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Conventional beamforming example from transmit to final beamformed image. (A) shows
a transmit pulse being converted to a set of delayed pulses for each element in the trans-
ducer aperture. These delays are used to create a transmitted wavefront with a specific
shape, in this case a spherical wavefront that will converge at the focus in the imaging
space. (B) shows a scatterer in the imaging space creating a reflected echo that travels
back to the aperture, which creates the channel data. The transducer will then apply de-
lays (if desired) to create the delayed channel data. (C) in this example, each subset of
elements in the aperture create an individual wave and return their own delayed channel
data. This delayed channel data is then summed across the channels to create a single
vertical line (A-line) in the final image. These individual A-lines then come together to
form the final beamformed image. This process is referred to as delay-and-sum (DAS) and
represents the most conventional beamformer all other methods are compared against. . .
(Left) A b-mode image of a simulated point target, where the dashed line is where the
lateral profile is measured. (Right) The point spread functions (PSFs) of several different
ultrasound beamformers measured on a intense, 100dB bright target simulation. The in-
tensity of the lateral profile is plotted against the lateral axis through the bright target, and
the width of the profile can be measured at various amplitudes. Measuring at -6dB approx-
imates the full width at half maximum (FWHM), though measuring at other amplitudes is
alSO COMMON. . . . . . . . oL e e e e
(Top left) a transducer aperture can be modeled in 2-D as a collection of rectangular func-
tions with width d and aperture size D. (Top right) the Fourier transform in the far-field is a
sinc function, with main lobes, sidelobes, and grating lobes. Image adapted from Anderson
and Trahey (Anderson and Trahey, 2006). (Bottom) delay-and-sum beamformed images
of single point targets at intensities of 40, 60, and 80 dB compared to the background. The
sidelobe artifacts become increasingly visible as the scatterer’s intensity increases. . . . .
Smm cysts of varying intensities displayed with delay-and-sum. (A) hypoechoic and hy-
perechoic cysts that have the same measured contrast ratio and are visibly identical. Note
that the sidelobe clutter makes the hypoechoic cysts appear slightly smaller and the hyper-
echoic cysts appear slightly larger than reality. (B) Three hyperechoic cysts that have the
same measured contrast ratio due to the increasingly strong sidelobes being produced. . .
Delay-and-sum (DAS) and an adaptive beamformer (ADMIRE) images of a blood vessel
(left) and a single 100 dB point target (right). In both cases, the adaptive beamformer
removes the sidelobe clutter present, but in doing so removes the important underlying
signalaswell. . . . . .. e
Echoes returning from a single reflection (left) and multiple reflections (right) at the same
time, causing distortions in the received channel data. . . . . . . .. .. ... ... ...
Visual reference for delay-and-sum (DAS) beamforming. A final b-mode image is com-
posed of many separate acquisitions focused at different lateral locations (x axis). In this
example, we are focused at xg, the location of the point target. The returning echo is de-
layed to create the delayed channel data shown. This data corresponds to that single lateral
location, and as such is composed of the same axial dimension and a different channel or
aperture dimension. DAS sums along the channel dimension, which results in the single
a-line, a small part of the overall beamformed image. Because of this, for a single picture
our data is often in the form (z,i,x) referring to the (axial, channel, lateral) dimensions.
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An example ADMIRE model X, which consists of signals from clutter locations (sparsely
sampled, e.g a and b), and signals from region of interest locations (highly sampled, e.g.
¢). By solving the matrix equation, we can estimate which physical sources in the modeled
imaging space make up the received echo. Signals a and b represent reverberation clutter
signals and off-axis signals, respectively, while c is an example of a signal from the ROI.
Figure adapted from Schlunk et al. (Schlunk et al., 2021) ©2021 IEEE . . . ... .. ..
Qualitative example of the L1, L2, and elastic-net estimates for some specific model coeffi-
cient, f;. In the L1 case, coefficients that are sufficiently small are zeroed in favor of larger
ones. No coefficients are zeroed in L2, but instead there is significant coefficient shrink-
age (loss of amplitude) for stronger components. ADMIRE uses the elastic-net, which
balances the two extremes but includes features of both. Figure adapted from Schlunk et
al. (Schlunk et al., 2021) ©2021IEEE . . . . . . . .. ... ... ... ... ......
Delay-and-sum (DAS), delay-mulitply-and-sum (DMAS), generalized coherence factor
(GCF), minimum variance (MV), short-lag spatial coherence (SLSC), and ADMIRE (high
DoF) applied to bright target phantoms of varying intensities. At the strongest intensity,
all beamformers except DAS and DMAS exhibit the dark region artifact. Figure adapted
from Schlunk et al. (Schlunk et al., 2021). Figure ©2021 IEEE. . . . . . ... ... ...
Measured contrast versus actual (true) contrast for various beamformers in cases with no
added clutter. Figure adapted from Schlunk et al. (Schlunk et al., 2018). Figure ©2018

Qualitative example of the L1, L2, and elastic-net estimates for some specific model co-
efficient, ;. In the L1 case, coefficients that are sufficiently small are zeroed in favor of
larger ones. No coefficients are zeroed in L2, but instead there is significant coefficient
shrinkage (loss of amplitude) for stronger components. ADMIRE uses the elastic-net,
which balances the two extremes but includes features of both. Figure ©2021 IEEE. . . .
Example of the effect of iADMIRE on the dark region artifact. (A) DAS showing the
uncluttered, True speckle background. (B) DAS of the same background with a simu-
lated 100 dB bright scatterer introducing strong sidelobe clutter. (C) ADMIRE and (D)
iADMIRE processing of the scatterer. ADMIRE demonstrates sidelobe reduction with a
visible dark region artifact, and iADMIRE shows the same reduction without the artifact.
(E) shows the aperture domain signals for the uncluttered region denoted by the diamond,
and (F) shows the signals for the cluttered region denoted by the square. When no clut-
ter is present, ADMIRE and iADMIRE match the True and DAS signals since there is
no clutter to be removed (note that the slight difference in signal is due to the sparse fit-
ting of coefficients and has marginal impact on the final image). With sidelobe clutter
present, ADMIRE removes all signal in the region, while iADMIRE is able to restore the
underlying signal. Figure ©20211IEEE. . . . . . . . . ... ... ... ... ... ....
Example of iADMIRE after 0, 1, 2, and 3 iterations for a 60 dB cyst. The change in power
between iterations of the indicated region is included. At O iterations (normal ADMIRE)
the dark region artifact is clearly visible, but is almost entirely mitigated after the first
iteration. In this example, IADMIRE has mostly converged by the third iteration. Figure
©2021IEEE. . . . . . . .
DAS images for hypoechoic contrast target phantoms (left) and bright scatterer phantoms
(right) simulated in Field II. (A) and (B) indicate the target (solid) and background (dotted)
regions used to calculate contrast ratio, CNR, and gCNR measurements. (C) and (D) show
the regions used for computing the background speckle correlation of each beamformer.
Figure ©2021 IEEE. . . . . . . . . . . . . e
Dynamic range displayed as measured contrast versus actual contrast for (A) hyperechoic
and (B) hypoechoic cysts. The dotted black line indicates the true contrast, and adherence
to that line indicates more accurate reporting of measured contrast. (C) The computed con-
trast ratio dynamic range (CRDR) for a range of signal-to-clutter ratios (SCR). Included
error bars indicate the standard deviation. Figure ©2021 IEEE. . . . .. ... ... ...
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(A) Sample realization of each beamformer for a 60 dB hyperechoic cyst. All beam-
formers are displayed on a 120 dB log scale in order to highlight the strong sidelobes
(where present), except SLSC, which is displayed linearly, as is the convention. (B) CNR,
(C) gCNR, and (D) 2-D speckle correlation calculated for the full range of cysts without
added reverberation clutter. Included error bars indicate the standard deviation. Images
are normalized so that background speckle is at the same level across methods. Figure
©2021IEEE. . . . . . . .
Sample realization of bright scatterer phantoms at 40, 60, 80, 100, and 120 dB. All beam-
formers are displayed on a 100 dB log scale to highlight sidelobes and background speckle,
except SLSC, which is displayed linearly, as is the convention. Images are normalized so
that background speckle is at the same level across methods. Figure ©2021 IEEE.

(A) Contrast of the dark region artifact versus the strength of the simulated bright scatterer.
Negative contrast indicates the presence of a dark region artifact, while positive contrast
indicates strong sidelobe clutter. Values close to O dB indicate low artifact interference.
(B) 2-D speckle correlation in the area of the dark region artifact as compared to clean
background speckle. Values close to 1 indicate better speckle accuracy. (C) Point spread
functions (PSF) for the 60, 80, and 100 dB bright scatterers, displayed from the center of
the target. Figure ©2021 IEEE. . . . . . . . . . . ... ... ... .
DAS, ADMIRE (HDF), iADMIRE, and the difference between iADMIRE and DAS im-
ages from an in vivo carotid artery from a healthy individual. The top row shows the
standard B-mode images on a 70 dB log scale, and the middle and bottom rows show the
dashed white line section from the B-mode enlarged. The middle rows show the same
B-mode on a narrower 30 dB log scale using rectangular (Rect) and Hamming (Hamm)
apodization, respectively, while the bottom row shows the power Doppler (PD) images
on a 25 dB log scale. The lower dynamic range helps to highlight the improved speckle
texture in the IADMIRE B-mode image. Figure ©2021 IEEE. . . . . ... ... ... ..

Field II simulations of an individual point target (A,C,E) without interference and (B,D,F)
with reverberant signal interference. The reverberant signal is simulated at a much shal-
lower depth than the point target and then time-delayed to appear at the same time index.
(A,B) channel data at the depth of the point target. The arrows indicate the directions of
the vector wavenumbers of the echoes, showing a subset of the possible wavenumbers in
the reverberant spherical wave case. (C,D) DAS and (E,F) MV images of the point tar-
get. B-mode images are displayed on a 60 dB scale. (G) a high-resolution beamplot from
MYV of a separate simulation where the reverberant signal is replaced with an off-axis tar-
get, highlighting the null that is created in the off-axis case and the lack thereof in the
reverberation case. Figure ©2022 IEEE. . . . . . . . .. ... ... ... ... ...
Example of MVNB and AD+MVNB radial intensity curves from which the cyst edge
width is estimated as the distance it takes to rise from 0.25 to 0.75 (indicated with the
dashed lines). Figure ©2022 IEEE. . . . . . . . . . . .. .. ... ... ... ... .
Parameter testing for the subarray length (L) versus the full aperture length (M) for both
narrowband (MVNB) and broadband (MVBB) implementations. Point spread functions
for (A,B) a bright target with no reverberation interference and (C,D) a bright target with
an interfering reverberant signal. (E,F,G) show an in vivo example of MVNB with varying
subarray lengths, demonstrating how increasing the subarray length can lead to general
image quality degradation. Figure ©2022 IEEE. . . . . . . ... ... ... ... ....
Sample cases of an anechoic cyst with no added noise, added reverberation clutter (0dB
SCR), and added thermal noise (0dB SNR) displayed on a 50 dB dynamic range. The
black solid circles indicate the true region of the cyst as well as a background speckle
region surrounding it for use with our imaging metrics. The white solid lines show the
radial region for which the cyst boundary width was estimated. Figure ©2022 IEEE. . . .
Comparisons of the b-mode images for Case 1 on a 60dB dynamic range for the minimum
variance methods both individually (C,E) and after pre-processing with ADMIRE (D,F).
The kidney stone is indicated by the red arrow in the DAS image. Figure ©2022 IEEE.
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B-mode images on a 30dB dynamic range of a selection of the in vivo kidney stones. The
individual stones are manually highlighted in red with the help of a contour map, and the
background used for image quality metrics is shown in yellow based on the stone region
selected. The blue line shows the lateral length of the stone region. Figure ©2022 IEEE. .

(A) Composition of an ADMIRE model X, composed of a set of estimated signals from
locations considered to be clutter (sparsely sampled, e.g a and b), and a set from locations
considered to be region of interest (highly sampled, e.g. c¢). By solving the matrix equa-
tion, we can estimate which physical sources in the modeled imaging space make up the
received echo. Signals a and b represent reverberation clutter signals and off-axis signals,
respectively, while c is an example of a signal from the ROI. (B) A modified model called
here the AD-Ex model. It includes an extension, an intermediate clutter region Xeyended
composed of signals represented by d. The proposed intermediate clutter region is sam-
pled at half that of the ROI, but still more than the remaining clutter. This helps to ensure
proper classification and removal of signals originating near, but not in, the ROI. Figure
©2022 UItraSoniCs. . . . v v v v v v e e e e e e e e e e e e e e e e e
(Top) DAS of an example 40 dB simulated Smm cyst, with the solid black line indicating
the true cyst boundary. The white lines show the radial region where the cyst boundary
was estimated. (Bottom) plot of radial average amplitude, with the dashed lines indicate
the true edges of the cyst. We indicate two thresholds, 6dB and 30dB, to show how they
would underestimate and overestimate cyst size, respectively. Figure ©2022 Ultrasonics. .
Examples of small ex vivo kidney stones, to demonstrate the wide variety of shapes they
can take. Figure ©2022 Ultrasonics. . . . . . . . . . . . oo oot i i
Point spread functions of simulations of a single point target with 60 dB SNR of added
thermal noise. DAS, GCF, and ADMIRE all have similar profiles, while MV has a nar-
rower profile in the range of -20 to 0 dB. AD-Ex has a similar profile to ADMIRE, but
narrows at levels below -40 dB. AD+MV and AD-Ex+MYV show a narrower profile com-
pared to either method alone at all levels, while AD-Ex+GCF is nearly identical to AD-Ex.
Figure ©2022 UltrasonicCs. . . . . . .« « v v v v v v ittt e e e e e e
Example of the sizing process for in vivo kidney stone Case 1 (CT size of 2.3 mm). The
top row shows the process for DAS, starting with the full kidney image on a 50 dB scale.
The zoomed images are shown at 30 dB and were used for sizing. The red arrows show
the physician-marked stone size, which was used in combination with the contour map
to manually circle the stone region for measurements, marked as the red outline. The
ultrasound images were acquired such that the stone’s longest dimension is on the lateral
axis, so we calculated the stone size as the longest distance within +10° of that axis,
marked as the blue line. The yellow line shows the region used for the background, which
is automatically selected as a circular region double the area of the stone region. The
bottom row shows the end results for the same case for MV, GCF, ADMIRE, AD+MV,
AD-Ex, AD-Ex+MYV, and AD-Ex+GCF. Figure ©2022 Ultrasonics. . . . . . . . . . . ..
Examples of measured stone size for DAS, GCF, and AD-Ex for each stone at thresholds
from -30 to -6 dB. The solid lines indicate the measured size at each threshold, and the
dashed lines indicate the CT measured stone size. The colored arrows indicate the loca-
tion where the solid and dashed lines intersect, i.e. the threshold where the US method
measurement is equal to CT stone size. Figure ©2022 Ultrasonics. . . . . . . ... . ..
(Top) US measured stone size versus CT stone size for all cases for classifying small
(< 4.5mm) or large (> 4.5mm) stones. Note that the methods are slightly staggered for
visibility. The dashed lines are positioned at stone sizes of 4.5 mm, our targeted cutoff for
diagnostic intervention. (Bottom) percent sizing error versus CT stone size for all cases.
The dashed lines are positioned at +10%. Figure ©2022 Ultrasonics. . . . . . . . . . ..
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7.1

(Top) Example of two probability density functions, p;(x) and p,(x), representing the le-
sion and reference area, respectively. (Bottom) Histograms of an anechoic cyst simulation
to mimic the functions in the above plot, implemented with the standard 100 bins. The
gCNR estimate is then based on the overlap in each bin. Figure ©2022 [EEE. . . . . . . .
Plots of gCNR for set of simulated lesions (anechoic, -20, -10, 0dB) beamformed with
DAS, where (Top) the number of bins used in the histograms was varied and (Bottom) the
number of pixels was varied via interpolation. The dashed line in both plots represents
the total number of pixels used between the target and reference regions. Note that if we
continued to the extreme case of using 1 bin for all pixels, the gCNR would drop to O for
all methods. Figure ©2022 IEEE. . . . . . . . ... . ... ... ... ... ... . ...
Average gCNR of -20 dB simulated lesions from the indicated beamforming methods.
gCNR was calculated using different numbers of histogram bins. The asterisk for each
grouping indicates the highest gCNR value. Of note, the ranking of the methods can
change depending on the choice of pixels/bin. Figure ©2022 IEEE. . . . . . ... .. ..
Simulated -20dB lesions beamformed with (a) DAS, (c) EPT s, and (e) EPT,. Histograms
used to calculate gCNR are included using Sturges’ formula to determine the number of
bins of the histogram. In these cases where the ratio of data points to bins is high, the
overlap estimate can be wrong. Traditional CNR is included for each case, both calculated
on linear and log-compressed data. Figure ©2022IEEE. . . . . . .. ... .. ... ...
Visual example of computing the empirical gCNR from empirical cumulative distribution
functions (eCDFs). (a) Histogram representation of the target and reference PDFs. (b)
eCDF of the two regions. (c) Theoretical PDF of the two regions (not accurate, only for
demonstration). (d) Difference function eCDF7 — eCDFg. Local maximums and mini-
mums occur at intersections of the PDFs, so the integration of the regions of the PDFs
is related to the overlap, and therefore the gCNR as given in the equation. (e-f) Show a
separate example of two normal (Gaussian) distributions PDFs and the related eCDFs. We
can see in this example that there are multiple intersections, which results in both local
maximums and minimums. Figure ©2022 IEEE. . . . . . . ... .. ... ... .. ...
Simulated -10dB lesions beamformed for (a-b) DAS, (c-d) MV, and (e-f) SLSC. The tar-
get and background data is shown as both a probability distribution function (PDF) and
cumulative distribution function (CDF), with the indicated distribution fits included. The
Nakagami distribution for the target region of MV failed to fit, and therefore there is no
curve shown. Figure ©2022IEEE. . . . . . . . ... ... ... ... ... ... .
gCNR for anechoic lesions with various beamformers estimated with (a) traditional uni-
form bin widths, (b) variable bin widths, and (c¢) rank-order uniform bin widths. For these
cases, the number of pixels used is constant and the number of bins is varied, and we re-
port the ratio of pixels per bin. (d) Plot of the average gCNR and the upper and lower 95%
confidence bounds using the empirical gCNR method. Figure ©2022 IEEE. . . . . . ..
B-mode images for a selection of beamforming methods for an example simulated ane-
choic lesion. The circled regions on the DAS image indicate the lesion and background
regions for gCNR calculation. Log-compressed methods are displayed with a 50 dB dy-
namic range. Histograms used for estimating gCNR using the default (k=100), variable
bin widths (k=76), and rank-order (k=94) methods are included for each case. We addi-
tionally include the empirical gCNR plots of the eCDFs for these cases, with the error
representing the average distance to the upper and lower bounds of the empirical gCNR
estimate. Figure ©2022 IEEE. . . . . . . . . . . . . ...

