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Abstract

Ultrasound imaging for kidney stones suffers from poorer sensitivity, diminished specificity, and overestimation of stone size
compared to computed tomography (CT). The purpose of this study was to demonstrate in vitro feasibility of novel ultra-
sound imaging methods comparing traditional B-mode to advanced beamforming techniques including plane wave synthetic
focusing (PWSF), short-lag spatial coherence (SLSC) imaging, mid-lag spatial coherence (MLSC) imaging with incoherent
compounding, and aperture domain model image reconstruction (ADMIRE). The ultrasound techniques were evaluated using
a research-based ultrasound system applied to an in vitro kidney stone model at 4 and 8 cm depths. Stone diameter sizing
and stone contrast were compared among the different techniques. Analysis of variance was used to analyze the differences
among group means, with p <0.05 considered significant, and a Student’s ¢ test was used to compare each method with
B-mode, with p <0.0025 considered significant. All stones were detectable with each method. MLSC performed best with
stone sizing and stone contrast compared to B-mode. On average, B-mode sizing error + SD was >1 mm (1.2+ 1.1 mm),
while those for PWSF, ADMIRE, and MLSC were < 1 mm (—0.3 £2.9 mm, 0.6+ 0.8, 0.8 £ 0.8, respectively). Subjectively,
MLSC appeared to suppress the entire background thus highlighting only the stone. The ADMIRE and SLSC techniques
appeared to highlight the stone shadow relative to the background. The detection and sizing of stones in vitro are feasible with
advanced beamforming methods with ultrasound. Future work will include imaging stones at greater depths and evaluating
the performance of these methods in human stone formers.
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Introduction

Kidney stones are highly and increasingly prevalent, and
they are associated with significant morbidity, impaired
quality of life, and health care utilization [1-3]. Management
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of stone disease is primarily dependent on diagnostic imag-
ing to characterize stone burden, location, and associated
urinary obstruction.

Computerized tomography (CT) is the gold standard
imaging modality for kidney stone detection because of its
high sensitivity and specificity for stone disease [4, 5]. How-
ever, a major limitation of CT is the long-term cancer risk
from ionizing radiation exposure, [6] which in stone dis-
ease is particularly relevant due to repeated imaging over the
course of treatment and the increasing prevalence of stone
disease among children and adolescents [7, 8].

Ultrasonography for kidney stone detection is portable,
widely accessible, and avoids the concerns for malignancy
risk. Additionally, ultrasonography provides information
on the presence and degree of associated hydronephrosis
that would suggest the presence of urinary tract obstruc-
tion. Despite these advantages, ultrasonography suffers
from poorer sensitivity (24—69%), diminished specificity
(82-91%), and overestimation of stone size of approxi-
mately 2-3 mm compared to CT [9-14]. This stone sizing
error is significant because a rule-of-thumb threshold for
size between observing stones versus recommending stone
surgery is approximately 5 mm. Based on this criterion for
observation versus intervention, one study evaluating ultra-
sonography versus CT reported that 22% of patients could be
inappropriately counseled when using ultrasonography alone
[15]. Therefore, it is not surprising that in a randomized
multicenter prospective trial comparing CT versus ultra-
sound as the initial screening test for acute renal colic, that
among patients eventually needing intervention for kidney
stones, 78% of all participants—whether they were in the CT
or ultrasound arm—received CT imaging [16]. Therefore,
ultrasound-based methods for stones that can overcome the
detection and sizing limitations are needed. Several newer
ultrasound imaging methods have been described, includ-
ing detection of stone “twinkling” under Doppler mode
[17, 18] and stone shadow characterization for stone sizing
[13]. However, drawbacks of these techniques include lower
sensitivity for stones <5 mm [19] and high false-negative
detection rates [20].

