyna (Livermore, CA) and projected onto
nodes in homogenous phantoms with varying shear moduli
(3.33, 6.67, 8.33, 10, and 13.33 kPa) [8-10]. Displacements
were then projected onto scatterers in Field II ultrasound
simulation software and tracked using focused transmit and
receive (fc: 4.21 MHz, f/#: 1.5) at 10 MHz PRF. In order to
induce a shear wave that disturbed tissue across a larger field of
view and cause decorrelation, a single 500 cycle ARF excitation
was also implemented with plane wave receive. Five
heterogeneous phantoms were simulated, containing inclusions
of varying shear moduli (1.67, 3.33, 6.67, 10, and 13.33 kPa) in
an 8.33 kPa background to evaluate the sensitivity of log(VoA)
to detecting changes due to elasticity alone. To test the effect of
SNR on log(VoA), homogenous and heterogeneous phantoms
were simulated with various signal-to-noise ratios (0, 10, 20,
30, 40, 50, 75, 100 dB). Differences in log(VoA) in a region of
interest (ROI) due to these parameters were assessed with
Mann-Whitney U-tests («=0.01).

III. RESULTS

Increasing the SNR of the received RF data resulted in the
expected decrease in log(VoA), indicative of less variance in the
displacement estimate (Fig. 1a). However, this trend was more
pronounced at SNR values below 50 dB. Figs. 1b and 1c indicate
cases, represented by a white box, where differences in median
log(VoA) are significant between combinations of SNR and
elasticity (Wilcoxon rank-sum, p<0.01). Generally, below 50
dB, changes in elasticity of the phantom had no significant
effects on log(VoA). However, above 50 dB, changes in SNR
had no significant effects on log(VoA); any significant effects
were due to elasticity or tracking method.
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Fig. 1. Log(VoA) versus signal SNR for focused (Foc) and plane wave (PW)
tracking methods. As many comparisons between combinations on SNR and
elasticity can be made, significance of Mann-Whitney U tests for difference in
median log(VoA) are represented as a grid for PW (b) and Foc (c) tracking
methods. White boxes represent statistically significant differences (p<0.01),
whereas black indicate insufficient evidence to reject null hypothesis. Due to
symmetry in comparisonss, only the upper triangular region is shown. Below
50 dB SNR differences in logVoA are driven by SNR, whereas at and above
50 dB, differences in logVoA are driven by elasticity or tracking method.

In heterogeneous phantoms, where 5 mm diameter
inclusions were positioned at a depth of 25 mm, SNR of the
inclusion was modulated, while the background was fixed at
8.33 kPa and 40 dB SNR. Increasing the inclusion SNR from 0
to 40 dB decreased its CNR in log(VoA) images by both PW
and Foc tracking (Fig. 2). However, with Foc tracking, CNR
increased as inclusion SNR increased from 40 to 100 dB, while
this trend was not as strong for PW tracking. For inclusion
SNRs above 50 dB, stiffer inclusions yielded higher log(VoA)
contrast because the lower amount of decorrelation, as well as
the higher SNR, collectively drove inclusion log(VoA) down
relative to the background. This behavior is depicted through
representative parametric log(VoA) images of a heterogeneous
digital phantom with a 10 kPa inclusion (Fig. 3).
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Fig. 2. CNR derived from parametric log(VoA) images of digital inclusion
phantoms using PW and Foc displacement tracking versus inclusion SNR for
varying inclusion stiffnesses. The digital phantom background was fixed at 40
dB SNR and 8.33 kPa.
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Fig. 3. Parametric log(VoA) images from PW and Foc tracking in digital a
phantom with a 10 kPa inclusion in a 8.33 kPa and 40 dB background. The
inclusion SNR was increased from 10 to 75 dB. PW tracking performs
similarly to Foc for low SNR cases, but Foc produces better contrast for high
SNR cases.

IV. DISCUSSION

Figure 1 shows that at low SNR values (<40 dB), variance in
the displacement estimate is dominated by signal noise, and
differences in degrees of decorrelation in response to an ARF
excitation in softer versus stiffer materials have negligible
impact on log(VoA) whether PW or Foc tracking is
implemented. However, as SNR increases above 40 dB, the
effects of decorrelation result in statistically significant
log(VoA) differences between materials with different
elasticities. In softer materials, ARF-induced deformation, nd
thus scatterer decorrelation, is greater than in stiffer materials.
Thus, softer materials are more readily differenetiated by
log(VoA) than stiffer materials whether PW or Foc tracking is
implemented. However, while both PW and Foc tracking better
discriminate softer materials, it is important to consider that PW
tracking implements a broader tracking pulse realizing a wider
swath of scatterers under the tracking point spread function and
therefore more signal decorrelation. Therefore, log(VoA)
measured by PW tracking is higher than that measured by Foc
tracking.

In regard to contrasting a feature, it is important to consider that
overall contrast in a log(VoA) image is related to both the SNR

and the decorrelation of the inclusion and backgrond (Fig. 2). If
the inclusion SNR is lower than the that of the background (as
in regions of lipid rich necrotic core), SNR will dominate the
log(VoA) contrast, and PW and Foc tracking will yield similar
CNR results. When the inclussion SNR is greater than that of
the background, competing interations between decorrelation
and SNR emerge. The effect of the higher SNR is to decrease
log(VoA) relative to the background, and if the inclusion is also
stiffer (as in a calcium deposit), then log(VoA) will be further
reduced relative to the background for high CNR. However, if
the high SNR feature is soft, the higher feature decorrelation
will increase log(VoA), making it closer to the background
value and decreasing feature CNR. Because decorrelation
effects are amplified by PW tracking, as described above, PW
tracking achieves overall lower CNR than foc tracking,
particularly in soft materials.