Example in vivo kidney image displayed with delay-and-sum (DAS) and an adaptive
beamformer designed to improve contrast ratio. Histogram matching using a full matching
method is used to calculate a mapping & between the two images. Applying the mapping
to the DAS image reveals less obvious improvements in the adaptive image. Figure ©2022
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7.2

7.3

7.4

Comparison between DAS and iADMIRE (Target) using contrast ratio dynamic range
(CRDR) to compare contrast accuracy of the two beamformers. The anechoic, -50, -40,
and -30 dB cysts are shown for both beamformers. a) shows the original results from
Chapter 3, showing iADMIRE can extend the range of accurate contrast past what DAS
is capable of. b) shows the result when each lesion is individually matched to iADMIRE.
c) shows the result when all lesions are simultaneously matched to iADMIRE. The results
from b) show that when matching any individual cyst, DAS can be stretched to appear
identical to iADMIRE, which incorrectly suggests that DAS is on par with iADMIRE’s
performance. However, when the full contrast curve is considered, here by matching all
the cysts simultaneously in the same figure, it shows that DAS cannot differentiate some
of the cases, since histogram matching would try to match the anechoic, -50, -40, and -30
dB iADMIRE cases all to the same value as in the DAS figures. Figure ©2022 IEEE.

B-mode images of one of the anechoic cyst cases shown on a 50 dB dynamic range. Top
row shows the No Noise case, middle row shows the added 0dB SCR reverberation clutter
case, and bottom row shows the added 0dB SNR Johnson-Nyquist (thermal) noise case.
Within each row (top) shows the original b-mode image and (bottom) shows the image
matched to ADMIRE. Figure ©20221EEE. . . . . . . .. ... ... ... ........
B-mode images of in vivo kidney Case 1. (A-F) show the full kidney on a 50 dB dynamic
range, while (G-L) show the kidney stone with ROI drawn and length measured. Each
image includes both the original (left) and matched to ADMIRE (right) versions. Figure
©20221IEEE. . . . . . . . .
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CHAPTER 1

Background and Significance

Ultrasound Imaging is a common medical imaging modality due to its low cost, non-invasive, and non-
destructive nature (Szabo, 2014; Cobbold, 2007). By emitting sound waves at safe intensities, it can reveal
useful medical information and is often used in conjunction with other modalities and treatments since it
can be used in real-time. Due to ultrasound’s long, excellent safety record and low cost, it is often used for
preliminary screening, even in cases where the expected image quality is poor. In particular, ultrasound can
struggle in high dynamic range scenarios, where a target and the surrounding reference material may have

wildly different intensities, causing artifacts and general image quality concerns.

1.1 Clinical Significance

Judging the quality of an ultrasound beamformer can be subjective, which is why qualitative analysis is often
left to experts (clinicians, sonographers, etc.). However, image metrics that quantify image quality have
become the standard for evaluation, as they are much easier and convenient to apply. For example, contrast
ratio and contrast-to-noise ratio have become the default metrics for evaluating modern beamformers, as they
provide estimated measures of the visibility and clarity of the imaging target. As a result, many beamformers
are designed explicitly with these metrics in mind, which can have unintended consequences.

Consider the case of imaging a hypoechoic, renal cyst. Renal cysts can be diagnosed with ultrasound,
and are split into two categories: simple and complex. Simple cysts are benign, fluid-filled and tend to have a
homogeneous appearance to them. On the other hand, complex cysts indicate disease and are heterogeneous
in nature (Eknoyan, 2009). Classifying a complex cyst is already considered a difficult task (Warren and Mc-
Farlane, 2005; Siegel et al., 1997), but now consider a beamformer that is designed explicitly to enhance the
visibility of hypoechoic cysts. In these cases, cysts with intensities lower than -40 dB often look identically,
both visually and in terms of image quality metrics, and in cases where there is significant noise or clutter
in the image lowering general image quality, this threshold could be as high as -20 dB (Dei et al., 2017;
Schlunk et al., 2021). In this case of the renal cyst, this could result in simple and complex cysts looking
indistinguishable, further complicating diagnosis.

Alternatively, consider an example of the opposite high dynamic range scenario, the diagnosis of kidney
stone disease, where kidney stones are hyperechoic and much brighter than the surrounding tissue. Not only
is the detection of kidney stones already a difficult task for ultrasound, but ultrasound is well-known for over-

estimating the size of stones, which is necessary for determining intervention. Many clinicians consider Smm



to be the threshold for when a kidney stone is large enough to require surgical intervention, but ultrasound is
generally known to overestimate kidney stone sizes by 2-3 mm (Ulusan et al., 2007; Unal et al., 2003; Ray
et al., 2010; Ganesan et al., 2017; Fowler et al., 2002; Dunmire et al., 2015; Sternberg et al., 2016), which
would result in more “intervention” diagnoses than are actually necessary. In clinical practice, this results
in follow-up computed tomography (CT) imaging, which is the gold standard of sizing stones (Smith and
Varanelli, 2000; Smith et al., 1996), but this nonetheless places additional burden on medical and human
resources. One study noted that in the absence of CT imaging, 22% of patients diagnosed with ultrasound
would have been diagnosed incorrectly (Ganesan et al., 2017).

These situations suggest that there is an additional concern with ultrasound imaging more so than just im-
proving image quality metrics. Specifically, there are imaging cases where imaging accuracy is perhaps more
important than simply improving contrast or contrast-to-noise ratio. Accurately reporting the contrast ratio

and sizing of a target are both critical to certain medical examinations in high dynamic range applications.

1.2 Fundamentals of Ultrasound Imaging
In this section we will introduce relevant fundamental concepts for ultrasound image acquisition and process-

ing.

1.2.1 Linear Acoustic Wave Propagation
Mathematically, acoustic wave propagation can be described in one dimension by the following wave equa-

tion,
’p 19%p

e 2ar Y (4.

where p is pressure, x is the position, c is the speed of sound, and ¢ is time. A classic solution is then
p = posin(ot + kx), (1.2)

where py is the amplitude of the wave, w is the angular frequency, and & is the wave number. Richard Feyn-
man provides a derivation of the wave equation using the one-dimensional continuity equation (conservation
of mass), force equation (conservation of momentum), and equation of state (ideal gas law) (Feynman, 2011).

He additionally shows that equation 1.1 can be expanded into three dimensions as
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where V? is the Laplace operator, which simply expands the partial derivatives. There are many alternative
forms of the wave equation depending on the situation, such as substituting the sound speed ¢ for compress-
ibility k with ¢ = 1/(pk) (where p is the density of the medium) (Anderson and Trahey, 2006).

As the acoustic wave propagates through a medium, it will interact with the inhomogeneities it encoun-
ters. These inhomogeneities are caused by the differences in the density or compressibility, which result in
acoustic impedance differences between the two mediums. We call scattering the interaction with singular
particle inhomogeneities that are smaller than the wavelength, and reflecting as the interaction with larger par-
ticles or objects such as organs. In both cases, upon interacting with the boundary, some of the acoustic wave
is reflected, which is the key to ultrasound image formation. We generally assume that acoustic wave propa-
gation is a linear process (as we have so far), which enables us to approximate larger surfaces as a collection
of scatterers, and calculate the reflections individually and then sum the collection. This provides the foun-
dation for ultrasound simulation programs such as Field II (Jensen and Svendsen, 1992; Jensen, 1996), and
additionally allows us to create complex, model-based beamformers (Byram and Jakovljevic, 2014; Byram
et al., 2015a; Dei and Byram, 2017), which we discuss in detail in a later section.

Modeling ultrasound acoustic waves as linear plane waves allows us to calculate waves independently and
then combine them via the superposition principle. This comes to the foreground with the Huygens-Fresnel
principle, alluded to in the prior paragraph. It states that a given wavefront can be decomposed as a collection
of point sources, each behaving as the origin of a spherical wave (Anderson and Trahey, 2006). This then
leads to the Fraunhofer approximation. Originating in optics, it states that the far-field pressure amplitude
pattern of an acoustic wave generated from an aperture is estimated by the 2-D Fourier transform of that
transducer aperture amplitude (Anderson and Trahey, 2006). In most cases, the aperture can be modeled as
a simple rectangular function, which results in a far-field approximation that is a sinc function. In the case
of transmitting a plane wave from the aperture, the Fraunhofer approximation applies for distances greater
than z >> k(e2 + eg), for (ex,e,) the position of the aperture element farthest from the center. However,
conventional ultrasound often makes use of focused waves (further explained in the next section), in which

case the approximation only applies at the focus depth.

1.2.2 Conventional Beamforming and Image Formation

Fig. 1.1 shows a simple example of conventional beamforming using a linear transducer array. The trans-
ducer both creates the mechanical vibrations (acoustic wave) from a set of input electrical stimuli and also
reconverts the received acoustic echoes back into electrical signals for analog or digital processing. In the ex-
ample depicted, the linear transducer will excite specific subsets of the aperture elements to create a focused

wavefront that converges on the focus in the imaging space. By adjusting the delays produced, this focus can
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Figure 1.1: Conventional beamforming example from transmit to final beamformed image. (A) shows a
transmit pulse being converted to a set of delayed pulses for each element in the transducer aperture. These
delays are used to create a transmitted wavefront with a specific shape, in this case a spherical wavefront
that will converge at the focus in the imaging space. (B) shows a scatterer in the imaging space creating
a reflected echo that travels back to the aperture, which creates the channel data. The transducer will then
apply delays (if desired) to create the delayed channel data. (C) in this example, each subset of elements in
the aperture create an individual wave and return their own delayed channel data. This delayed channel data is
then summed across the channels to create a single vertical line (A-line) in the final image. These individual
A-lines then come together to form the final beamformed image. This process is referred to as delay-and-sum
(DAS) and represents the most conventional beamformer all other methods are compared against.



be shifted axially closer or farther away from the transducer as needed. Additionally, by changing which set
of elements are activated or adjusting the delays, the focus can be shifted or steered laterally. In this linear
transducer example, by changing the activated elements, the focus can be moved from left to right across the
imaging space, and the resulting data acquired will correspond to the axial band at the focus’s lateral location.
For conventional beamforming we generally do not consider the elevational dimension.

When the transmitted acoustic wave encounters a scatterer or boundary in the imaging space, a reflected
echo will be created that travels back to the transducer and is converted back into electrical signals, which
is the raw channel data. This raw channel data is then delayed, either by the transducer or an external
beamforming process, and these delayed signals are then summed together to create the beamformed echo
corresponding to the lateral location of the focus for that transmit. These beamformed echoes will then be
stitched together to create the full beamformed image, which is then enveloped and compressed to produce
the final image, referred to as a brightness mode, or B-mode, image. This general beamforming process is
referred to as delay-and-sum (DAS) beamforming and is the standard against which all other beamformers
are compared.

The acoustic waves (generally) follow linear behavior which allows us to calculate these delays (both
transmit and receive) using simple geometry. Consider a specific transducer element e positioned at ey, e, ey.
To simplify, we assume that the transducer elements are positioned at z = 0 and y = 0 and the center of
the aperture is at x = 0. Then consider a focus located at f,, f; (for most cases we ignore the elevational
dimension). Then we can calculate the time delay for that element as the difference between the time it takes

for the wave to reach the focus from that element versus an element positioned at f;:

Te = (fz_ (ex_fx)2+(fz)2)/cv (1.4)

since f; is the shortest distance from the transducer to the focus. We can use the same technique to calculate
the delays on receive based on the depth at which we want to focus the received data. From this foundation,
we can expand to more complicated and robust image formation techniques such as dynamic receive, where
the data is delayed to achieve focusing at all depths simultaneously, and synthetic aperture, where we can use

the acquired channel data to estimate the beamformed echoes at additional lateral locations.

1.2.3 Image Quality Metrics
When comparing beamforming methods or other processes, we often compare the resulting image quality.
After beamforming the channel data, the data (often called radio frequency, or RF, data) is enveloped using a

Hilbert transform and then log-compressed to create the B-mode image. However, most image quality metrics



are computed on the enveloped, but not log-compressed data (though some groups do calculate metrics using
the log-compressed data). Some common metrics include contrast ratio and contrast-to-noise ratio (CNR),
defined as

contrast ratio = 20« log10( Hror ) (1.5)
Hoack

CNR = |I~LROI - ,ubackl ’ (1.6)
\ Oo1 T Ooack

where U is the mean value of the enveloped region defined as the region of interest (ROI) or background
(back) and 67 is the variance for the same region. Contrast ratio represents a simple ratio of the target region
to some background reference, and as defined here will be negative for hypoechoic targets and positive for
hyperechoic targets. Contrast-to-noise ratio is a metric of the visibility of the target and accounts for the
variance of both the background and the target, so for objects with the same intensity a lower variance leads
to an increased CNR.

Additionally, the resolution of a beamformer is often compared in the form of the point spread function
(PSF). This is done by imaging a single scatterer and plotting the lateral or axial line from the beamformed
image through that point, an example of which is shown in Fig. 1.2. From this plot, we can compute the full
width at half maximum (FWHM), or the width of the point target at half of the peak value compared to the
background. This represents a measure of resolution for the beamformer, and can be compared against the

theoretical axial and lateral resolutions of the hardware, given by

cT

IéSyx — 7 (17)
Az

resjy = R (1.8)

Axial resolution depends on 7', the temporal length of the transmitted pulse, and the sound speed, ¢ (Cobbold,
2007). Lateral resolution depends on the wavelength, A, the specific depth, z, and the size of the active
aperture, D. These estimates are the theoretical limitations of the hardware, and in practice the resolution
observed by the beamformer will depend on the contrast ratio and contrast-to-noise ratio of the target (for
example, higher intensity targets often appear physically larger, which may reduce the apparent resolution).
In terms of the plot included in Fig. 1.2, the FWHM is located approximately at -6dB, but many groups will
additionally report the widths of the PSF at -10 and -20 dB, for added context.
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Figure 1.2: (Left) A b-mode image of a simulated point target, where the dashed line is where the lateral
profile is measured. (Right) The point spread functions (PSFs) of several different ultrasound beamformers
measured on a intense, 100dB bright target simulation. The intensity of the lateral profile is plotted against
the lateral axis through the bright target, and the width of the profile can be measured at various amplitudes.
Measuring at -6dB approximates the full width at half maximum (FWHM), though measuring at other am-
plitudes is also common.

1.2.4 Robust Image Quality Metrics

Recent work by several groups indicates that traditional image quality metrics are often insufficient to prop-
erly characterize modern adaptive beamformers. Historically, it has been believed that metrics like CNR are
correlated with lesion detectability and subjective image quality. However, adaptive beamformers are often
able to arbitrarily increase the value of CNR without otherwise improving detectability or “true” image qual-
ity. This concept is more specifically covered in Chapter 6, but as an overview this idea has led to the desire
for more robust image quality metrics. These are especially important for this work, where image accuracy
is our primary goal, since poor quality metrics may misrepresent the quality of our beamformers.

Contrast ratio dynamic range (CRDR) was presented by Dei et al. (Dei et al., 2017), a metric designed
to assess the contrast accuracy of a beamformer. By measuring the contrast for a set of lesions with known
contrast, we can calculate the range over which a beamformer reports contrast accurately. This metric is in-
tended to combat adaptive beamformers that excessively increase contrast ratio without regard for the content
in the image. As suggested in Section 1.1, this could result in complex hypoechoic cysts appearing more
homogeneous than intended, which would result in a mis-diagnosis. This metric is the primary focus of our
work in Chapter 3.