Our group has been investigating several novel ultrasound
imaging methods using advanced beamforming techniques
that may hold promise for improving ultrasound capabil-
ity to characterize kidney stones. These include short-lag
spatial coherence (SLSC) imaging, mid-lag spatial coher-
ence (MLSC) imaging with incoherent compounding,
aperture domain model image reconstruction (ADMIRE),
and plane wave synthetic focusing (PWSF) [21-25]. SLSC
and ADMIRE are both non-linear ultrasound image forma-
tion methods that have both been shown to improve image
quality. Specifically, both ADMIRE and SLSC belong to a
small but growing set of ultrasound image formation meth-
ods that address the ubiquitous but understudied problem
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of reverberation and multipath scattering in clinical ultra-
sound. ADMIRE is designed to retain characteristic B-mode
features in the process of improving image quality. In con-
trast, SLSC improves image quality by making images that
are correlated to the spatial phase of the ultrasound wave-
fronts returning to the transducer, compared to the tradi-
tional image formation techniques that are sensitive to the
amplitude of the wavefronts. MLSC is designed specifically
for improving ultrasound’s sensitivity to calculi in general.
MLSC aims to enhance coherent scatterers such as stones,
while suppressing the scattering that originates from soft tis-
sue. In addition, we implement these methods in conjunction
with synthetic aperture imaging; specifically, we use angled
plane wave transmit beams, which we refer to as plane wave
synthetic focusing (PWSF) [25].

These methods offer distinct strengths compared to tradi-
tional B-mode imaging. In particular, ADMIRE and SLSC
may enhance stone-based features such as the shadow, and
MLSC is designed to suppress incoherent sources of scat-
tering (e.g. soft tissue) without suppressing stone scatter-
ing. Here, PWSF is used as a pre-processing step for all of
the methods, but we also evaluate PWSF by itself. PWSF
is the most directly comparable to B-mode except that a
transmit focus is synthesized at every point in the field. We
hypothesize that the improvements and additional informa-
tion provided by these techniques result in more accurate
sizing and detection of stones. The purpose of this study is
to demonstrate in vitro feasibility of PWSF, SLSC, MLSC,
and ADMIRE for kidney stone characterization.

Materials and methods
Ultrasound imaging system

A Verasonics Vantage 128 system (Verasonics, Inc., Red-
mond, WA) and L7-4 linear array transducer were used for
ultrasound data acquisition (Fig. 1a). The Vantage system
is a flexible ultrasound system that contains acquisition
hardware and an open, software-based research ultrasound
platform. As a research-based system, its design allows flex-
ibility in defining the system’s functional components that
can be hard or impossible to implement using commercially
available ultrasound systems.

Experimental setup and imaging protocol

Human calcium-based kidney stones (n =12, mean size
8.0 mm, range 2—18 mm) were used in this feasibility study.
All stones were rehydrated and de-gassed at least 24 h prior
to imaging.

Stones were placed on top of gelatin phantoms while
immersed in a water bath (Fig. 1b). The gelatin phantoms
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Fig. 1 a Verasonics Vantage
128 imaging system. b Experi-
mental setup: water bath with
gelatin phantom and kidney
stone

were embedded with graphite to add diffuse scattering.
The transducer was mounted above the stone and oriented
to measure the maximum long axis length of the stone.
Each stone was measured at 4 and 8 cm depths by varying
the height of the submerged transducer. The stone posi-
tion on the gel phantom was not changed when changing
depths.

The raw channel data were recorded from angled plane
wave transmissions ranging between —30° and 30° spaced
by 1° using a center frequency of 5.2 MHz. The channel
data were processed offline in MATLAB (Natick, MA).
We assumed a sound speed of 1480 m/s.

Ultrasound beamforming methods

The raw channel data were processed using the following
beamforming methods (Table 1; Fig. 2).

Table 1 Comparison of each ultrasound beamforming method

Conventional B-mode (B-mode)

Conventional beamforming applies delays to each transmit-
ted channel signal to focus at a single depth and lateral loca-
tion. The received signals are then dynamically delayed to
achieve receive focusing at all depths for that lateral loca-
tion. These channel signals are summed to generate a sin-
gle line of the image. This process is repeated for multiple
lateral locations to generate a full image. Here, the overall
process has been also referred to as delay-and-sum beam-
forming (DAS).

