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Abstract—Quantitative sonoelastography, through the
formation of crawling waves, allows the estimation of elastic
parameters in tissues using pulsed wave Doppler techniques.
However, this technique’s performance may be
compromised by aberration effects during in vivo
applications. In this study, an experimental evaluation of the
effects of aberration when estimating shear wave speed from
homogeneous phantoms was performed. The evaluations
were performed using a commercial ultrasound scanner and
gelatin-agar aberration layers of 33.26 ns, 62 ns and 116.73
ns RMS strength, and 2.00 mm, 3.40 mm and 6.70 mm of
correlation length, respectively. The estimated speed values
were obtained as a function of the vibration frequency for
both the non-aberrated and aberrated cases. The estimated
mean shear wave speed values in the presence of aberration
showed only a 3% variation from those obtained in the non-
aberrated cases. These experimental results suggest that
crawling wave sonoelastography is not significantly affected
by aberration effects in conditions typically observed in
applications such as abdominal and breast imaging.

Keywords—crawling wave sonoelastography; aberration;
shear wave speed estimation.

[. INTRODUCTION

Sonoelastography is a noninvasive ultrasonic technique
that allows the estimation of elastic properties using
external mechanical vibrations [1]. Both qualitative and
quantitative variants of this technique have been
developed, typically using one and two vibration sources
in the former and latter cases, respectively.

Crawling wave (CrW) sonoclastography is a
quantitative method which allows the estimation of elastic
parameters of tissue through the calculation of shear wave
speed (SWS) using pulsed-wave Doppler techniques to
monitor the shear waves produced by external mechanical
vibrators. This technique has been applied in tissue
mimicking phantoms, ex vivo and in vivo experiments,
showing promising results [2, 3]. However, as the current
CrW sonoelastography technique is based on the scanner
assumption that the longitudinal ultrasonic wave
propagation occurs at an invariant sound speed, its
effectiveness for in vivo applications may diminished by
aberration effects.

In ultrasound, aberration (i.e. the degradation of the
wavefronts when propagating in inhomogeneous media)
can significantly affect the quality of echographic imaging
[4]. This degradation is a consequence of sound speed
variations caused by different intervening tissues (such as
fat and muscle when performing abdominal imaging)
which degrade spatial resolution and contrast due to
defocusing at the region of interest. As global obesity rates
continue to rise [5], aberration becomes increasingly
relevant for ultrasonic medical imaging.
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Aberration has been shown to cause problems for
quantitative elastographic techniques. Reports have shown
that aberration produces relevant imaging alteration not
only in acoustic radiation force (ARF) based techniques
[6], but also in compression elasticity [7]. Even though
these studies suggest that aberration may be a significant
problem for elastographic tissue characterization, there has
not yet been an evaluation of aberration effects on
sonoelastographic examinations and specifically for the
case of CrW sonoelastography.

This study has been conducted in order to provide a
preliminary quantitative analysis of the impact of
aberration in CrW sonoelastography. The effects on the
generation of SWS maps were assessed through
experimental CrW evaluations of a calibrated tissue-
mimicking phantom using aberration layers of different
aberration strengths.

II. METHODS

A. Sonoelastography

The sonoelastography acquisition process starts with a
sinusoidal vibration that is induced in the tissue by external
mechanical vibrators. Radiofrequency data is acquired
consecutively for a pre-defined number of emissions (i.e.
ensemble length) at a given pulse repetition frequency
(PRF). Sonoelastography data is then generated by
applying Kasai’s algorithm to estimate the variance o° of
the slow-time Doppler spectrum

2 _ 2 (, IR(PRP)|
o= PRP(l R(0) )’ [3]

where R(x) is the autocorrelation of the in-phase and
quadrature signals obtained for one ensemble. This process
is repeated for several lines of data to form an image,
where the estimated variance is proportional to the squared
amplitude of the vibration in the tissue.

B. Shear wave speed generation

CrW sonoelastography is generated by vibrating two
shakers located on opposite sides of the tissue with a small
frequency difference (typically 0.4 Hz). With the variance
of the slow-time Doppler spectrum obtained as described
in section B, the spatial phase is processed for each
coordinate in time through its Fourier transform,
generating a phase map, as shown in Figure 1. Given the
gradient for each coordinate of this phase map, the shear
wave speed map can be calculated as,

4nd(fy+f )
c(r,y) = =B, 3]

where f, represents the vibration frequency of one source,
Jogser Trepresents the difference between the vibration
frequencies of the two sources, d represents the width of

the analyzed zone, and G represents the spatial phase
gradient.
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Fig. 1. Phase map (in radians) obtained from the variance of the slow-
time Doppler spectrum.

C. CrW sonoelastography experiments

The experiments were designed to test the effects of
aberration layers located in between the transducer and
phantom when constructing CrW sonoelastography images
using a range of vibration frequencies from 200 Hz to 300
Hz. An elasticity quality assurance phantom (model 049,
CIRS Inc., Norfolk, VI, USA) was used to simulate the
homogeneous tissue. For these experiments, an Ultrasonix
SonixTouch scanner (Analogic Ultrasound, Peabody, MA,
USA) equipped with a linear L14-5 transducer operated at
5 MHz was used.

The experimental setup is shown in Figure 2. A signal
generator (model 4040B, B&K Precision Corp., Yorba
Linda, CA, USA) and amplifier (model A-X500, TEAC,
Tokyo, Japan) were connected to both shakers (model
4810, Briiel & Kjaer, Neerum, Denmark) in direct contact
with the phantom. The aberration layer was located
between the homogeneous phantom and the transducer,
covered with gel on both sides.