Generalized contrast-to-noise ratio (CNR) is designed to be a more robust lesion detectability metric
that is transformation resistant compared to traditional CNR (Rodriguez-Molares et al., 2018, 2020). It has
quickly gained popularity in recent years due to this robust nature and the ease of implementation. In our
work, gCNR is frequently used either to complement or replace CNR, though we do consider some of the
challenges and concerns with the method in Chapter 6.

Finally, histogram matching is a newer method introduced by Bottenus et al. (Bottenus et al., 2020a). Ar-



guably, histogram matching is the most powerful of the three methods, as it works by calculating a transfor-
mation between two target images. This allows us to apply traditional image quality metrics to the “matched”
images. This is valuable, since if a beamformer is merely a transform of another method (i.e. is not making
any content-based improvements), the matched images and traditional metrics applied to these images will
be similar. In theory, using histogram matching and CNR would be similar to just applying gCNR, as both
methods would detect transformations. However, histogram matching is more complex to apply compared
to gCNR, and there remain challenges and concerns with its use, which we detail in Chapter 7. As a result,
while we have used histogram matching at various times in this work, the results are generally not included,
as interpretation is ambiguous, as we will demonstrate.

Overall, the ethos of these metrics and this work is the same. We desire methods that produce real, clinical

improvements to ultrasound images, and we desire metrics that can measure those improvements accurately.

1.3 Image Degradation in High Dynamic Range Applications

A high dynamic range scenario refers to a imaging scenario where the target is at a much higher or lower
intensity compared to other features in the image. For example, blood or a cyst may be much lower intensity
whereas a kidney stone may be much higher. These situations can be prone to certain artifacts or concerns

due to these significant intensity differences, as we will explain here.

1.3.1 Sidelobe or Off-axis Clutter Artifacts

The Fraunhofer approximation earlier stated that the far-field approximation of an transducer pattern will
be the 2-D Fourier transform (in the lateral and elevational dimensions). Since a transducer element can be
modeled as a rectangular function, this means that the far-field pattern will be a sinc function. The primary
function has a main lobe with smaller sidelobes, and for large element sizes, grating lobes will appear farther
off-axis, as seen in Fig. 1.3. These grating lobes can be mostly eliminated by using an element spacing,
or pitch, of 4 /2 (Anderson and Trahey, 2006). The sidelobes, however, can create sidelobe artifacts in the
presence of relatively strong acoustic scatterers.

When focusing at a location that is adjacent to a stronger acoustic target, the sidelobes will reflect off of
that target and will falsely appear to originate from the focused location instead. In an image, this can appear
as high intensity regions to the sides of the bright objects, such as in the bottom of Fig. 1.3. As the point target
increases in intensity the sidelobe artifacts become increasingly visible, causing significant distortion in the
final image. In hyperehcoic cases, where a target is much brighter than the surrounding area, this will cause
distortions in the areas around the target, and may also result in the target appearing larger than it actually is.

Hypoechoic cases suffer similarly, where the surrounding area is much brighter than the target, causing the
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Figure 1.3: (Top left) a transducer aperture can be modeled in 2-D as a collection of rectangular functions
with width d and aperture size D. (Top right) the Fourier transform in the far-field is a sinc function, with
main lobes, sidelobes, and grating lobes. Image adapted from Anderson and Trahey (Anderson and Trahey,
2006). (Bottom) delay-and-sum beamformed images of single point targets at intensities of 40, 60, and 80 dB
compared to the background. The sidelobe artifacts become increasingly visible as the scatterer’s intensity
increases.

target to appear smaller and sometimes brighter than it actually is. This is demonstrated in Fig. 1.4, where

the two hypoechoic and hyperechoic cysts are indistinguishable and also appear incorrectly sized.

1.3.2 Dark Region Artifacts

Adaptive beamformers are a popular area of research in ultrasound, as they will adapt weights or other
features of the beamforming process based on the content of the image. However, the dark region artifact
described by Rindal et al. (Rindal et al., 2017) can occur as a result of an adaptive beamformer encountering
sidelobe clutter. In this situation, some beamformers will remove the sidelobe clutter, but in doing so also
remove the underlying signal, resulting in a dark region. Similar to sidelobe clutter, this will occur in the
presence of strong acoustic targets. Fig. 1.5 shows examples of both a hypoechoic (left) and hyperechoic
(right) case producing a dark region artifact when the adaptive beamformer removes the sidelobe clutter
present in the delay-and-sum (DAS) image. In the hypoechoic blood vessel case this results in the complete

loss of the blood signal in that region.

1.3.3 Noise due to Reverberation Clutter or Multipath Scattering

Reverberation clutter, or noise caused by multipath scattering, occurs when an acoustic wave encounters mul-
tiple scattering sources before returning to the transducer. This will result in echoes from different locations
returning to the transducer at the same time, such as shown in Fig. 1.6. Normally, we assume that these near-

field scatterers are low amplitude, and thus the echoes from additional reflections are weak so that we need
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Figure 1.4: Smm cysts of varying intensities displayed with delay-and-sum. (A) hypoechoic and hyperechoic
cysts that have the same measured contrast ratio and are visibly identical. Note that the sidelobe clutter makes
the hypoechoic cysts appear slightly smaller and the hyperechoic cysts appear slightly larger than reality. (B)
Three hyperechoic cysts that have the same measured contrast ratio due to the increasingly strong sidelobes
being produced.

DAS
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Figure 1.5: Delay-and-sum (DAS) and an adaptive beamformer (ADMIRE) images of a blood vessel (left)
and a single 100 dB point target (right). In both cases, the adaptive beamformer removes the sidelobe clutter
present, but in doing so removes the important underlying signal as well.
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Figure 1.6: Echoes returning from a single reflection (left) and multiple reflections (right) at the same time,
causing distortions in the received channel data.

only model the first reflections as described by the first-order Born approximation (Jensen, 1991). However,
in patients with thick fat layers the effect of multipath scattering increases, causing significant distortions to

the received channel data (Dahl et al., 2017).

1.3.4 Accurate Image Representation

These artifact and noise sources can cause significant degradation to image quality, especially for imaging
in high dynamic situations or otherwise “difficult-to-image” patients. Additionally, these artifacts can make
it difficult to produce images that accurately reflect the imaging target. As we showed earlier, sidelobe
clutter can cause targets to appear larger or smaller than reality. The dark region artifact has the chance to
completely remove important signals. Reverberation will generally degrade image quality across the entire
image. Finally, beamformers will sometimes have difficulty reporting accurate levels of intensity, such as
an anechoic or -40 dB cyst being measured as -30 dB. For example, in this case, sidelobe clutter with an

intensity of -30 dB will mask lower intensity structures or objects, resulting in an incorrect appearance.

1.4 Beamforming Algorithms for Improved Image Quality
Parts of the descriptions of the beamforming algorithms in this section are adapted from work originally
published in (Schlunk et al., 2021), ©2021 IEEE. Reprinted, with permission, from Schlunk, S., Dei, K.,
& Byram, B. (2021). Iterative Model-Based Beamforming for High Dynamic Range Applications. IEEE
Transactions on Ultrasonics, Ferroelectrics, and Frequency Control, 68(3), 482-493.

There are a variety of imaging techniques and beamforming algorithms that can be used to combat some of
the concerns described in the previous section. We include one example of an imaging acquisition technique,

but mainly focus on alternative beamformers that will be featured throughout the rest of this work.
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1.4.1 Tissue Harmonic Imaging

Though we often only consider the linear aspects of ultrasound imaging, there are non-linear effects that we
can take advantage of. As a wave propagates through a material with frequency f, it slowly begins to distort
slightly, and the frequency content begins to show the increased presence of harmonics at 2f,3f,4f, and so
on. This means that more of these harmonics are generated as depth increases, but conversely means there
are very few harmonics at shallow depths. Tissue harmonic imaging is designed to take advantage of this
fact, focusing primarily on the second harmonics that are generated, as the later harmonics tend to be too
low amplitude (potentially low signal-to-noise ratio) or high frequency (beyond the limits of the sampling
rate) to be useful. By separating the second harmonics from the fundamental frequency, we can generate a
significantly improved image (Choudhry et al., 2000). Two common methods for separating the two signals
are frequency filtering and pulse inversion (Szabo, 2014).

Since the frequencies of interest occur at 2f, the simplest solution is to use a bandpass filter centered at
2 f that will remove those frequencies around the fundamental frequency. This requires no additional effort
on the part of transmission and will work as long as the transducer is able to receive the second harmonic
frequencies. However, we can improve the quality of the second harmonics by narrowing the transmitted
bandwidth to prevent it from overlapping with our desired second harmonics. This can be accomplished
by lengthening the transmitted pulse echo, but will result in worse axial resolution by equation 1.7 (Szabo,
2014).

The alternative method makes use of pulse inversion. By transmitting first a normal pulse and then
following that with an inverted version of that pulse, the linear fundamental frequencies will be canceled
while the nonlinear second harmonics will be enhanced (Szabo, 2014). Pulse inversion relies on a capable
ultrasound machine, but otherwise does not rely on the input frequency or bandwidth in the same ways as
filtering does.

As long as the ultrasound unit is able to pick up the low amplitude harmonic frequencies, tissue harmonic
imaging can be a powerful tool for improving image quality without a computationally expensive or complex
beamformer. Since the harmonic frequencies are generated from inside the body, they are less prone to

artifacts that occur near the skin or imaging surface (Choudhry et al., 2000), such as reverberation clutter.

1.4.2 Delay-and-Sum (DAS)
Though not a beamformer designed for improving image quality, we include a formal definition of delay-

and-sum for reference with the other beamformers in this section. We define a given image pixel as

Spas (x,2) = ) wi(x,2)si(x,2). (1.9)

S

1
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Figure 1.7: Visual reference for delay-and-sum (DAS) beamforming. A final b-mode image is composed of
many separate acquisitions focused at different lateral locations (x axis). In this example, we are focused at
X0, the location of the point target. The returning echo is delayed to create the delayed channel data shown.
This data corresponds to that single lateral location, and as such is composed of the same axial dimension
and a different channel or aperture dimension. DAS sums along the channel dimension, which results in the
single a-line, a small part of the overall beamformed image. Because of this, for a single picture our data is
often in the form (z,i,x) referring to the (axial, channel, lateral) dimensions.

where x is the lateral location of the a-line of the final image, z is a discrete time index (related to axial
depth), M is the total number of channels (active aperture elements), w;(z) is the weighting factor for channel
i, and s;(x,z) is the delayed channel data across the aperture for a given channel i. The weighting factor is
a weighting that is applied to the channels after being received and delayed, the most simple of which is a
rectangular weighting (i.e. all weights are equal). We include a quick visual representation to clarify the
dimensions here and for the rest of this section in Fig. 1.7.

While DAS is the most basic beamformer, sidelobe artifacts can be somewhat mitigated by changing the
weighting function used during summation. It has been demonstrated that Hamming weighting schemes can
be used to reduce sidelobes (Matrone et al., 2015), though this is at the cost of broadening the mainlobe,
which results in lower lateral resolution.

DAS is often considered to be the gold standard for beamforming due to the sheer simplicity, and therefore
computational efficiency, of the algorithm. No other beamforming method can compete with the speed of

DAS, and in clinical machines DAS can be computed at the hardware level, further improving efficiency
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by reducing the amount of data an ultrasound machine needs to handle. Though there is no inherent noise
reduction performed by DAS, combining it with tissue harmonic imaging and clever filtering can result in
impressive clinical images. As a result, DAS is always considered for comparison when evaluating alternative

beamformers.

1.4.3 Filtered Delay-Multiply-and-Sum (F-DMAS)

Filtered delay-multiply-and-sum (F-DMAS) is a simple adaptive beamformer originally used in RADAR and
adapted for ultrasound by Matrone et al. (Matrone et al., 2015). It works by combinatorially coupling and
multiplying the delayed channel data before summing across the channels. Bold characters here and for the

rest of the text indicate vectors. The unfiltered DMAS signal can be calculated as

S

—1

M
Spmas () Z (1.10)
i=1 j=i+1

I’
=

and §;;(z) is defined as

$ij(z) = sign(si(2)s(2))/ Isi(2)s; (2)]- (L.11)

The filtered signal can then be calculated from Sfjyag by removing the DC and high frequency components
using a band-pass filter centered around 2f,.

Since the F-DMAS beamformer introduces a measure of correlation into the calculation, this can reduce
some clutter and noise sources that are uncorrelated compared to tissue. Additionally, the calculation artifi-
cially doubles the frequency, which halves the wavelength leading to an improved lateral resolution compared

to DAS.

1.4.4 Generalized Coherence Factor (GCF)

Generalized coherence factor (GCF) is designed to reduce focusing errors caused by phase-aberrations (wave-
front distortions caused by sound speed inhomogeneities in a medium). It is a weighting of the DAS image
by the ratio of the energy in some chosen low-frequency region to the total energy (Li and Li, 2003). This

ratio for a pixel at (x,z) is defined as

M,
Ty |Pe(x,2) >

GCF(X,Z) - )
ZQ/I:O |Pk(xvz)|2

(1.12)
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where M is the number of channels, My is the chosen cutoff frequency index, and P(k) is the M-point discrete

Fourier transform across the aperture as defined by

M
Pi(x,z) = /™ Zs,-(x,z)eijZﬂ(’-k/M), (1.13)
i=0

where s;(x,z) is the delayed channel data for channel i. GCF allows us to vary between pure coherence factor
(My = 0) and DAS (My = M). We chose My =5 as done in (Rindal et al., 2017). The final GCF image is then
calculated simply as

SGCF(X,Z) = GCF(X,Z)SDAs(X,Z). (114)

The original GCF work showed that the low-frequency cutoff My impacts the performance of the beam-
former. The smaller the value of the cutoff, the stronger the effect. However, at My = 0 and sufficiently small
values, artifacts are introduced and the authors suggest it is only suitable for imaging point targets. On the
other hand, increasing the cutoff too high approaches DAS, which defeats the purpose of the beamformer.

Generally, increasing the cutoff lowers the variation while sacrificing contrast ratio improvements.

1.4.5 Minimum Variance (MV)

Similar to GCF, minimum variance (MV) beamforming did not originate with ultrasound, and has been used
prior in RADAR and seismic activity monitoring applications (Capon, 1969). MV can be thought of as a way
to calculate an optimized set of apodization weights for DAS beamforming (Holfort et al., 2009), (Synnevag

et al., 2007). These weights are calculated as

R e

where e is the steering vector, H is the conjugate transpose, and R is the covariance matrix defined as
R(z) = E[s(2)s(2)"], (1.16)

where E[-] denotes the expectation and s(z) is the delayed aperture signal at depth z.

To properly adapt the original method to ultrasound, many groups have proposed various modifications.
Most commonly are methods to ensure the covariance matrix is invertible, specifically averaging subarrays to
estimate the matrix and using diagonal loading. The standard recommendation is to use subarray lengths of

L, equal to 50% of the total aperture length, and diagonal loading defined as &€ = A-tr(R), where A = 1/(10L)
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(Synnevag et al., 2007). The MV signal estimate is then defined as

R 1 M—L
SMV(Z) = m Z w(z)HE(Z), (1.17)
=0

where M is the total aperture length and §(z) is the delayed aperture signal for the corresponding subarray.
MYV was originally designed to help distinguish between seismic waves arriving at a receiver, which can
be thought of as a resolution problem. In ultrasound, MV similarly helps to isolate wavefronts arriving at
the transducer by suppressing the interference that other wavefronts cause off-axis (off-axis clutter). This
helps to narrow the mainlobe, which improves lateral resolution. MV is a very popular beamformer due to
its rigorous mathematical basis, however, computational complexity and relatively poor results in vivo often

hold it back.

1.4.6 Short-Lag Spatial Coherence (SLSC)

Short-lag spatial coherence (SLSC) is different from many other beamformers in that it only uses the spatial
coherence of received echoes to form images, resulting in improved contrast-to-noise ratio compared to DAS.
Introduced by Lediju et al. (Lediju et al., 2011), the foundation of SLSC is the van Citter-Zernike (VCZ)
theorem, which demonstrates a prediction for the spatial coherence, or covariance, for the backscattered

echoes (Mallart and Fink, 1991). SLSC is computed per pixel using a correlation kernel as

L M-I z+ny
Yoz si(x,n)si(x,n)
S
SLSCXZ Z’M—l -+ 2 4 2 ’
=1 i=1 ans annzS,H( n)

(1.18)

~

where [ is the lag, L is the number of lags to sum, and ny, is the size of the correlation kernel. This produces
an SLSC image calculated per a-line x and each depth z. The choice of number of lags is recommended as
<30% of the total number of channels (Bell et al., 2015). In our works, we chose to use L = 20 lags (17% of
our total number of channels), with a correlation kernel equivalent to 1 wavelength.