Plane wave synthetic focusing (PWSF) [25]

Transmit synthetic aperture focusing enables ultrasound
systems to create synthetic transmit focuses throughout
the image much like modern systems all utilize dynamic
receive focusing to focus everywhere on the receive sig-
nal. Many different transmit synthetic aperture techniques

Steps B-mode PWSF SLSC

MLSC ADMIRE

1 Perform transmit Acquire channel data Acquire channel data
beamforming
(focus at single
depth)
2 Acquire channel data Perform receive Perform receive beamform-
beamforming ing (apply delays)
(apply delays)
3 Perform receive Perform transmit Perform transmit beam-
beamforming beamforming (sum  forming (sum plane wave
(apply delays) plane wave angles)  angles)
4 Sum across aperture  Sum across aperture  Compute spatial phase

across aperture

Acquire channel data Acquire channel data

Perform receive beamform-
ing (apply delays)

Perform receive beamforming
(apply delays)

Perform transmit beamform-
ing (sum angles)

Compute spatial phase
across aperture

Perform transmit beam-
forming (sum plane wave
angles)

Decompose the data into
signal of interest and clutter.
Sum signal of interest only
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Fig.2 Schematic of generating a single line of an image for each beamforming method

are available, but here we implemented a scheme that
relies on transmitting plane waves at different angles
which we refer to as plane wave synthetic focusing
(PWSF). It is akin to conventional B-mode imaging
except that it achieves transmit focusing at all depths
instead of at just a single depth.

Short-lag spatial coherence (SLSC) [21, 22]

This method creates images correlated to the phase of
the ultrasound wavefronts across the surface of the trans-
ducer. This phase can be calculated from the delayed and
unsummed but transmit beamformed ultrasound channel
data. The channel data are windowed to preserve axial
resolution, and then each window is multiplied by the
other channels and then normalized by the signal energy
within the channels to create a measure of phase (i.e.
coherence). The phase across nearby element spacings
is summed to create each pixel in the final image. The
original implementations of SLSC had a limited depth
of field so we implemented SLSC with PWSF. SLSC has
been shown to improve image quality in a range of sce-
narios, but is particularly suited to imaging difficult-to-
image patients where image degradation is known to be
a problem.

@ Springer

Mid-lag spatial coherence (MLSC) with incoherent
compounding

This method is similar to SLSC but the order of the process-
ing steps is rearranged to preferentially suppress the signal
from tissue. To this end, MLSC performs the spatial-phase
quantification used with SLSC but before transmit beam-
forming. This means that there is no introduction of phase
by the transmit beamforming as occurs in SLSC. Similar
to SLSC, MLSC was implemented with PWSF. The phase
images from each angled plane wave are summed together
to enhance the stone and suppress any spurious correlations
in the tissue. Additionally, because spurious points of coher-
ence that may occur will occur in the shortest lags, these
are excluded from the sum used to create the phase image;
hence, the reference in the name to mid-lag.

Aperture domain model image reconstruction (ADMIRE)
[23, 24]

This technique is an explicit model-based method. The phys-
ics of linear ultrasound wave propagation are well known,
and the effect of various sources of image degradation such
as bright sources (i.e. stones) or reverberant sources such as
those coming from shallow fat and muscle tissue can easily
be modeled. By modeling a large number of these sources,
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the ultrasound wavefront returning to the transducer at a
given time can be broken down into approximate points
of origin. Then, ultrasound pressure waves originating
only from a given region of interest can be reconstructed
into a high-quality B-Mode signal. Like SLSC or MLSC,
ADMIRE processing is applied to each pixel in the image
and was implemented here with PWSF.

Stone contrast characterization and sizing

After the data were processed via the respective algorithms
to create each image type, the stone borders were identified
using an automated segmentation algorithm implemented in
Matlab [26]. This method iteratively assigns all pixels in the
image to a class based on the intensity of the pixel and those
surrounding it. This initial segmentation captures the entire
stone, and minimal user input is then required to remove
non-stone regions from the classification, which allows for
greater consistency and accuracy compared to traditional
sizing methods (e.g. manually) (Fig. 3).