There are some important limitations to this study. First,
due to the computational burden of the FEM and Field II
simulations, statistical analyses were conducted using
log(VoA) measures across a region of interest from a single
scatterer realization. Future work will incorporate more scatter
realizations. Second, materials were modeled as being linearly
elastic; however, some atherosclerotic plaque components,
such as lipid-rich necrotic core and intraplaque hemorrhage,
may not exhibit elastic recovery following ARF excitation.
Incorporating analyses of non-elastic behavior is a topic of on-
going work. Despite these limitations, the results support that
log(VoA) evaluated using PW or Foc tracking discriminates
materials by their SNR and decorrelation in response to ARF
excitations. Importantly, the decorrelation effects are more
pronounced when PW tracking is employed.

V. CONCLUSIONS

The findings suggest that the balance of SNR and decorrelation
effects must be considered when applying log(VoA) analyses,
whether PW or Foc tracking is employed. In application to
delineating the structure and composition of atherosclerotic
plaque by ARFI ultrasond, the results suggest that log(VoA)
contrast of hypoechoic features like lipid-rich necrotic core and
intraplaque hemorrhage is dominated by SNR, whereby PW
and Foc tracking perform comparably. The results also suggest
that in hyperechoeic plaque features like calcium, stiffer quality
(resulting in less decorrelation) achieves higher contrast by
log(VoA). In the latter case, PW tracking results in more signal
decorrelation and achieves lower log(VoA) contrast. Overall,
these results suggest that PW tracking may offer faster ARFI
frame rates when imaging carotid atherosclerotic plaque, but at
the expense of elasticity contrast in hyperechoic features.

ACKNOWLEDGMENT

We would like to thank the UNC Research Computing
Clusters for access to resources. Research reported in this paper
was supported by NHLBI, the NINDS, and the NIDDK of the
National Institute of Health (NIH), under award numbers
RO1HL092944, ROINS074057, and RO1DK107740. The
content is solely the responsibility of the authors, and does not

WePo0S-08.7



Program Digest 2019 IEEE IUS
Glasgow, Scotland, October 6-9, 2019

necessarily represent the official views of the National Institute
of Health.

REFERENCES

R. Pahwa and 1. Jialal, “Atherosclerosis,” in StatPearls, Treasure Island
(FL): StatPearls Publishing, 2018.

R. Pahwa and I. Jialal, “Atherosclerosis,” in StatPearls, Treasure Island
(FL): StatPearls Publishing, 2018.

T. J. Czernuszewicz and C. M. Gallippi, “On the Feasibility of
Quantifying Fibrous Cap Thickness With Acoustic Radiation Force
Impulse (ARFI) Ultrasound,” IEEE Transactions on Ultrasonics,
Ferroelectrics, and Frequency Control, vol. 63, no. 9, pp. 1262—1275, Sep.
2016.

R. H. Behler, T. C. Nichols, H. Zhu, E. P. Merricks, and C. M. Gallippi,
“ARFI Imaging for Noninvasive Material Characterization of
Atherosclerosis Part II: Toward In Vivo Characterization,” Ultrasound in
Medicine & Biology, vol. 35, no. 2, pp. 278-295, Feb. 2009.

T. J. Czernuszewicz et al., “Noninvasive In Vivo Characterization of
Human Carotid Plaques with Acoustic Radiation Force Impulse (ARFI)
Ultrasound: Comparison with Histology Following Endarterectomy,”
Ultrasound Med Biol, vol. 41, no. 3, pp. 685-697, Mar. 2015.

WePo0S-08.7

(el

(7]

(8]

9]

[10]

G. Torres, T. J. Czernuszewicz, J. W. Homeister, M. A. Farber, and C. M.
Gallippi, “In vivo delineation of carotid plaque features with ARFI
variance of acceleration (VoA): Clinical results,” in 20/7 IEEE
International Ultrasonics Symposium (1US), 2017, pp. 1-4.

W. F. Walker and G. E. Trahey, “A fundamental limit on delay estimation
using partially correlated speckle signals,” IEEE Transactions on
Ultrasonics, Ferroelectrics, and Frequency Control, vol. 42, no. 2, pp.
301-308, Mar. 1995.

M. L. Palmeri, B. Qiang, S. Chen, and M. W. Urban, “Guidelines for
Finite Element Modeling of Acoustic Radiation Force-Induced Shear
Wave Propagation in Tissue-Mimicking Media,” IEEE Trans Ultrasonics
Ferroelectrics Freq Control, vol. 64, no. 1, pp. 78-92, Jan. 2017.

J.A. Jensen: Field: A Program for Simulating Ultrasound Systems, Paper
presented at the 10th Nordic-Baltic Conference on Biomedical Imaging
Published in Medical & Biological Engineering & Computing, pp. 351-
353, Volume 34, Supplement 1, Part 1, 1996.

J.A. Jensen and N. B. Svendsen: Calculation of pressure fields from
arbitrarily shaped, apodized, and excited ultrasound transducers, IEEE
Trans. Ultrason., Ferroelec., Freq. Contr., 39, pp. 262-267, 1992.