Unlike most other beamformers, and all those presented here, SLSC is not usually log-compressed when
displayed and instead uses a linear scale. This is chosen since the normalization used in the calculation results
in a much smaller dynamic range than traditional beamformers. This can make it difficult to accurately assess
comparisons between SLSC and other traditional beamformers. Similar to F-DMAS and GCF which employ
correlation, SLSC achieves clutter reduction and improved CNR due to the low coherence of many types of

clutter.
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CHAPTER 2

ADMIRE: Description and Preliminary Work

2.1 Aperture Domain Model Image Reconstruction (ADMIRE)

This section describing the ADMIRE method is adapted from work originally published in (Schlunk and
Byram, 2022b) ©2022 IEEE and (Schlunk et al., 2022), ©2022 Ultrasonics. Reprinted, with permission,
from Schlunk, S., & Byram, B. (2022). Combining ADMIRE and MV to Improve Image Quality. IEEE
Transactions on Ultrasonics, Ferroelectrics, and Frequency Control, 69(9), 2651-2662. Reprinted, with per-
mission, from Schlunk, S., Hsi, R., & Byram, B. (n.d.). Enhancing sizing accuracy in ultrasound images with
an alternative ADMIRE model and dynamic range considerations. Ultrasonics, In Review.

Aperture domain model image reconstruction (ADMIRE) is a pre-processing method designed for the
removal and suppression of reverberation clutter, off-axis interference, and wavefront aberration (sound speed
inhomogeneities). The original details of the work can be found in (Byram et al., 2015a) with more specifics
available elsewhere (Dei and Byram, 2017; Byram and Jakovljevic, 2014), but we will reproduce most of the
concepts and specifics here as it forms the foundation for much of this work.

ADMIRE is somewhat unique among beamformers as it exists as a pre-processing step compared to other
beamformers that are strictly post-processors. When any single data acquisition is made, the initial data is
(usually) three dimensional: depth (or time), lateral, and along the aperture. The depth and lateral axes are
the actual imaging space, while the aperture dimension is where summation occurs for DAS. Most adaptive
beamformers perform some sort of calculations along this aperture dimension to modify the summation step,
which results in a two-dimensional final image. As a result, these beamformers can be considered post-
processing, as we are not able to apply multiple post-processors due to the loss of the aperture dimension.
However, ADMIRE’s processing is performed without the need for the summation to occur and maintaining
the aperture dimension, allowing other beamformers to be applied afterwords.

As with other beamformers, we start with the properly time-delayed channel data. The actual ADMIRE
processing, however, occurs in the frequency domain. This is done by subdividing the delayed channel data
axially into many overlapping windows, and applying a short-time Fourier transform (STFT) to break the
broadband signal into many narrowband components. We generally use 90% overlap between windows to
maintain good speckle texture. This produces an aperture signal for each lateral index, depth index, and
primary frequency component of the windowed broadband signal. Each aperture domain signal is analyzed

against a physics-based model that contains the predicted aperture domain signal responses for scatterers
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throughout the imaging space. These responses can be calculated due to the linear nature of sound wave
propagation, and in theory any received signal can be represented as the linear combination of these responses
with the equation
ps(xit, ) = NiA(x;xn,zm Ty, @) KT, 2.1
n=0
Here, x is indexing the aperture location and @ defines the post-STFT frequency of the signal. For the signal
arriving at the aperture at time ¢, there are a total of N responses from scatterers in the medium arriving at
that time. The wavefront delay T(x;x,,z,,T,) is for a signal originating from (x,,z,) at time 7,, and k is
the wavefront number. Finally, a measure of amplitude modulation across the aperture A(x;xy, 2y, T, ®) is
included, which is based on effects of the STFT windows and element sensitivity.
The true value for N, the number of scatterers that make up an observed signal, is unknowable. However,
by oversampling the imaging space, we can combine all of the individually modeled signals into a model
matrix, X, which gives the model the flexibility to represent even a complex observed aperture domain signal,

y, by its component sources as

y=XB, (2.2)

where every received signal y corresponds to some location (x,,z,) and frequency @, and we are solving for
B, the unknown set of model coefficients that will reveal the origins of the scatterer responses that combine
to make the received signal. Fig. 2.1 shows a visual example of how signals in the model X = [Xjyer Xro1]
could correspond to specific physical locations in the field of view. By design, the matrix consists of both
clutter signals X¢yyer, Which includes image degradation sources such as reverberation clutter and off-axis
interference, and region of interest (ROI) signals Xgror, which is all the signals originating near the target
(xn,2n). The model coefficients 3 then represent the specific signals that linearly combine to form y. By
solving for B and zeroing those coefficients corresponding to signals in X¢yer, the decluttered aperture

signal can be reconstructed with

Ydecluttered = XPROI- 2.3)

We can specify which signals we want to keep by how we define the ROI, an ellipse, around the target
(%n,2n). The major and minor radii of this ellipse are calculated as cqyqit€Sariar a0d CrareraiteSiarerar, With
Caxial and Cjgrerqr Scalars based on how large we desire the ROI to be in the axial and lateral dimensions. The
axial sampling is approximated with res,;,; = 2res;y.rq, and the lateral sampling is estimated as res;yerqr ~
AvznZ {|ps(xn,20,0)|} Bw, where A,, is the wavelength and F{| - |}pw is the lateral bandwidth at (x,,z,).
The specific choices for this application are included in Table 2.1, with the scalars chosen empirically from

previous testing.
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Figure 2.1: An example ADMIRE model X, which consists of signals from clutter locations (sparsely sam-
pled, e.g a and b), and signals from region of interest locations (highly sampled, e.g. c). By solving the matrix
equation, we can estimate which physical sources in the modeled imaging space make up the received echo.
Signals a and b represent reverberation clutter signals and off-axis signals, respectively, while c is an example
of a signal from the ROI. Figure adapted from Schlunk et al. (Schlunk et al., 2021) ©2021 IEEE

Table 2.1: Default ADMIRE Model Space Parameters. Table ©2022 IEEE.

Parameter Value

a 0.9

A (0.00189) ;s

Xlutter Sampling 3.577resiaeral, 1-1541€8 4101
Xeluter Size Full Imaging Space

Xror Sampling 0.1791e8;410ra1,0.7151€S 4yias
Xgor Ellipse Radii (0.5reS/4reral s T€Saxial)

However, the inverse matrix calculation that would be used to solve (2.2) is ill-posed due to the much
smaller size of the aperture signal y compared to the much larger size of the oversampled model X. Instead,
the elastic-net regularization technique (Zou and Hastie, 2005) is used to solve for the model coefficients.

The optimization equation is

B = argmin(ly— XB|* + 2(a|Bl|s + (1 - a)1B]3/2) 2.4)

where ||B]|1 and ||B]|2 are the L1 and L2 norm, and o can be set between 0 and 1 to control the weighting
between them. The degrees of freedom of the solution can be controlled by a separate regularization parame-

ter, A (Tibshirani and Taylor, 2012). The chosen values for these parameters are included in Table 2.1, based
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on values from previous work (Byram et al., 2015a; Dei and Byram, 2017). These values have been observed
to be robust across different imaging applications.

With the model coefficients estimated by the elastic-net, the decluttered aperture domain signal can be
calculated with (2.3) as described. The decluttered signal can then be returned to the time domain via the
inverse STFT (Yang, 2008). Since this entire process is performed along the channel dimension, the result is
decluttered channel data.

Since ADMIRE returns decluttered channel data, we can, in theory, apply any beamforming method to
data that has already been processed with ADMIRE. Most commonly, we simply sum the decluttered channel
data like in DAS beamforming, but rather than write ADMIRE+DAS we simply refer to this as ADMIRE. At
various points, we have additionally considered combinations of ADMIRE and MV, GCF, and others where
the results will be written as ADMIRE+MYV, ADMIRE+GCEF, etc... This does lead to additional questions
about how ADMIRE parameters and other methods may be tuned to further enhance the combined method,
which will be addressed as these combined methods are introduced later.

Computation time is variable since it increases at deeper depths (larger models), for larger apertures, and
for increased overlap between STFT windows. For example, for the simulations in Chapter 3, we use 90%
overlap between windows and process a 10 mm band centered at a depth of 3 cm. This was split across 50
computational cores, with each core requiring 30-40 minutes. Though this timing is acceptable for research,
a variety of ADMIRE development efforts are focused on architectural changes in order to achieve near
real-time processing (Dei et al., 2019; Khan et al., 2019, 2020, 2021).

Overall, the power of ADMIRE is being able to separate any received ultrasound echo into the compo-
nents that form the linear combination, as described by the superposition principle. By determining the origin
location in the imaging space of these components, components that are related to reverberation clutter (orig-
inating from the near-field, close to the transducer) or off-axis clutter (similar depth, but laterally separated)
can be removed easily. Additionally, the process of fitting the signals using the elastic-net can help to reduce
errors caused by phase aberration, unless the degrees of freedom are set too high to cause overfitting of the

signal (Dei and Byram, 2017).

2.2 Preliminary Work
In this section, we briefly consider how we choose the ADMIRE parameters and further analyze how AD-
MIRE behaves in high dynamic range scenarios, and how it behaves in the presence of the discussed imaging

artifacts and noise sources.
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Figure 2.2: Qualitative example of the L1, L2, and elastic-net estimates for some specific model coefficient,
Bi. In the L1 case, coefficients that are sufficiently small are zeroed in favor of larger ones. No coefficients are
zeroed in L2, but instead there is significant coefficient shrinkage (loss of amplitude) for stronger components.
ADMIRE uses the elastic-net, which balances the two extremes but includes features of both. Figure adapted
from Schlunk et al. (Schlunk et al., 2021) ©2021 IEEE

2.2.1 ADMIRE Parameters
As described in the previous section, there are several user-chosen parameters in ADMIRE, and though the
recommended values are generally robust, understanding the role of the parameters in a resulting image is
important. The main two parameters adjusted are the values of & and A, which control the balance of L1 and
L2 regularization and the degrees of freedom, respectively.

Fig. 2.2 shows a graphical example of L1, L2, and the elastic-net solve for a coefficient slightly differently.
L1 regularization, or Lasso (least absolute shrinkage and selection operator) regression, penalizes the absolute
value of non-zero coefficients in a solution, and will therefore try to shrink sufficiently small coefficients
to zero. This results in a more sparse solution compared to L2, where few, and generally uncorrelated,
coefficients are selected, hence it is often referred to as feature selection. Any feature that is sufficiently larger
or strong will be selected, but there is a potential for weak signal components to be lost. In comparison, L.2
regularization, or Ridge regression, does not remove any coefficients and instead penalizes larger coefficients
as it uses the square of the coefficients, resulting in coefficient shrinkage. L1 producing sparse solutions can
seem preferable, but many signals in ultrasound can be correlated, especially those with spatial proximity to
each other, and losing those correlated signals can create high variance images, and occasionally loss of some
signals entirely. On the other hand, L2 can lead to situations where a strong signal may be underfit due to the
coefficient shrinkage.

The large size of the model matrix in ADMIRE suggests that using L1 to create sparser solutions would
be preferable, but the high variance and potential loss of signal means that a balanced approach is optimal.
Hence, the elastic-net, which provides a balance of the two regression methods is chosen, and we tune ¢ to

balance between them. At o = 0, the result would be entirely L2, and o = 1 would correspond to all L1.
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Initial testing by Byram et al. (Byram et al., 2015b) suggests that L1 minimizes error of the overall observed
ultrasound echo, while L2 minimizes the error of specifically the components from the region of interest.
An L1 solution would generally produce poorer final images, while L2 would frequently fail to reject certain
sources of clutter. As a result, the balanced approach of the elastic-net helps to mitigate the shortcomings of
each method, and the use of o = 0.90 is recommended.

The tuning parameter for the degrees of freedom, A, can be controlled separately. Similar to the choice
of regularization method, increasing or decreasing the degrees of freedom will influence the sparsity of the
final solution. Smaller values of A produce higher degree of freedom solutions, which can result in more
precise fits of the aperture signal, while lower degrees of freedom favor sparsity. This has similar drawbacks
to the consideration of L1 and L2, and as a result we sometimes consider both high and low degree of

freedom solutions. Generally, the default recommendation used is Agpr = (0.0189/10) which is the

y RMS?
value included in Table 2.1, which corresponds to a high degree of freedom (HDF) case. In situations where

a low degree of freedom (LDF) case is considered, we instead would use A;pr = (0.0189/2) Unless

Yrms *
otherwise stated, the high degree of freedom case is used.

Finally, we can additionally consider controlling the specifics of the model generation. Both the sampling
of the model space and the physical size can be considered. Increasing the sampling of the model can
result, in theory, in more accurate fits of the aperture signal, but also can greatly increase run time without
necessarily improving image quality. Considerations have been made in the past to reduce the size of the
model to improve computation time, such as removing the estimates for near-field scatterers in cases without
reverberation clutter, using only the ROI part of the model and relying and not overfitting the signals (Schlunk
and Byram, 2021a), and using dimensionality reduction methods to reduce the size of the models (Dei et al.,
2019). These have been met with mixed results, and generally for more complex problems and applications

we continue to use “full” models that consider the entire scope of the imaging space with a reasonably small,

but well-sampled, ROL.

2.2.2 Sidelobe and Dark Region Artifact Mitigation

2.2.2.1 Simulated Bright Target Phantom

There are many scenarios where sidelobe and dark region artifacts can manifest, but perhaps the easiest way
for testing is to create a single target of sufficiently great intensity that it casts a sidelobe artifact into the
surrounding area. To this end, we used an ultrasound simulation package called Field II to simulate bright
point targets at the focal depth with contrasts ranging from 20 dB to 120 dB relative to the background
speckle. We created 6 independent speckle realizations for each amplitude using the parameters found in

Table 2.2. These parameters are the same for all simulations performed in this work.
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Table 2.2: Field II Simulation Parameters for Phantoms

Parameter Value
Number of elements 117
Number of mathematical elements (lateral) 7

Number of mathematical elements (elevation) 11
Element height 4 mm
Element width 0.254 mm
Kerf 0.003 mm
Lateral pitch 0.257 mm
Center frequency (f;) 3 MHz
Sampling frequency (simulation) (f;) 640 Mhz
Sampling frequency (downsampled) (f) 40 MHz
Bandwidth 60%
Transmit focal depth 3cm
Transmit/receive f-number 1

2.2.2.2 Visual Artifact Confirmation

In early work by Dei et al., combinations of DAS, ADMIRE, and coherence factor (CF) were applied to
these simulations demonstrating the dark region artifact in all cases except for base DAS (Dei and Byram,
2018). Since the DAS method is a linear process, a dark region artifact will never present itself. However,
in testing DAS+CF began showing signs of the artifact as low as 20 dB. ADMIRE using a low degree of
freedom showed the dark region artifact earlier than the high degree of freedom variant, showing that AD-
MIRE (HDF) is somewhat robust to both the sidelobe and dark region artifacts up to an intensity of around
60 dB. Furthermore, the ADMIRE+CF (HDF) variant showed resilience to introducing the dark region arti-
fact compared to DAS+CF, meaning that the sidelobe reduction of ADMIRE (HDF) can help other adaptive
beamformers when used in combination from suffering the artifact. A similar set of example results can be
visually confirmed in Fig. 2.3, where GCF, SLSC, and ADMIRE (HDF) all present the dark region artifact

and all methods (except SLSC) present sidelobe artifacts.

2.2.2.3 Measuring Speckle Accuracy

Removing sidelobe artifacts without introducing dark region artifacts means we must be able to verify that
the missing signal being restored is the correct signal. We can do this by calculating the 2-D correlation
coefficient r by comparing each simulated phantom to its corresponding clean speckle realization in DAS

(with no cyst or bright scatterer present) to determine the degree of speckle corruption from the sidelobe and
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Figure 2.3: Delay-and-sum (DAS), delay-mulitply-and-sum (DMAS), generalized coherence factor (GCF),
minimum variance (MV), short-lag spatial coherence (SLSC), and ADMIRE (high DoF) applied to bright
target phantoms of varying intensities. At the strongest intensity, all beamformers except DAS and DMAS
exhibit the dark region artifact. Figure adapted from Schlunk et al. (Schlunk et al., 2021). Figure ©2021
IEEE.

dark region artifacts. The correlation was calculated as

Y'Y (S(x,2) — us)(D(x,2) — up)
. i , (2.5)

wzzwx,z) — 1)L Y (D(x,2) — kp)?)

where S is the enveloped, uncompressed region of the data for the beamformer of interest, and D is short-hand
for the reference DAS enveloped, uncompressed region of data. Values of r closer to 1 indicate more accurate
speckle in the target region. A DAS image with only speckle would represent the “true” background signal,
having a correlation, or accuracy, of 1. As the sidelobe artifacts increasingly corrupt that background, the
accuracy decreases. Table 2.3 shows preliminary results of the beamformers described in Section 1.3 applied
to the bright target phantoms. Atlow target intensities, DAS maintains near perfect speckle representation, but
MYV performs better for greater intensities. However, all beamformers have relatively poor speckle accuracy

(r<0.80) at 100 dB and greater.