The contrast of the stone and shadow with respect to the
visible gelatin background was calculated for each image to
determine how visible the respective shadow or stone was
relative to the surroundings. This measurement is independ-
ent of machine post-processing algorithms such as gain. The
stone and shadow contrast values were calculated using the
following formulas:

H
Contrastsmne =20 % 10g10 stone
gel
H,
contrastg, 4o = 20 X log;, shadow
Mgel

where u is the mean intensity of the stone, shadow, or gel-
atin background. Contrast values were negated as necessary

Fig.3 Schematic of automated
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so that higher values indicated that the stone or shadow is
more different compared to the gel and vice versa.

Stone sizing was performed using the same automated
segmentation technique noted above to calculate the lateral
distance across the stone.

Statistical analysis

Accuracy of stone sizing was assessed by calculating the
error (measurement error = ultrasound measured stone
size — true stone size) for each measurement. Mean meas-
urement errors were compared among the ultrasound meth-
ods at 4 cm depth, 8 cm depth, and overall. Similarly, stone
and shadow contrast values were compared among the dif-
ferent methods. Analysis of variance was used to analyze the
differences among group means, with p <0.05 considered
significant, and a Student’s 7 test was used to compare each
method with B-mode, with a Bonferroni corrected signifi-
cance level of p <0.0025 due to multiple comparisons.

Results

All stones were detectable with each method. Stone sizing
overall was best with MLSC at the 4 cm depth, but not at the
8 cm depth (Table 2; Figs. 4, 5). On average, B-mode sizing
errors were > 1 mm, while those for PWSF, ADMIRE, and
MLSC were <1 mm.

Subjectively, MLSC appeared to suppress the entire back-
ground including the gelatin phantom. The ADMIRE and
SLSC techniques appeared to highlight the stone relative
to the shadow and gelatin phantom. The PWSF technique
compared to B-mode appeared to suppress reverberation and
clutter around the stone above the gelatin phantom.

Stone contrast relative to the gelatin phantom was high-
est with MLSC (Table 2; Figs. 4, 5). ADMIRE compared

Segmentation
T

l(=)inal Selection
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Table 2 Comparison of mean + SD sizing error, stone contrast, and stone contrast relative to B-mode among the different beamforming methods

Depth B-mode (mm) PWSF (mm) SLSC (mm) MLSC (mm) ADMIRE (mm) ANOVA p value
Sizing error

4 cm 14+1.2 09+0.8 1.1+1.0 —-0.1+1.0% 09+0.8 0.0075%*

8 cm 1.0+0.9 0.7+0.7 1.2+1.5 -05=+4.1 0.4+0.7 0.2782

All depths 12+1.1 0.8+0.8 1.1+1.2 —-0.3+2.9% 0.6+0.8 0.0095%*
Depth B-mode (dB) PWSEF (dB) SLSC (dB) MLSC (dB) ADMIRE (dB) ANOVA p value
Stone contrast

4 cm 14.5+5.7 12.5+5.0 73+3.8 37.6+9.8* 15.5+6.7 <0.001%%*

8 cm 15.0+5.3 13.1+5.5 10.7+2.4 26.3+8.0% 17.7+6.3 <0.001%*

All depths 14.7+5.4 12.8+5.2 9.0+3.6% 31.7+10.4* 16.6+6.5 <0.001%*
Depth B-Mode (dB) PWSEF (dB) SLSC (dB) MLSC (dB) ADMIRE (dB)
Stone contrast relative to B-mode

4 cm Ref —-2.0+3.2 —-72+4.5 24.0+10.6 1.0+4.6

8 cm Ref -1.8+1.7 -43+44 124+6.4 2.8+2.1

All depths Ref -1.9+25 —-5.7+4.6 17.9+10.3 1.9+3.6
*Significant at p <0.0025 compared to B-mode
**Significant at p <0.05 based on differences among group means (ANOVA)
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Fig.4 B-mode, PWSF, SLSC, MLSC, and ADMIRE images of a 5-mm stone at 4 cm (top) and 8 cm (bottom)

similarly to B-mode, while PWSF and SLSC had lower stone
contrast than B-mode.