D. Aberration layers

Aberration layers were constructed using the procedure
in [8] with a combination of water, gelatin, agar and NaCl.
The material was poured into custom-made 3D-printed
molds in order to create layers based on designed
aberration profiles with specific aberration strengths of 11
ns, 29 ns and 84 ns. As previous studies have reported
aberration strength values ranging from 8 ns to 67 ns in
human breast [9, 10] and from 12.9 ns to 29.7 ns in human
abdominal wall [11, 12], the aberration layers were
designed to cover the range from 10 ns to 90 ns in order to
simulate conditions that are found in both applications.

The time delay profiles of the array were estimated
using pre-beamformed data collected using a SonixTouch
scanner (Analogic Ultrasound, Peabody, MA, USA) from
the elasticity quality assurance phantom used in this study
(model 049, CIRS Inc., Norfolk, VI, USA) with the
aberration layers in between the phantom and the
transducer. The ultrasound echoes were pre-steered and
aberration profiles were estimated using the scaled
covariance matrix (SCM) algorithm [13]. This procedure
was repeated for all the aberration layers used in this study
to estimate their actual properties (i.e. aberration strength
and correlation length).

@ To Signal Generator + Amplifier.
®T0 the Ultrasound system.

Fig. 2. Experimental setup of sonoelastography experiments. The
shakers produce a periodic movement in the phantom that has an
aberration layer on top. The transducer does not move and scans the
vibrating scatterers.

III. RESULTS

The properties of the different aberration layers are
shown in Table 1. Layer 3 (L3) is producing the most
RMS arrival time or strongest aberration and Layer 1 (L1)
the weakest. This table shows the comparison of the time
delay profiles obtained with the SCM algorithm for the
three layers on top of the phantom. All three aberrator
layers fitted the proposed ranges according to the design
methodology explained in II D.

TABLE L. EXPERIMENTAL PROPERTIES OF THE ABERRATION
LAYERS
Layer Aberration Correlation length
strength (ns) (mm)
L1 18.72 4.79
L2 26.49 428
L3 82.50 4.57

Figures 3 and 4 show the SWS values obtained using
vibration frequencies of 200 Hz and 300 Hz, respectively.
The SWS maps obtained do not exhibit an increase of
artifacts due to aberration. In fact, in Figure 5, the map
obtained with the aberration layer L3 exhibited less
pronounced artifacts compared to the map obtained
without the aberration layer.

The estimated SWS values as a function of the
vibration frequency are shown in Figure 5 for the non-
aberrated and aberrated cases. The estimated mean SWS
values in the presence of the L3 aberrator were nearly
identical to the ones obtained in the non-aberrated case.
The standard deviation did not increase by more than 10%
for all the cases. Further, the mean estimated SWS value
was in good agreement with the SWS value reported by
the manufacturer (i.c., 2.95 ms™) for all cases.
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Fig. 3. SWS maps (in ms™) using a vibration frequency of 200 Hz for
the homogeneous phantom. From top to bottom: without an aberrator,
with aberrator L1, L2 and L3 respectively.

IV. DISCUSSION

The estimated SWS values as a function of the
vibration frequency presented in Figure 5 suggest that the
aberration effects in CrW sonoelastography when imaging
homogeneous media appear to be minor.

The estimated mean SWS values in the presence of
aberration were nearly identical to the SWS value
presented by the manufacturer. The most accurate
estimates were obtained with the L1 and L3 aberrators,
which resulted in a variation of less than 0.5% from the
expected SWS value. In the case of the L2 aberrator and no
aberrator, the bias was less than 3%, which indicates that
the results presented high accuracy for all tested
experimental conditions.
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Fig. 4. SWS maps (in ms™) using a vibration frequency of 300 Hz for
the homogeneous phantom. From top to bottom: without an aberrator,
with aberrator L1, L2 and L3 respectively.

In terms of precision, the estimated SWS maps for all
the cases presented a standard deviation value of less than
15%. The SWS images of the phantom without an
aberrator and with the L1, L2, and L3 aberrators presented
variations of 12.96%, 14.61%, 14.97%, and 14.72%
respectively. Therefore, the variability increment between
the aberrated and non-aberrated cases was not significant.
Moreover, for the range of aberration strengths and
vibration frequencies used in this study, no correlation
between the SWS standard deviation and the aberration
strength was found.

Comparing the data obtained in this study with
previous aberration reports for other Doppler-based
techniques [16], the results are expected. Additionally, this
behavior stands CrW from other ARF-based techniques
that present effects on the image formation [6, 17]. The
presented experimental results suggest that CrW
sonoelastography may not be significantly affected by
aberration effects.
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Fig. 5. Comparison of estimated SWS mean and standard deviation
values for different vibration frequencies using the homogeneous
phantom with no aberration layer (red dotted line), with L1 layer (black
solid line), with L2 layer (cyan dashed and dotted line), and with L3
layer (blue dashed line) on top.

However, additional studies are necessary in order to
address further effects of aberration in more complex
conditions when using CrW sonoelastography. SWS maps
of phantoms with inclusions should also be affected by the
loss in spatial resolution under aberrating conditions, an
effect that may not be significant when imaging
homogeneous media. Further, recent works have addressed
the application of phase aberration correction methods in
quantitative ultrasound techniques to compensate for
aberration effects on transmission and reception beams
[18]. Therefore, the usefulness of phase aberration
correction in combination with CrW sonoelastography
should also be explored.

V. CONCLUSION

The experimental results suggest that CrW
sonoelastography is not significantly affected by aberration
effects. For aberration strengths of 18.72 ns, 26.49 ns and
82.50 ns, the wvariance of the SWS obtained in
homogeneous phantoms did not increased more than a 3%.
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