2.2.2.4 Measuring Contrast Ratio in the Artifact Region

A final simple metric for testing the artifacts is to measure the contrast ratio in the area where the sidelobe and
dark region artifacts manifest compared to a region of the image with no artifacts. This means that positive
ratios indicate sidelobes, while negative ratios would indicate dark region artifacts. Table 2.4 shows these

preliminary results. Results close to O dB indicate that the background contrast ratio is close to the expected
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Table 2.3: 2-D Speckle Correlation of Bright Target Phantoms

2-D Speckle Correlation (close to 1 is better)

Intensity (dB) 40 60 80 100 120

DAS 1.00+£0.00 0.99+0.00 0.54+0.05 0.05+£0.04 0.02+0.03
DMAS 0.80£0.02 0.81£0.02 0.76£0.02 0.40£0.06 0.07£0.05
GCF 0.96£0.00 0.87£0.01 0.10£0.06 0.03£0.03  0.0340.03
MV 0.71£0.02 0.71£0.03  0.90+£0.01 0.54+0.03 0.0240.03
SLSC 0.49£0.04 0.38+£0.05 0.29£0.04 0.18£0.09 0.13£0.05

ADMIRE (HDF) 0.97+0.01 0.96+0.01 0.82+0.05 0.04+0.05 0.04+0.04

Table 2.4: Contrast Ratio of Artifacts in Bright Target Phantoms

Contrast Ratio (dB) (close to O is better)

Intensity (dB) 40 60 80 100 120

DAS 1.9+£09 1.94+09 2.0+09 4.6£0.6 20.0+£0.6
DMAS 53+1.1 29+1.0 0.1£1.0 -5.0£1.3  0.6£1.1
GCF 49+12 -63£1.8 -348%+14 -20.7+0.7 -1.84+0.6
MV 12+1.3 5.1+1.1 10.6£0.8 15.5+0.7 21.2+0.3
SLSC 1.1+03 -294+03 -58+04  -16.1£0.7 -12.6£3.9

ADMIRE (HDF) 3.0+0.8 2.3+09 -7.0£2.1 -244+0.6 -4.8+0.8

value, however, this only indicates that the background appears to have the correct intensity, not that the
background is free of artifacts. Ideally this metric would be combined with speckle accuracy for a more

complete analysis.

2.2.3 Contrast Ratio Dynamic Range (CRDR)

In an effort to better characterize true contrast in beamformers, Dei et al. proposed the contrast ratio dynamic
range (CRDR) method (Dei et al., 2017). By applying a given beamformer to simulated cysts at varying
intensities, in this case ranging from -50 to 70 dB plus an anechoic cyst, the measured contrast can be
compared to the true contrast over a wide range. For a given realization, the measured contrast is then
linearly interpolated to get a well sampled curve. The CRDR measurement can then be estimated from that
measured versus true contrast curve (such as in Fig. 2.4) by determining the range on the curve for which the

measured contrast does not deviate from the true contrast (two-tailed #-test, o = 0.05).

2.2.3.1 Simulated Contrast Phantoms

Field II (Jensen, 1996; Jensen and Svendsen, 1992) was used to simulate 5 mm diameter cysts of known
contrasts ranging from -50 dB to 70 dB relative to the background, plus an anechoic case. Each level of
contrast was simulated with 6 independent realizations of speckle. Simulation parameters used in Field II are

the same as detailed in Table 2.2.
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Figure 2.4: Measured contrast versus actual (true) contrast for various beamformers in cases with no added
clutter. Figure adapted from Schlunk et al. (Schlunk et al., 2018). Figure ©2018 IEEE.

2.2.3.2 Simulated Reverberation Clutter

For each of the contrast phantoms, additional realizations were created that included simulated reverberation
clutter. This reverberation clutter was simulated using the technique detailed by Byram and Shu (Byram and
Shu, 2016b), (Byram and Shu, 2016a). The clutter was added directly to the channel data such that it satisfied

the signal-to-clutter ratio (SCR) calculated by

P
SCR = 10log;(—5p>—) (2.6)

)
o-F, clutter

where Pgoy is the power of the channel data of the original phantom, Py is the power of the channel data
of the reverberation clutter, and « is the scalar for the reverberation clutter in order to achieve the desired
SCR. A region of background was used to calculate the power for each phantom so that the amount of clutter

added was consistent across the different magnitudes of cysts. Equation (2.6) can then be rewritten to solve

] Psor
*= Pclutterl()SCR/lO . (2.7)

The scalar « is then calculated and the clutter channel data is scaled and combined with the phantom chan-

for a as

nel data. In our works, the reverberation clutter is often scaled against the background speckle to achieve

realizations with 20, 10, 0, -10, and -20 dB SCR compared to the channel data. We believe these values
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cover a realistic range of in vivo possibilities, though we expect most clinical cases probably fall between
20 dB (easy-to-image patients) and 0 dB (difficult-to-image patients). However, there is a significant lack of
research into the quantification of reverberation, making it difficult to know the level of reverberation clutter
for any given scenario. Some groups have investigated reverberation clutter, but mainly do so in the context
of harmonic imaging (Pinton et al., 2011; Fatemi et al., 2019). Studies involving the addition of simulated
reverberation clutter fall within our simulated range (Bell et al., 2015; Fatemi et al., 2019), and one in vivo
study found that bladder images had bladder wall to clutter ratios between 30 and 0 dB for all sources of

clutter including reverberation (Lediju et al., 2008), further supporting our choices.

2.2.3.3 CRDR for Common Beamformers

Fig. 2.4 shows a summary of example results from Schlunk et al. (Schlunk et al., 2021). In the original work
by Dei et al., they found that DAS and MV reported good contrast accuracy over a range of 55dB when there
is no additional noise present. However, this drops dramatically as strong reverberation clutter is introduced
such that the accurate range is only 27dB in the presence of 0dB SCR reverberation clutter. ADMIRE (HDF)
is shown to produce similar results as DAS in the noise-free cases, and improves upon DAS in the presence

of reverberation clutter, reporting an accurate range of 36dB (Dei et al., 2017).

2.2.4 Lateral Point Spread Function and Resolution

The lateral point spread function (PSF) can be a valuable tool not only to get a measure of the resolution of
a beamformer (which can be related to the sizing accuracy of said beamformer), but also as an indicator of
the presence of sidelobe artifacts and dark region artifacts. Though the full width at half maximum (FWHM)
would not change with the intensity of the target, the appearance of the PSF will have higher sidelobes when
the sidelobe artifact is present, and likewise lower sidelobes when a dark region artifact is present. Though
the PSF is frequently measured for beamformers to assess lateral resolution performance, the sizing accuracy

is less often considered or evaluated.
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CHAPTER 3

Addressing Contrast Accuracy: Iterative ADMIRE

This chapter is adapted from work originally published in (Schlunk et al., 2021), ©2021 IEEE. Reprinted,
with permission, from Schlunk, S., Dei, K., & Byram, B. (2021). Iterative Model-Based Beamforming
for High Dynamic Range Applications. IEEE Transactions on Ultrasonics, Ferroelectrics, and Frequency

Control, 68(3), 482—493. https://doi.org/10.1109/TUFFC.2020.3012165.

3.1 Introduction

Adaptive beamforming methods have become increasingly popular in recent years due to the reportedly great
improvements to contrast ratio or contrast-to-noise ratio (CNR) that they can produce (Matrone et al., 2015;
Li and Li, 2003; Asl and Mahloojifar, 2009). However, there is growing concern that not all of these methods
produce “true” improvements to contrast ratio and CNR. Because of this concern, some groups have begun
expressing the importance of developing new robust measurements to test performance (Rindal et al., 2016;
Dei et al., 2017; Rodriguez-Molares et al., 2018, 2020; Rindal et al., 2019). These methods include contrast
ratio dynamic range (CRDR) (Dei et al., 2017), which seeks to quantify measured versus true contrast, and
generalized contrast-to-noise ratio (gCNR) (Rodriguez-Molares et al., 2018, 2020), which seeks to generalize
CNR by providing a detectability metric that is less susceptible to artificial improvements.

Many adaptive beamformers characterize their performance based on the contrast ratio of anechoic cysts,
where the average target intensity is compared to some nearby background region. However, sidelobe clutter
as well as the dark region artifact described by Rindal et al. (Rindal et al., 2017) can interfere with this
assessment. The dark region artifact can arise in the presence of strong acoustic targets, where sidelobe
clutter will obscure nearby, lower strength acoustic targets. Some adaptive beamformers will remove this
clutter, but in doing so also remove the underlying signal of interest, resulting in the dark region artifact.
This lowers the intensity in that region leading to a reported contrast ratio or CNR that is higher than its true
value. Alternatively, other beamformers may fail to remove this sidelobe clutter, resulting in cysts of varying
intensities appearing identical (e.g. an anechoic cyst measured as -40 dB), as demonstrated by Dei et al. with
CRDR (Dei et al., 2017).

We provide several instances where these problems can occur clinically. First, renal cysts are quite com-
mon and are classified as either simple (benign, homogeneous, fluid-filled with a well-defined outline) or
complex (indicative of disease, filled with non-homogeneous fluid and an irregular cyst wall with potential

calcifications) (Eknoyan, 2009). However, complex cysts can be difficult to classify (Warren and McFarlane,
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2005; Siegel et al., 1997), and many beamformers will display a -40 dB complex cyst identically to a anechoic
simple cyst, either due to removing the weak signal from the complex cyst or failing to remove the sidelobe
clutter from the simple cyst. A second example is the visibility of blood flow. Because the blood signal is
typically much weaker than the surrounding tissue signal, this can lead to the blood signal being completely
masked by sidelobe clutter, or worse the blood signal being completely removed along with the clutter.
Since the dark region artifact can appear in situations where nearby targets have severe differences in
acoustic strength, it is an important consideration for high dynamic range applications. In previous papers,
we introduced the aperture domain model image reconstruction (ADMIRE) method (Byram et al., 2015a; Dei
and Byram, 2017; Byram and Jakovljevic, 2014) that uses a physics-based model to reduce strong sidelobe
clutter and reverberation, which increased the dynamic range (Dei et al., 2017). However, it is susceptible
to the dark region artifact (Dei and Byram, 2018), where the strong sidelobe clutter signal is preferentially
fit by the model, resulting in the complete loss of the weaker underlying signal. In this paper we introduce
iterative ADMIRE (iADMIRE) as a solution to that problem. In iADMIRE, sources of clutter are iteratively
solved and subtracted from the input signal so that weaker signals can progressively be fit. This results in a
more accurate estimate of the region of interest. We will show that this iterative approach can mitigate both

sidelobe and dark region artifacts, improving CRDR in some cases.

3.2 Beamforming Algorithms

We include a brief explanation of ADMIRE in order to provide context for iterative ADMIRE. Additionally,
several other adaptive beamformers are described for comparison, since many of these beamformers are
susceptible to sidelobe artifacts, dark region artifacts, or both. All beamformers are implemented in MATLAB

(The MathWorks, Natick, MA, USA).

3.2.1 Aperture Domain Model Image Reconstruction (ADMIRE)
Aperture domain model image reconstruction (ADMIRE) is a method for removing reverberation and off-axis

clutter, as well as suppressing wavefront aberration. We discuss the method in detail in Chapter 2.

3.2.2 Iterative ADMIRE (iADMIRE)

Iterative ADMIRE (iADMIRE) is a modification to the ADMIRE algorithm that seeks to accommodate envi-
ronments with high dynamic ranges by mitigating the shortcomings of the elastic-net (Schlunk et al., 2018).
To provide some intuition for these problems, we include in Fig. 3.1, an example of how L1, L2, and
elastic-net regularizations affect the estimate of a given coefficient. With an L1 estimate, coefficients that

are sufficiently small will be ignored and set to zero, but larger coefficients will be fit relatively accurately,
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Figure 3.1: Qualitative example of the L1, L2, and elastic-net estimates for some specific model coefficient,
Bi. In the L1 case, coefficients that are sufficiently small are zeroed in favor of larger ones. No coefficients are
zeroed in L2, but instead there is significant coefficient shrinkage (loss of amplitude) for stronger components.
ADMIRE uses the elastic-net, which balances the two extremes but includes features of both. Figure ©2021
IEEE.
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Figure 3.2: Example of the effect of iADMIRE on the dark region artifact. (A) DAS showing the unclut-
tered, True speckle background. (B) DAS of the same background with a simulated 100 dB bright scatterer
introducing strong sidelobe clutter. (C) ADMIRE and (D) iADMIRE processing of the scatterer. ADMIRE
demonstrates sidelobe reduction with a visible dark region artifact, and iADMIRE shows the same reduction
without the artifact. (E) shows the aperture domain signals for the uncluttered region denoted by the dia-
mond, and (F) shows the signals for the cluttered region denoted by the square. When no clutter is present,
ADMIRE and iADMIRE match the True and DAS signals since there is no clutter to be removed (note that
the slight difference in signal is due to the sparse fitting of coefficients and has marginal impact on the final
image). With sidelobe clutter present, ADMIRE removes all signal in the region, while iADMIRE is able to
restore the underlying signal. Figure ©2021 IEEE.

leading to coefficient selection. With L2, no coefficients are lost, but the cost is that larger coefficients un-
dergo severe shrinkage and are underestimated. By incorporating characteristics of both, the elastic-net seeks

to minimize the negatives of each method, but crucially does not eliminate them. Since ADMIRE uses the
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Algorithm 1: Iterative clutter removal in ADMIRE

1 Given model predictors X = [Xgror Xclutter], aperture domain signal y;, parameters o and A, and 6 > 0
2 fori=1do
3 Solve (2.4) for model coefficients ﬁi, given y;, X
4 Compute clutter-only signal
Yiclutter = clutterﬁi,clutter 3.1
5 Compute new aperture signal
Yi+1 = Yi — Yiclutter 3.2)

6 Stop when ||y; 11 —yi|[5 < &
7 end for

8 Calculate Ydecluttered = Xro1i,ROI

elastic-net and therefore has L1 features, we see that weaker signal components may be zeroed out in favor
of stronger sources. This can result in a dark region artifact since only the strong clutter coefficients are fit,
resulting in nothing from the region of interest being included. Fig. 3.2 shows an example of a speckle back-
ground (A) that is corrupted by a 100 dB scatterer (B) and highlights an uncluttered region (diamond) and a
cluttered region (square). For the uncluttered region, the aperture domain signals for all four match closely
since there is no clutter interference (note that the small differences between the DAS and ADMIRE signals
is due to the elastic-net estimates of ADMIRE favoring the dominant signal components, and has little impact
on the actual image). In contrast, the DAS signal in the cluttered region is completely different due to the
sidelobe clutter, and ADMIRE predominantly fits that clutter resulting in a loss of the underlying signal and
the creation of the dark region artifact. iADMIRE, however, first fits and removes that clutter signal, allowing
it to recover the True underlying signal.

Algorithm 1 shows the process by which iADMIRE iteratively solves for the clutter sources in the signal
and removes them, theoretically obtaining a more accurate estimate of the ROI signal. Rather than doing
a single solve for the model coefficients and reconstructing only the ROI signal, iADMIRE computes the
clutter-only signal ycjuger using (3.1) and the coefficients Bejuger corresponding to the clutter predictors in
the model and subtracts that from the original signal with (3.2). By iteratively applying the elastic-net and
removing the reconstructed clutter signal from the signal, strong clutter sources are continually removed until
some threshold is reached. This new, less cluttered signal is then decomposed using the elastic-net one last
time to produce the decluttered signal using (2.3).

We set § = max(abs(y))/1000 so that convergence will depend on the input aperture domain signal. Fig.
3.3 shows a simple example of convergence for a dark artifact region. At zero iterations (normal ADMIRE),

the dark region artifact is clearly visible, but after a single iteration the background appears to be mostly
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Figure 3.3: Example of iADMIRE after O, 1, 2, and 3 iterations for a 60 dB cyst. The change in power
between iterations of the indicated region is included. At O iterations (normal ADMIRE) the dark region
artifact is clearly visible, but is almost entirely mitigated after the first iteration. In this example, iADMIRE
has mostly converged by the third iteration. Figure ©2021 IEEE.

restored. Based on the change in power between iterations, the algorithm has functionally converged by the
third iteration. For simple clutter scenarios where there is one main source of interference, it is likely that
only one or a few iterations is required to remove that source. As a result, for this study we enforce a hard
cutoff of three iterations to prevent wasted computation time. For ease of comparison, the other parameters
that overlap with the standard ADMIRE algorithm are the same as those for ADMIRE (HDF) in the previous
section. The balance between L1 and L2 fitting could be further tuned to adjust convergence and clutter
removal, however, we’ve found that these values provide a fairly good balance to prevent overfitting (and
failing to remove clutter) or underfitting (requiring more iterations).

Computation time for iADMIRE varies wildly depending on the number of iterations required. Since the
elastic-net decomposition is computationally expensive, a window that requires many iterations (and therefore
many repeated fits), requires nearly that much additional processing time. As a result, for any given signal

being fit, it can take between one and three times as long to process as standard ADMIRE.
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3.2.3 Delay-and-Sum (DAS)
The conventional standard beamformer, as defined in Section 1.4.2. In this study, we use rectangular weight-

ing, unless otherwise specified.

3.2.4 Filtered Delay-Multiply-and-Sum (F-DMAS)
Filtered delay-multiply-and-sum (F-DMAS) is a simple adaptive beamformer proposed to improve contrast
and resolution (Matrone et al., 2015). It works by combinatorially coupling and multiplying the delayed

channel data before summing across the channels. The complete definition can be found in Section 1.4.3.