Discussion

There are several important findings in this feasibility
study evaluating advanced beamforming methods for kid-
ney stone characterization. MLSC compounding method
appears to have promise in stone detection and sizing. It
appears to highlight only the stone, while the adjacent stand-
off disappears. This is more than just “adjusting” the gain,
because the background signals are almost completely sup-
pressed. Furthermore, in this study, image quality did not
qualitatively decrease with increasing depth, though this
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test was limited to only 4 and 8 cm depths. Each beam-
forming method appeared to enhance different properties
of the stone. Both SLSC and ADMIRE appear to highlight
the shadow compared to B-mode alone. This is consistent
with the previous descriptions of these techniques where
they have been shown to suppress both off-axis and rever-
beration clutter, which likely decreases shadow visibility in
many stones [21-23]. Further work will be needed to exam-
ine the shadow contrast and shadow width among these
methods. In addition, ADMIRE and methods such as SLSC
and MLSC are known to be more robust to imaging envi-
ronments encountered in the difficult-to-image patient. It is
well understood that with increasing depths, the ability of
ultrasound to detect size stones deteriorates. Specifically, the
lateral resolution increases linearly as a function of depth,
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Fig.5 B-mode, PWSF, SLSC, MLSC, and ADMIRE images of a
10-mm stone at 4 cm (top) and 8 cm (bottom). Potential variability in
the MLSC representation of the stone is visible in this pair located at

and the signal-to-noise (SNR) decreases with depth. Patients
with greater BMI, specifically skin-to-stone distances, are
challenging with all imaging methods, including CT. So,
despite our in vitro experiments conducted under idealized
conditions, we expect that the relative improvements real-
ized by these methods will actually increase in challenging
patients.

These methods can be considered complementary to
ongoing work to improve ultrasound performance for imag-
ing kidney stones. Recent advances in stone characterization
with ultrasound have included detection of stone “twinkling”
under Doppler mode [17, 18] and stone shadow characteriza-
tion for stone sizing [13]. Using the color Doppler twinkling
technique, sensitivity of detection is improved up to >90%,
[18, 27, 28]; however the false-negative rate is as high as
20% for renal stones [20]. The detection of the posterior
stone shadow increases sensitivity and reduces sizing error,
however for stones over 5 mm, the shadow was visible 85%
of the time, while under 5 mm it was visible only 53% of the
time. May et al. have reported an algorithm to adjust gray-
scale intensity with ultrasound to improve stone contrast and
resolution using frequency (4.5 MHz) and scanning line den-
sity (256 lines/frame), without using spatial compounding,
speckle reduction, or other back-end processing [19]. They
reported that compared to a clinical ultrasound system, this
algorithm improved stone detection from 61 to 78%.

To our knowledge, this is the first study evaluating
advanced beamforming methods for kidney stones. These
methods are post-processing-type methods—that is, in prin-
ciple, they do not require additional hardware over current
commercial systems; although, in practice, only a subset of
current systems may be able to implement the techniques
proposed here. If these software methods were developed,
matured, and validated, there is potential to backpack these
on newer generation commercial imagers. Furthermore, the
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4 and 8 cm. The MLSC image at 4 cm only shows the top surface of
the stone, but the image at 8 cm provides a filled in representation of
the stone

output of the ultrasound methods can easily be implemented
within FDA limits for fundamental frequency ultrasound
sequences. However, in the future it may be worthwhile to
implement these techniques with tissue harmonic imaging.
In this case, it may be necessary to reconsider the transmit
sequencing to remain within conventional FDA limits.

Future work studying these techniques will include broad-
ening the parameters in the in vitro environment, includ-
ing imaging stones at greater depths and embedding stones
within tissue phantoms. These ultrasound methods are sen-
sitive to stone roughness, and additional work is needed to
explore the potential for determination of stone fragility and
susceptibility to shockwave lithotripsy. Subsequent work
will evaluate the performance of these methods in human
stone formers and comparing the detection and sizing per-
formance with clinical CT. Additional work is also needed
to evaluate whether ureteral stones can be better visualized
with these methods over B-mode, especially if no associated
hydronephrosis is present.

Conclusions

The detection and sizing of stones in vitro are feasible with
advanced beamforming methods with ultrasound. MLSC
appears to be promising as a sizing and detection method,
while SLSC and ADMIRE enhance the contrast of the poste-
rior acoustic shadow, potentially improving stone detection.
Stone detection at limited depths did not appear to impact
the performance of the methods.
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