3.2.5 Generalized Coherence Factor (GCF)
Generalized coherence factor (GCF) is a weighting of the DAS image by the ratio of the energy in some
low-frequency region to the total energy (Li and Li, 2003). The complete definition can be found in Section

1.4.4. We chose the low-frequency cutoff parameter My = 5 as done in (Rindal et al., 2017) for this work.

3.2.6 Minimum Variance

Minimum variance (MV) beamforming is also an adaptively weighted DAS image, where the optimized
apodization weights (Holfort et al., 2009), (Synnevag et al., 2007) are calculated to minimize off-axis in-
terference, improving lateral resolution. The complete definition can be found in Section 1.4.5. To get an
invertible matrix, we used subarray lengths of L, equal to 50% of the total aperture length, to estimate the
covariance matrix and diagonal loading defined as € = A - tr(R), where A = 1/(10L), as recommended (Syn-

nevag et al., 2007) for this work.

3.2.7 Short-Lag Spatial Coherence (SLSC)

Short-lag spatial coherence (SLSC) is different from many other beamformers in that it only uses the spatial
coherence of received echoes to form images. The coherence images are usually displayed on a linear scale.
Introduced by Lediju et al. (Lediju et al., 2011), the foundation of SLSC is the van Citter-Zernike (VCZ)
theorem, which demonstrates a prediction for the spatial coherence, or covariance, for the backscattered
echoes (Mallart and Fink, 1991). The complete definition can be found in Section 1.4.6. For this study, we
chose to use L = 20 lags (17% of our total number of channels), with a correlation kernel equivalent to 1

wavelength.

3.2.8 Gray Level Transformation (GLT)
For comparison purposes, we include the gray level transform (GLT) that is described by Rindal et al. as

an example of a method that “fakes” improvements to CNR, but sacrifices the dynamic range (Rindal et al.,
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2019). The GLT is a sigmoid function defined as

A 1
Scir(B) = T4 o—aB-B) (3.3)
Saur(B) = 2ortB) - maxar(B)) (34)

€

where B = 20log ;o (|Spas|), & = 0.12, = —40, and £ = 0.008.

3.3 Methods

3.3.1 Contrast Target Phantom

Field II (Jensen, 1996; Jensen and Svendsen, 1992) was used to simulate 5 mm diameter cysts of known
contrasts ranging from -50 dB to 70 dB relative to the background, plus an anechoic case. Each level of
contrast was simulated with 6 independent realizations of speckle. Simulation parameters used in Field II are

the same as those detailed in Table 2.2.

3.3.2 Simulated Reverberation Clutter

For each of the contrast phantoms, additional realizations were created that included simulated reverberation
clutter. This reverberation clutter was simulated using the technique detailed by Byram and Shu (Byram and
Shu, 2016b), (Byram and Shu, 2016a). The clutter was added directly to the channel data such that it satisfied

the signal-to-clutter ratio (SCR) calculated by

P
SCR = 10log;(—5p>—)

)
o-F, clutter

(3.5)

where Pgoj is the power of the channel data of the original phantom, P,y is the power of the channel data
of the reverberation clutter, and « is the scalar for the reverberation clutter in order to achieve the desired
SCR. A region of background was used to calculate the power for each phantom so that the amount of clutter

added was consistent across the different magnitudes of cysts. Equation (3.5) can then be rewritten to solve

] Psor
*= Pclutterl()SCR/10 . (3.6)

The scalar o is then calculated and the clutter channel data is scaled and combined with the phantom channel

for o as

data. In this paper, the reverberation clutter is scaled against the background speckle to achieve realizations
with 20, 10, 0, -10, and -20 dB SCR compared to the channel data. We believe these values cover a realistic

range of in vivo possibilities, though we expect most clinical cases probably fall between 20 dB (easy-to-

34



image patients) and 0 dB (difficult-to-image patients). However, there is a significant lack of research into
the quantification of reverberation, making it difficult to know the level of reverberation clutter for any given
scenario. Some groups have investigated reverberation clutter, but mainly do so in the context of harmonic
imaging (Pinton et al., 2011; Fatemi et al., 2019). Studies involving the addition of simulated reverberation
clutter fall within our simulated range (Bell et al., 2015; Fatemi et al., 2019), and one in vivo study found
that bladder images had bladder wall to clutter ratios between 30 and 0 dB for all sources of clutter including

reverberation (Lediju et al., 2008), further supporting our choice.

3.3.3 Bright Scatterer Phantom
In order to measure the dark region artifact, we used Field II to simulate bright point targets at the focal depth
with contrasts ranging from 40 dB to 120 dB relative to the background speckle. As before, 6 speckle real-

izations were created for each amplitude. The same parameters found in Table 2.2 were used for simulation.

3.3.4 Invivo Carotid Artery Data

We additionally captured in vivo carotid artery data from a healthy individual using a Verasonics Vantage
Ultrasound System (Verasonics, Inc., Kirkland, WA) with a L12-5 linear transducer. A center frequency of
7.813 MHz was used to acquire 8 equally spaced angled plane waves spanning -9° to 9° at a PRF of 3000
Hz. Coherent compounding was used to generate a synthetically focused channel data set (Montaldo et al.,
2009). The resulting frames were processed using either ADMIRE or iADMIRE and filtered using a 6th

order Chebyshev filter with a cutoff frequency of 300 Hz to create a power Doppler image.

3.3.5 Contrast Ratio, CNR, and Resolution
The contrast ratio and contrast-to-noise ratio (CNR) were measured for each phantom in order to characterize

the measured contrast and detectability of the simulated cyst. Contrast ratio and CNR were defined as

HUror

_FROL (3.7)
Hbackground

contrast ratio = 20log o (

_ |uROI - ﬂbackground|

)
[ ~2 2
ORro1 + Gbackground

where U is the mean value and o is the standard deviation of the enveloped, but not log compressed, data.

CNR

(3.8)

Fig. 3.4 shows the chosen ROI and background regions for the (A) contrast and (B) bright scatterer phantoms.
Additionally, the point spread function (PSF) was found for each bright scatterer and for each method. The
mean point target width was measured across all scatterers (except 40 dB due to the noise floor) for each

method at -6 dB (full width at half maximum), -10 dB, and -20 dB.
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Figure 3.4: DAS images for hypoechoic contrast target phantoms (left) and bright scatterer phantoms (right)
simulated in Field II. (A) and (B) indicate the target (solid) and background (dotted) regions used to calculate
contrast ratio, CNR, and gCNR measurements. (C) and (D) show the regions used for computing the back-
ground speckle correlation of each beamformer. Figure ©2021 IEEE.

3.3.6 Contrast Ratio Dynamic Range (CRDR)

In an effort to better characterize true contrast in beamformers, Dei et al. proposed the contrast ratio dynamic
range (CRDR) method (Dei et al., 2017). By applying a given beamformer to simulated cysts at varying
intensities, in this case ranging from -50 to 70 dB plus an anechoic cyst, the measured contrast can be
compared to the true contrast over a wide range. For a given realization, the measured contrast is then
linearly interpolated to get a well sampled curve. The CRDR measurement can then be estimated from that
measured versus true contrast curve by determining the range on the curve for which the measured contrast

does not deviate from the true contrast (two-tailed ¢-test, o« = 0.05).

3.3.7 Generalized Contrast-to-Noise Ratio (CNR)
An alternative to CNR for measuring detection probability was proposed by Rodriguez-Molares et al. called
the generalized contrast-to-noise ratio (gCNR) (Rodriguez-Molares et al., 2018), (Rodriguez-Molares et al.,
2020). It works by measuring the overlap of the probability density function between the ROI and the back-
ground, meaning it is unaffected by stretches or compressions in the dynamic range. The gCNR is then
defined by

gCNR =1-0VL, (3.9)

where OVL is the measured overlap between the two probability density functions. Therefore, gCNR varies
between 0 and 1, where gCNR=1 indicates perfect discrimination. The gCNR is computed for the contrast
target phantoms using the same ROI and background regions as for contrast ratio (Fig. 3.4). We used 100

bins as suggested in the original work.
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3.3.8 Speckle Correlation

The 2-D correlation coefficient r was calculated by comparing each simulated phantom to its corresponding
speckle realization in DAS (with no cyst or bright scatterer present) to determine the degree of speckle
corruption from the sidelobe and dark region artifacts. The region used for the measurement is shown in Fig.

3.4. The correlation was calculated as

3 ) (8(x,2) — us)(D(x,2) — up)

X Zz

\/(ZZ(S(X’Z)—#s)z)(ZZ(D(%Z) —up)?)

X Z

r =

(3.10)

where S is the enveloped, uncompressed region of the data for the beamformer of interest, and D is short-hand
for the reference DAS enveloped, uncompressed region of data. Values of r closer to 1 indicate more accurate

speckle in the target region.

3.4 Results

3.4.1 Contrast Target Phantoms

The dynamic range for all beamformers in the presence of no added reverberation clutter and the computed
CRDR for a range of signal-to-clutter ratios (SCR) is shown in Fig. 3.5. Since CRDR aims to quantify how
accurately a beamformer represents contrast, a higher CRDR corresponds to a longer range over which a
beamformer reports the true contrast. SLSC and GLT notably deviate from the true contrast line since they
are designed to enhance CNR at the cost of CRDR, which they do as shown in Fig. 3.6B. Table 3.1 shows the
measured CRDR for all beamformers at each level of added reverberation clutter from 20 dB (very low clutter)
to -20 dB (very high clutter). We also include versions of DAS, ADMIRE (HDF), and iADMIRE summed
using Hamming apodization since DAS especially benefits in this scenario. Though this does significantly
improve the CRDR for DAS, it still does not match the performance of iADMIRE, apodized or unapodized.
Overall, for signal-to-clutter ratios between 20 dB and 0 dB, iADMIRE continues to have the highest CRDR,
but at more intense levels of reverberation all beamformers suffer poor CRDR.

One realization of a simulated 60 dB contrast target phantom without added reverberation clutter is shown
in Fig. 3.6A. The images are displayed on a compressed log scale of 120 dB in order to highlight the impact
of the strong sidelobes. We can qualitatively see the sidelobe artifacts in DAS, DMAS, GCF, and MV, which
has a noticeable affect on the dynamic range as shown. We can also see the affect that SLSC and GLT have
on the background speckle near the cyst, which provides a great boost to CNR, as reported in Fig. 3.6B.
SLSC vastly outperforms the other methods due to this suppression of speckle in the background, with GLT

performing second best for similar reasons. For all magnitudes of cysts, SLSC and GLT have better than or
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Figure 3.5: Dynamic range displayed as measured contrast versus actual contrast for (A) hyperechoic and (B)
hypoechoic cysts. The dotted black line indicates the true contrast, and adherence to that line indicates more
accurate reporting of measured contrast. (C) The computed contrast ratio dynamic range (CRDR) for a range
of signal-to-clutter ratios (SCR). Included error bars indicate the standard deviation. Figure ©2021 IEEE.

equal CNR to the other beamformers. In comparison, for gCNR shown in Fig. 3.6C, all methods are fairly

similar at all levels of contrast.

38



ADMIRE(LDF)ADMIRE(HDF) iADMIRE

CNR
-T
——g
;
—Lt

v

2-D Correlation

‘ f . 0.4
441-1-1-11

4 \
0.2 2

ol

0 ‘ ‘
anechoic -30 0 30 60 70 anechoic =30 0 30 60 70 -10 0 30 60 70
Actual Contrast (dB) Actual Contrast (dB) Actual Contrast (dB)
[- ¥ -pas - £ -pmAS = ¥ -GCF MV = f =SLSC = ¥ =GLT = ¥ = ADMIRE (LDF) = ¥ = ADMIRE (HDF) —I—iADMlRE|

Figure 3.6: (A) Sample realization of each beamformer for a 60 dB hyperechoic cyst. All beamformers are
displayed on a 120 dB log scale in order to highlight the strong sidelobes (where present), except SLSC,
which is displayed linearly, as is the convention. (B) CNR, (C) gCNR, and (D) 2-D speckle correlation
calculated for the full range of cysts without added reverberation clutter. Included error bars indicate the
standard deviation. Images are normalized so that background speckle is at the same level across methods.
Figure ©2021 IEEE.

Table 3.1: Contrast ratio dynamic range (CRDR) for different levels of added reverberation clutter. Table
©2021 IEEE.

Contrast ratio dynamic range (dB)

Signal-to-clutter ratio (dB) 20 10 0 -10 20
DAS 50.0 500 236 05 05
DAS - Hamming 60.8 60.8 233 1.7 1.6
DMAS 95 95 36 130 12
GCF 105 105 43 56 74
MV 109 109 57 29 29
SLSC 159 159 170 48 44
GLT 35 35 35 35 35
ADMIRE (LDF) 264 264 82 88 49
ADMIRE (HDF) 454 454 329 1.7 1.6
ADMIRE (HDF) - Hamming 46.8 46.8 30.7 29 26
iADMIRE 72.1 721 373 1.8 1.6
iADMIRE - Hamming 756 756 414 26 26

Fig. 3.6D shows the 2-D correlation coefficient of the defined speckle region for all beamformers at all
contrast levels compared to the corresponding speckle realization in DAS at 0 dB (no cyst), which should be
the true speckle. Again, due to the suppression of speckle, SLSC and GLT have significantly reduced speckle
accuracy, and all methods begin to lose accuracy at contrast levels greater than 30 dB due to the effect of the
sidelobe artifact. In the low reverberation clutter cases, ADMIRE (HDF) has speckle accuracy above 0.90 for

cysts up to 50 dB, and iADMIRE performs similar up to 60 dB. However, for increased levels of reverberation
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all the methods are reduced to nearly O correlation as the reverberation clutter completely masks the original

speckle.

3.4.2 Bright Scatterer Phantoms
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Figure 3.7: Sample realization of bright scatterer phantoms at 40, 60, 80, 100, and 120 dB. All beamformers
are displayed on a 100 dB log scale to highlight sidelobes and background speckle, except SLSC, which is
displayed linearly, as is the convention. Images are normalized so that background speckle is at the same
level across methods. Figure ©2021 IEEE.
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A realization of the bright scatterer phantoms is shown in Fig. 3.7. Since ADMIRE (HDF) outperforms
ADMIRE (LDF) in terms of mitigating the dark region artifact, we have only included the better variation.
Sidelobe artifacts are present in DAS, DMAS, GCF, and MV, and begin to show in ADMIRE at higher bright
scatterer contrasts. The dark region artifact is strongly present in the GCF, SLSC, and ADMIRE images, and
somewhat present in the DMAS images. GLT does not obviously exhibit either artifact, but that is primarily
due to the background speckle being completely suppressed by the operation. iADMIRE shows reduction
in the sidelobe artifacts, but also the removal of the dark region artifact and restoration of the background
speckle in cases up to 100 dB.

Fig. 3.8A shows the contrast in the area of the dark region artifact compared to the uncorrupted back-
ground, and Fig. 3.8B shows the calculated speckle correlation for the area impacted by the two artifacts.
As expected from the included realization, DMAS demonstrates improved contrast in the dark artifact region
due to somewhat suppressed sidelobes and minimal dark region artifact, though iADMIRE has better overall
artifact mitigation. For the 120 dB case, all beamformers demonstrated severe artifacts either due to sidelobes
or the dark region artifact. Several methods have speckle accuracy greater than 0.75 for cases at or less than
80 dB, but only iADMIRE has accuracy above 0.90 in all cases up to 100 dB. Finally, Fig. 3.8C shows
the point spread function (PSF) for a realization of the 60, 80, and 100 dB bright scatterers, and Table 3.2
shows the corresponding mean point target width. For all levels, ADMIRE and iADMIRE have comparable

or better resolution compared to DAS, but MV consistently has the best resolution among the beamformers.
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Table 3.2: Mean Point Target Width at Varying Levels. Table ©2021 IEEE.

Point Target Width (mm)

Intensity (dB) -6 (FWHM) -10 -20

DAS 0.49+£.00 0.68+.00 0.944.00
DMAS 0.45+.00 0.59£.00 0.77£.00
GCF 0.35+.00 0.49+.00 0.77£.00
MV 0.23+.00 0.30+.00 0.49+.00
SLSC 2.04+£.00 2.48+.00 3.14+£.01
GLT 0.82+.01 0.994+.01 1.524.01
ADMIRE (HDF) 0.48+.01 0.68+.00 0.89£.00
iADMIRE 0.50+.01 0.68+.01 0.894.01

3.4.3 Invivo Carotid Artery

The top row of Fig. 3.9 shows the B-mode of the carotid artery beamformed using DAS, ADMIRE (HDF),
and iADMIRE, as well as a difference image to show the changes between DAS and iADMIRE. The middle
rows show the dashed white line region enlarged and beamformed with rectangular and Hamming apodiza-
tion to highlight the high clutter in DAS with rectangular apodization. ADMIRE (HDF) removes this clutter
entirely, presenting a dark region artifact in the same location, and iADMIRE lessens the clutter and pre-
serves some of the underlying speckle. The difference images show iADMIRE with rectangular apodization
compared to DAS with rectangular and Hamming apodization. Note that the middle rows are displayed on
a smaller dynamic range to make the changes between speckle and clutter more visible. Finally, a power

Doppler image is shown for each method.

3.5 Discussion

3.5.1 Contrast Target Phantoms

The contrast ratio dynamic range (CRDR) demonstrates the issue of saturation due to the interference of
the sidelobe artifact, where cysts at different magnitudes appear identical on a more traditional compressed
log scale. In the results, the dynamic range curves show that all beamformers eventually saturate for cysts
above some level of contrast, both hyperechoic and hypoechoic, due to sidelobe clutter. In low reverberation
clutter cases, iADMIRE is able to more accurately report the true contrast in the range of -40 to 60 dB
cysts compared to other beamformers, improving upon ADMIRE and DAS. ADMIRE (HDF) and iADMIRE
perform well primarily due to their ability to mitigate the sidelobe artifact without introducing a dark region
artifact. However, at higher levels of sidelobe clutter, ADMIRE (HDF) begins to struggle to preserve the true
background speckle resulting in a dark region artifact, while iADMIRE is able to differentiate between the

clutter and the background speckle more effectively.
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We characterized the effect of the sidelobe artifact on the background speckle by computing the 2-D
correlation coefficient for all methods at all levels of contrast against an untouched speckle background (no
cyst or additional clutter). For hypoechoic cysts, the background region is unaffected since there is no strong
acoustic target. However, for the strong acoustic cysts at 30 dB and greater, many of the beamformers begin
to suffer reduced speckle accuracy. Only ADMIRE (HDF) and iADMIRE manage to maintain above 0.90
speckle accuracy at 50 dB, and only iADMIRE preserves speckle accurately at 60 dB. As with CRDR, speckle
correlation drops significantly as the level of added reverberation clutter rises above the background speckle.

From the CNR results, SLSC is the clear choice if cyst detectability is the primary focus. Since SLSC
takes advantage of the lack of coherence in the sidelobe clutter, it is able to dramatically reduce the amplitude
of the background in those areas, increasing the contrast and decreasing the variance. GLT functions similar,
though to a lesser extreme. All the other beamformers have similar performance, with DAS and the ADMIRE
variants performing nearly identically. gCNR, on the other hand, only compares the probability distribution
of the magnitudes of the cyst versus the background, meaning that given a fixed speckle variance, there is
some level of contrast above which all cysts will have a gCNR of 1, regardless of beamformer. Because
of this, gCNR does not value the difference in contrast or the speckle variance beyond a certain level, and
therefore does not fully differentiate between beamformers in this study. The gCNR results argue that the im-
proved CNR that SLSC and GLT are getting from suppressing the background is not functionally improving
detectability more than the other beamformers, which is fair since the cysts are extremely easy to differentiate
from the background, regardless of which method is used.

The added reverberation clutter results show that iADMIRE is better able to correctly mitigate sidelobe
clutter for reverberation cases up to 0 dB SCR, but once the reverberation clutter is sufficiently strong it
begins to fail along with the other beamformers. At -10 and -20 dB SCR, all of the beamformers failed to
represent true cyst contrast due to the complete corruption of the background speckle. This indicates that
ADMIRE is more robust to high levels of sidelobe clutter than reverberation clutter due to the nature of the
two sources. Specifically, off-axis signals have intrinsically lower correlation with the ROI signals compared
to reverberation signals, which makes it more difficult to fully separate high amplitude reverberant sources
(Byram et al., 2015c¢). This issue could potentially be avoided by using tissue harmonic imaging, which has
been demonstrated many times to reduce reverberation (Choudhry et al., 2000; Pinton et al., 2011; Fatemi
et al., 2019) and has previously been successfully implemented with ADMIRE (Byram et al., 2015a).

When ADMIRE is tuned towards an L1 fit (encouraging sparsity of coefficients), the high magnitude
signals (reverberation) are preferentially fit, and the weaker signals are lost. However, with a more L2 fit
(encouraging more nonzero coefficients), the model again prefers the high frequency predictors to achieve

a lower error fit to the input signal, resulting in the underlying signal being misclassified as clutter. For
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the severe reverberation clutter cases, IADMIRE requires many iterations to progressively remove the high
magnitude components first without overfitting the region of interest, but this causes compounding of small

model fitting errors due to the many iterations.

3.5.2 Bright Scatterer Phantoms

Qualitatively, the bright scatterer phantom results show that ADMIRE and iADMIRE almost entirely mitigate
the sidelobe artifact that is present in the DAS, DMAS, GCF, and MV images. Furthermore, iADMIRE
mitigates the dark region artifact that begins to appear in ADMIRE (HDF) at 80 and 100 dB, restoring the lost
background speckle. Not only is the magnitude of the speckle restored, but the 2-D correlation coefficient
shows that it is restoring the speckle accurately. In the 100 dB bright scatterer case, iADMIRE reports a
correlation coefficient of 0.93, with MV and DMAS a distant runner-up with coefficients of 0.42 and 0.40,
respectively. Though none of the beamformers were able to perform well in the 120 dB bright scatterer case,

this shows that iADMIRE is able to mitigate both sidelobe and dark region artifacts in cases up to 100 dB.

3.5.3 Invivo Carotid Artery

The data obtained from the carotid artery shows an example of the dark region artifact in vivo. ADMIRE
(HDF), in the presence of the sidelobe clutter from the tissue wall, completely removes the blood speckle
along with the clutter, resulting in a complete loss of the blood signal in that region. In comparison, iAD-
MIRE is able to restore that lost blood signal and largely preserve the underlying speckle, which can be seen
by the improved speckle appearance in the highlighted cluttered region compared to DAS with rectangular
apodization. Hamming apodization clearly helps to remove the clutter signal from the vessel, but seems to
remove more signal compared to iADMIRE with rectangular apodization. Given the nature of the in vivo

situation, it is difficult to know whether the Hamming apodization is removing too much signal or not.

3.6 Conclusion
We have presented iADMIRE as a modification to the original ADMIRE algorithm that is able to extend its
dynamic range as well as mitigate the dark region artifact that results from adaptive beamformers. Using
CRDR and gCNR, we confirmed the performance of iADMIRE compared to other common adaptive beam-
formers, while also demonstrating the issues with regards to sidelobe artifact saturation and true contrast.

In the no added reverberation clutter cases, iADMIRE had a CRDR of 72.1 dB, improving upon the next
best methods DAS and ADMIRE (HDF) at 50.0 and 45.4 dB, respectively. The added reverberation clutter
cases proved more difficult, where iADMIRE loses some of its relative improvements as the level of rever-

beration increases. This indicates that iADMIRE has difficulty fully differentiating these highly reverberant
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sources from the ROI signals. As Byram et al. showed previously, the physical model of ADMIRE loses
accuracy in the extreme near field (Byram et al., 2015a) and additionally sources at different depths from the
ROI tend to have higher correlation with the ROI compared to same-depth, off-axis sources (Byram et al.,
2015¢). This means that while iIADMIRE is robust to off-axis clutter, differentiating between near-field and

ROI signals is more of a challenge in these highly reverberant cases.
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Figure 3.8: (A) Contrast of the dark region artifact versus the strength of the simulated bright scatterer.
Negative contrast indicates the presence of a dark region artifact, while positive contrast indicates strong
sidelobe clutter. Values close to O dB indicate low artifact interference. (B) 2-D speckle correlation in the
area of the dark region artifact as compared to clean background speckle. Values close to 1 indicate better
speckle accuracy. (C) Point spread functions (PSF) for the 60, 80, and 100 dB bright scatterers, displayed
from the center of the target. Figure ©2021 IEEE.
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Figure 3.9: DAS, ADMIRE (HDF), iADMIRE, and the difference between iADMIRE and DAS images from
an in vivo carotid artery from a healthy individual. The top row shows the standard B-mode images on a 70 dB
log scale, and the middle and bottom rows show the dashed white line section from the B-mode enlarged. The
middle rows show the same B-mode on a narrower 30 dB log scale using rectangular (Rect) and Hamming
(Hamm) apodization, respectively, while the bottom row shows the power Doppler (PD) images on a 25 dB
log scale. The lower dynamic range helps to highlight the improved speckle texture in the iIADMIRE B-mode
image. Figure ©2021 IEEE.
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CHAPTER 4

Addressing Sizing Accuracy: Combining ADMIRE and MV

This chapter is adapted from work originally published in (Schlunk and Byram, 2022b), ©2022 IEEE.
Reprinted, with permission, from Schlunk, S., & Byram, B. (2022). Combining ADMIRE and MV to
Improve Image Quality. IEEE Transactions on Ultrasonics, Ferroelectrics, and Frequency Control, 69(9),

2651-2662. https://doi.org/10.1109/TUFFC.2022.3194548.

4.1 Introduction

Many beamformers are designed with specific quality metrics in mind, such as improving contrast ratio or
signal-to-noise ratio. Aperture domain model image reconstruction (ADMIRE) (Byram et al., 2015a; Dei
and Byram, 2017; Byram and Jakovljevic, 2014) falls into this camp, with its use primarily intended for
decluttering (reducing reverberation clutter, off-axis interference, and other sources of image degradation),
which results in generally improved contrast ratio and signal-to-noise ratio. Other beamformers may seek to
improve resolution, a well-known example of which is minimum variance (MV). MV is often an attractive
beamformer, in part due to its rigorous mathematical basis, dating all the way back to Capon’s original imple-
mentation in 1969 for use with seismic data (Capon, 1969). Though the applications of the original version
were somewhat limited given the assumptions that are made, it has been adapted for use with ultrasound by
many different groups (Sasso and Cohen-Bacrie, 2005; Synnevag et al., 2007; Holfort et al., 2009; Synnevag
et al., 2009; Asl and Mahloojifar, 2010; Mehdizadeh et al., 2012; Deylami and Asl, 2018; Asl and Deylami,
2018; Diamantis et al., 2019; Wang et al., 2021; Salari and Asl, 2021), each looking to address various short-
comings of the original method. However, it is well known that MV still struggles in environments where
signal-to-noise ratio (SNR) is low, and this is especially true in the case of reverberation clutter, as we will
demonstrate in the next section.

We have previously shown in simple plane wave simulations with minimal reverberation that ADMIRE
can be used prior to applying MV (Dei et al., 2016). ADMIRE preserves the dimensionality of the channel
data, which means it can function as a pre-processing step, compared to most other beamformers that are
strictly for post-processing. Since ADMIRE can improve SNR and remove troublesome sources of interfer-
ence, this opens up the possibility that by processing with both ADMIRE and MV we can achieve a combined
result that has both improved contrast ratio and lateral resolution. In this paper, we expand on our previous
work (Dei et al., 2016; Schlunk and Byram, 2021b) by examining the assumptions of MV to shed some light

on the issues particularly in high reverberation clutter environments, and implementing both a narrowband
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and a broadband version of MV. We also include an expanded set of simulations with different sources of
noise and more in vivo cases. We demonstrate that ADMIRE+MYV can often produce better contrast ratio and

better lateral resolution than ADMIRE or MV alone.

4.2 Background

4.2.1 Applying MV to Ultrasound Imaging

Minimum variance (MV) is mathematically designed to distinguish between a finite number of sources lo-
cated in the far field (fewer than the number of array elements). For a chosen source, when the signal-to-
noise ratio is high, the beamformer places nulls at the locations of other interfering plane waves (referred to
as off-axis), minimizing their contribution and suppressing the interference (Capon, 1969; Van Trees, 2002).
Though Capon’s MV was formulated with passive sensing of seismic data in mind, conceptually the process
is similar in ultrasound with proper beamforming. Echoes in ultrasound are caused by relatively near field
scatterers compared to seismic signals, and so they appear as curved wavefronts at the transducer. But, by
applying correct receive delays to the echoes near the transmit focus, the received echoes from these scatter-
ers will take on the appearance of plane waves. Then the echoes from these scatterers can be differentiated
based on the direction of propagation of the plane waves, as is done in the original work. In the ultrasound
context, these off-axis plane waves are caused by scatterers at a similar depth to the focus, but not directly at
the focus.

MYV has proven itself a useful method for improving lateral resolution, though adaptation to ultrasound
applications has required addressing some of the limitations and assumptions of the original method. Critics
point out that Capon’s MV is designed for narrowband applications in the far field, with low correlation be-
tween on and off-axis signals (Viola et al., 2008). Additionally, the covariance matrix, of which the inversion
is required for the calculation, is often insufficiently robust when applied to ultrasound. That being said, these
issues have been addressed and rectified by multiple groups.

Sasso and Cohen-Bacrie looked to solve the correlation problem by introducing a spatial smoothing pre-
processing step to induce decorrelation, which works by analyzing subarrays and estimating a covariance
matrix for each and averaging the set (Sasso and Cohen-Bacrie, 2005). The narrowband assumption does
not per se invalidate the application (and many versions do not make considerations for it), but Holfort et al.
specifically introduced a broadband implementation which breaks down the ultrasound signal in the frequency
domain into a set of narrowband windows, over which the assumption is valid (Holfort et al., 2009). The
far field assumption can be addressed with proper delaying of the output data, which flattens the incoming
echoes. And finally, the lack of robustness of the covariance matrix has been addressed by many authors, and

it usually consists of using spatial averaging and diagonal loading to guarantee an invertible matrix. Diagonal
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loading has been demonstrated by many groups (Greening and Perkins, 2002; Cox, 2002; Stoica et al., 2003),
while spatial averaging was initially used as mentioned for creating decorrelation. Eventually, Synnevag et al.
presented a robust version for both diagonal loading and spatial averaging, and discussed optimal parameters

for each (Synnevag et al., 2007).

4.2.2 Unresolved Problem — Reverberation Clutter

It is known that minimum variance performs worse as noise content increases, but we suggest here that
reverberation clutter is particularly problematic. From the original Capon paper (Capon, 1969), it is assumed
that incoming signals are unity amplitude monochromatic plane waves. When properly delayed, on and off-
axis signals take the form of plane waves, which mostly satisfies this assumption, but reverberant signals (and
other complications like phase aberration) do not. Reverberant signals originate from shallower depths than
the target and are effectively time-delayed to the target time index by means of multi-path scattering. This
means that the delays applied to reverberant signals will be mismatched, and those signals will not be flattened
into plane waves, but rather, will remain spherical waves. In the case of phase aberration, this problem may
be further exaggerated, as there will be no ideal plane waves and all signals will have spherical components.
This is problematic, as we will demonstrate.

In the derivation in Capon’s paper (Capon, 1969), he arrives at an important inequality,

R _|B(&K)]?

b2 [ L A —
77 K1- AR

4.1
b is related to the scattering amplitude of the chosen plane wave, R is the ratio of the incoherent noise power

to the total power for K sensors, |B(Ak)|? is the beamforming array response pattern, and Ak is the difference

between the vector wavenumber of the chosen and off-axis plane waves. Capon states that the inequality is
satisfied when either R/K or |B(Ak)|? is small, effectively meaning either when the incoherent noise power
is relatively low compared to the number of sensors, or when the difference of the vector wavenumbers k|
and k; is sufficiently large. In the case of two plane waves that are sufficiently separated (and thus have
sufficiently different vector wavenumbers), and given a sufficiently low noise level, this method will be able
to resolve the two plane waves. Van Trees makes a similar assertion that the signal-to-noise ratio must be
reasonably high and that the at most K — 2 interfering plane waves must fall outside of the main lobe for
proper nulls to be formed for each of the interfering signals (Van Trees, 2002).

However, spherical reverberant signals complicate things on multiple levels. It should be noted that in
the Cartesian plane, a given plane wave will have a fixed wavenumber, the direction of which shows the

direction of the wave. However, the Weyl expansion tells us that a spherical wave can be written as a linear
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combination of infinite plane waves (Weyl, 1919; Chew, 1995; Kinayman and Aksun, 2005), specifically

—Jjkor JkeI2]
— = = / / ket £ Mk 4.2)

A spherical wave with kg is then composed of a continuous set of plane waves with vector wavenumbers
Kk = [ky,ky,k;] that satisfy ko = |/k% +k? +k2. It is then apparent that there will be overlap between the
fixed k; of our target plane wave and the continuous set of possible values of k, for the spherical reverberant
wave. Therefore, some parts of the reverberant wave will be too similar to k1, and thus be unresolveable.
Additionally, since the goal is to place nulls in the beampattern in the directions of interference (i.e. the plane
waves corresponding to sufficiently different vector wavenumbers), this is more difficult in a case where
there is a continuous set of plane waves. Thus the beamformer will struggle with rejecting the continuous set
compared to well-defined discrete plane waves. We simulated an example of a point target and a reverberant
target in Field II (Jensen, 1996; Jensen and Svendsen, 1992), which is included in Fig. 4.1 to show a visual
example of how an on-target plane wave and reverberant spherical wave have vector wavenumbers with
inherent overlap. Additionally, we see that MV is unable to properly reduce or eliminate the reverberant
signal, resulting in somewhat worse resolution of the primary target, though still better than DAS alone. Fig.
4.1G shows an example of the MV beampattern when an off-axis target is present and the resulting null in the
beampattern that is formed to suppress that off-axis interference. In comparison, the case where the off-axis
target is replaced by a reverberant signal in the same location shows how the beampattern tries to generally
suppress the reverberant region, but as from the b-mode images we see is less successful at suppressing that
interference.

A final consideration is the ratio of the incoherent noise power, R/K. It is stated that as long as the noise
contribution is relatively low, the two waves could still be distinguishable. Diffuse reverberation clutter takes
on a speckle-like appearance in the final image and is relatively incoherent in the aperture domain (Dahl and
Sheth, 2014; Pinton et al., 2011). Then, in the case of very strong diffuse reverberation clutter, it may have
the effect of being strong enough to interfere with the MV beamformer. Supporting this theory, Austeng et
al. showed that in the case of very strong phase aberration, MV has comparable performance to DAS with
Hamming apodization, and slightly worse than DAS with rectangular apodization (Austeng et al., 2008).
Here, we adopt the understanding that diffuse reverberation clutter originates from the complex tissue in the
body wall (Dahl and Sheth, 2014; Robinson et al., 1994; Dahl et al., 2017).

Overall, reverberant signals and other non-plane wave signals pose an additional challenge for MV due
to the inability to fully reject the overlap between the continuous vector wavenumbers present in spherical

signals and the discrete vector wavenumber of an on-axis target. In these cases, or in general in the presence
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Figure 4.1: Field II simulations of an individual point target (A,C,E) without interference and (B,D,F) with
reverberant signal interference. The reverberant signal is simulated at a much shallower depth than the point
target and then time-delayed to appear at the same time index. (A,B) channel data at the depth of the point
target. The arrows indicate the directions of the vector wavenumbers of the echoes, showing a subset of the
possible wavenumbers in the reverberant spherical wave case. (C,D) DAS and (E,F) MV images of the point
target. B-mode images are displayed on a 60 dB scale. (G) a high-resolution beamplot from MV of a separate
simulation where the reverberant signal is replaced with an off-axis target, highlighting the null that is created
in the off-axis case and the lack thereof in the reverberation case. Figure ©2022 IEEE.

of strong noise content, MV will struggle or fail to narrow the main lobe, reducing performance.

4.2.3 Proposed Solution - Pre-Processing with ADMIRE

The primary goal of this work is to improve the performance of MV in these high reverberation clutter or
complex in vivo environments. To that end, we propose that a pre-processing step before MV to remove these
sources of interference will do exactly that. Aperture domain model image reconstruction (ADMIRE) is a
method for removing reverberation and off-axis clutter, as well as suppressing wavefront aberration (Byram
et al., 2015a; Dei and Byram, 2017; Byram and Jakovljevic, 2014). Crucially for this work, ADMIRE is a
somewhat unique beamformer in that when it processes channel data it does not alter the dimensionality of
the input data. This means that we can subsequently process the decluttered data with other beamforming
methods, in this case MV. We hypothesize that ADMIRE will be able to suppress these difficult sources of
interference, removing the spherical components that MV struggles with and generally reducing the number
of interfering waves and improving effective signal-to-noise ratio, making it possible for MV to perform

better than without pre-processing. This gives us the possibility to create better images than with either

method alone.
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4.3 Beamforming Algorithms

We implemented all beamformers in MATLAB (The MathWorks, Natick, MA, USA).

4.3.1 Delay-and-Sum (DAS)
The conventional standard beamformer, as defined in Section 1.4.2. In this work, we will use both normal
DAS with fixed rectangular apodization to show the raw data (DAS), and also DAS with Hamming apodiza-

tion as a commonly used weighting scheme (DAS-Hamm).

4.3.2 Minimum Variance (MV)

We include the full definition here again for reference, since this chapter heavily discusses the minimum
variance (MV) beamformer. MV can be thought of as an adaptively weighted and delayed DAS image where
the weighting factor is optimized to improve lateral resolution by reducing off-axis clutter (Holfort et al.,
2009; Synnevag et al., 2007). Bold characters here and for the rest of the text indicate vectors. The optimized

weights are defined as
R 'e

wW=—— 4.3
eR-le @.3)
where e is the steering vector, H is the conjugate transpose, and R is the covariance matrix defined as
R(x,z) = E[s(x,2)s(x,2)"], (4.4)

where E[-] denotes the expectation and s(x,z) is the delayed aperture signal at lateral index x and depth z.
To ensure R is invertible we used subarray averaging and diagonal loading methods (Synnevag et al., 2007).
The recommendations provided are to use subarray lengths of L = 0.5M and diagonal loading defined as

€ = A-tr(R), where A = 1/(10L) (Synnevég et al., 2007). The estimated MV signal is then defined as

R 1 M—L _
Smv (x,2) = ML+l Y wx,2)"s(x,2), (4.5)
=0

where §(x,z) is the delayed channel data for a given subarray. We will call this version of minimum vari-
ance the narrowband version (NB), abbreviated as MVNB, but we additionally implemented the broadband
version (BB) devised by Holfort et al. (Holfort et al., 2009), which we will denote as MVBB. For both im-
plementations, the optimal parameters for subarray averaging and diagonal loading were estimated based on
both simulated and in vivo data. While diagonal loading does have a small impact on image metrics, it is
dwarfed by the impact of subarray averaging, so for consistency we use A = 1/(10L) unless stated otherwise.

We include in the results multiple subarray averaging cases to demonstrate the effect it has on resolution and
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sizing.

4.3.3 Aperture Domain Model Image Reconstruction (ADMIRE)
Aperture domain model image reconstruction (ADMIRE) is a method for removing reverberation and off-axis

clutter, as well as suppressing wavefront aberration. We discuss the method in detail in Chapter 2.

4.3.4 Post ADMIRE Processing

Since ADMIRE returns decluttered channel data, we can, in theory, apply any beamforming method to data
that has already been processed with ADMIRE. Most commonly, we simply sum the decluttered channel
data like in DAS beamforming, but rather than write ADMIRE+DAS we simply refer to this as ADMIRE.
For this work, we consider the additional possibility where we apply MV instead of DAS, producing two
cases: ADMIRE+MVNB for narrowband MV and ADMIRE+MVBB for broadband MV, abbreviated as
AD+MVNB and AD+MVBB, respectively.

As we did with ADMIRE and MV individually, we tested multiple parameter choices for the combined
methods AD+MVNB and AD+MVBB. We found that the default ADMIRE parameters continued to be
optimal, and that changes to diagonal loading in MV were generally imperceptible, except in vivo where we
were able to see measureable improvement to AD+MVNB by reducing the diagonal loading to A= 1/(100L).
Similar to when applying MV alone, changing the length of the subarrays had a significant impact on the

resulting image and metrics, so we included these results and some discussion in the following sections.

4.4 Methods

4.4.1 Simulated Speckle Texture for Measuring SNR

We mentioned that ADMIRE can improve signal-to-noise ratio (SNR), which would be beneficial to MV. To
demonstrate this, we simulated a simple speckle texture in Field II (Jensen, 1996; Jensen and Svendsen, 1992)
using the simulation parameters in Table 2.2. We then created 30 independent realizations of Johnson-Nyquist
(thermal) noise by simulating normally distributed independent random noise using the randn function in
MATLARB, to effectively create 30 “frames” of independent noise. We combined the thermal noise and

speckle channel data such that it satisfied a specified SNR as defined by

P
SNR = 10log; <062Pf}101 1) , (4.6)
erma.

where Pgqy is the power of the channel data of the speckle phantom, Pyermar 1S the power of the channel data
of the thermal noise, and « is the scalar for the thermal noise in order to achieve the desired SNR. For this

simulation, we targeted an SNR of 0dB.
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These simulations were then processed with ADMIRE and the SNR was calculated before and after

ADMIRE. We calculated SNR using two methods. The first way, we used the equation

Pyion:
SNRpower = 1010g10 (Slgndl> ) 4.7

noise

where Fyjgnal is estimated from the average across all 30 frames, and Fyoisc Was then estimated from the
difference between each frame and the estimated signal. Since the signal is static across all frames, the signal
power is calculated from the average of the estimated signal, and the noise power is calculated from the
variance of all of the frames. The second method was to use the correlation between frames to estimate SNR,
as done by Friemel et al. (Friemel et al., 1998). By calculating the correlation coefficient p between each

successive frame, the SNR can also be estimated by

SNR yame = 10l0g) <lfp) . (4.8)

4.4.2 Simulated Single Target Phantoms

We simulated a single point target using Field II to demonstrate how MV behaves when a primary target
is receiving interference from a reverberant target. The simulation parameters are the same as in Table 2.2.
The primary target was simulated at a depth of 3 cm, while the reverberation target was simulated at a depth
of 0.5 cm and then time shifted to the same time index as our primary target, similar to how reverberation
clutter has been simulated in previous work (Byram and Shu, 2016b,a). We could then observe how the point
spread function (PSF) differs for MVNB and MVBB versus AD+MVNB and AD+MVBB without and with
that reverberation clutter. We in part used the width of the PSF as an indicator for determining the optimal

parameters for both MV methods and post-ADMIRE methods.

4.4.3 Simulated Cyst Phantoms

To represent the scenario of high noise power reverberation clutter, we used Field II to simulate 5 mm diam-
eter anechoic cysts using the same parameters as in Table 2.2, creating six independent speckle realizations.
We then simulated diffuse reverberation clutter using the method described by Byram and Shu (Byram and
Shu, 2016b,a). We added the reverberation clutter such that it satisfied a OdB signal-to-clutter ratio (SCR)
compared to the cyst channel data. Though there has been relatively little research into classifying what low
or high reverberation clutter levels are in terms of SCR, we have previously determined that 0dB SCR is a
plausible representation of clutter corresponding to a difficult-to-image patient (Schlunk et al., 2021). This is

backed up by other studies such as one where bladder wall (signal) to clutter ratios calculated from image data
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were between 30 and 0 dB for all sources of clutter including reverberation (Lediju et al., 2008), suggesting
our target for channel data is reasonable for in vivo scenarios.

To complement the reverberation clutter simulations, we also simulated Johnson-Nyquist (thermal) noise,
which was added to the cyst channel data at the same 0dB ratios. We differentiate these thermal noise cases

using the abbreviation signal-to-noise ratio (SNR).

4.4.4 In vivo Kidney Stone Data

We additionally captured in vivo kidney data from patients suffering from kidney stone disease using a Ve-
rasonics Vantage Ultrasound System (Verasonics, Inc., Kirkland, WA) with a C5-2 curvilinear transducer. A
plane wave synthetic aperture acquisition was employed (Montaldo et al., 2009), where plane waves were
transmitted at multiple angles to achieve focusing at all depths. A center frequency of 4.1667 MHz was
used to acquire 64 angles spanning 37°. The data was acquired under protocols approved by the Vanderbilt

University IRB (IRB# 170001).

4.4.5 Image Quality Metrics
For the simulated cyst phantoms we computed the contrast ratio and generalized contrast-to-noise ratio
(gCNR) (Rodriguez-Molares et al., 2018, 2020), and as a resolution metric we included radial cyst edge

width (Bottenus et al., 2020b). Contrast ratio was defined as

contrast ratio = —20log, (m> (4.9)
HMbackground

where U is the mean value calculated from the enveloped data, before log compression. gCNR is a generalized
detectability metric which measures the overlap of the probability density function between the ROI and
the background, making it more robust against stretches or compressions in dynamic range. We used the
conventional 100 bins for the histogram estimation for this method. For these metrics, the ROI was defined
as the interior of the cyst, and the background was an equivalently sized radial region surrounding the cyst.
In addition to calculating the width of the PSF in our point target simulation, we estimated radial cyst
edge width similar to Bottenus et al. (Bottenus et al., 2020b) as a more practical measure of lateral resolution
by radially averaging values of equal distance from the center of the cyst within £10° of the lateral axis. This
produces a function of intensity versus radius, which is normalized by subtracting by uror and scaling by
Ubackground- Then the width is estimated as the rise distance on this curve. This is done for both the left and
right sides of the anechoic cysts. An example showing two such radial intensity curves is shown in Fig. 4.2.

For this work, we considered the rise distance from .25 to .75, representing a measurement similar to that of
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Figure 4.2: Example of MVNB and AD+MVNB radial intensity curves from which the cyst edge width is
estimated as the distance it takes to rise from 0.25 to 0.75 (indicated with the dashed lines). Figure ©2022
IEEE.

the FWHM, as has been done with similar methods in previous work (Samei et al., 1998).

For the in vivo kidney stone cases, the stone region of interest was manually selected on a 30dB dynamic
range b-mode image with a contour map as reference. A radial background region was then automatically
calculated as 1.5 times the size of the selected stone, centered on the stone. This allowed us to calculate the
contrast ratio and gCNR of the stone for all cases, and provided a lateral measure of the stone size. Since
kidney stones behave as coherent targets (Schlunk et al., 2017; Hsi et al., 2018; Tierney et al., 2019), we
consider smaller measures of stone size to be an improvement. We also estimate the SNR in these cases by
implementing the robust version of the lag-one coherence method devised by Vienneau et al. (Vienneau et al.,
2022) based on original work by Hyun et al. (Hyun et al., 2017) and Long et al. (Long et al., 2018). Similar
to the simulations, this was estimated before and after processing with ADMIRE. In these in vivo cases, since
we lack the multiple frames required to differentiate thermal noise from other clutter types, the SNR value
estimated represents the combination of all types of noise: thermal, reverberation, or others.

To complete our parameter testing for MV and ADMIRE, we tested our suite of parameter choices on
both the simulated cysts and some of the in vivo cases to determine if the optimal parameters change between
simulations and the in vivo data. Examples of interesting parameters are included in the results section to

demonstrate how these choices can impact our image quality metrics.
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Table 4.1: Bright Target Simulation Metrics. Table ©2022 IEEE.

PSF Width at Various Amplitudes (mm)

No Reverb With Reverb
Amplitude -6dB -30dB | -6dB -30dB
DAS 0.493  0.939 | 0.503  6.284
"MVNBL=05M | 0080 0.631 | 0.174 4155
MVNB L=0.75M 0.059 0411 | 0.097 0.561
"MVBBL=05M | 0.110 0.863 | 0216 5.097
MVBB L=0.75M 0.116 0939 | 0.142  0.768
"ADMIRE | 0463 0939 | 0471 1187
“ AD+MVNB L=05M | 0.153  0.868 | 0.084  0.671
AD+MVNB L=0.75M | 0.119  0.752 | 0.058  0.465
~ AD+MVBBL=0.5M | 0.160 0.895 | 0.284  1.123
AD+MVBB L=0.75M | 0.204  0.939 | 0.129  0.658

4.5 Results

4.5.1 Simulated Speckle SNR Results

From the 30 realizations of independent thermal noise, both SNR 4. and SNR ¢4, Were calculated be-
fore and after ADMIRE. SNR ., increased from 0.984dB to 22.8dB after ADMIRE. Average SNR ;4
increased from 0.715 4+ 0.008dB to 22.653 £ 0.078dB after ADMIRE. Both methods show that ADMIRE

produces a significant increase in SNR.

4.5.2 Point Target Simulation Results
The PSF of the point target simulation results is shown in Fig. 4.3 to demonstrate the impact of the subarray
averaging parameter on MV. To summarize the differences caused by subarray averaging we focused on two
cases, L = 0.5M and L = 0.75M, for both MVNB and MVBB with and without ADMIRE. The PSF for each
case is shown in Fig. 4.3B,D, while the widths of the PSF for each case at -6 and -30 dB are included in Table
4.1. From these results alone, MVNB benefits significantly from increasing the subarray size regardless of
reverberation level. In comparison, MVBB prefers L = 0.5M for the no reverberation case and L = 0.75M
for the with reverberation case. From the PSF plot in the figure, MVBB behaves rather erratically when the
subarray size gets large, whereas MVNB has a more uniform improvement with increased subarray size. As
a result, we generally include both parameter choices for MVNB while focusing on L = 0.5M for MVBB in
the simulated results.

Fig. 4.3 also shows that ADMIRE behaves almost identically to DAS, only slightly improving the side-
lobes off-axis in the reverberation case. In comparison, MVNB at L = 0.75M has by far the best performance

when there is no reverberation clutter (or any significant noise source) present. Even at L = 0.5M it still
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Figure 4.3: Parameter testing for the subarray length (L) versus the full aperture length (M) for both narrow-
band (MVNB) and broadband (MVBB) implementations. Point spread functions for (A,B) a bright target
with no reverberation interference and (C,D) a bright target with an interfering reverberant signal. (E,F,G)
show an in vivo example of MVNB with varying subarray lengths, demonstrating how increasing the subarray
length can lead to general image quality degradation. Figure ©2022 IEEE.

outperforms all other beamformers, including the combined method AD+MVNB, though this still performs
better than just ADMIRE by itself. However, in the presence of a strong reverberation signal, MVNB suf-
fers substantially with the full-width at half maximum increasing by 64%. In this case, pre-processing with
ADMIRE grants a significant increase in performance, with AD+MVNB performing in the reverberation
case equivalently to how MVNB alone performed in the noise-free case. Strangely, AD+MVBB generally
performed poorly, worse than running just MVBB alone, regardless of choice of parameters. However, re-
gardless of narrowband or broadband, the combined method uniformly performed better than just ADMIRE

alone, and by extension also DAS.

4.5.3 Anechoic Cyst Simulation Results
The MVNB cases for the simulated cysts in Fig. 4.4 show that increasing the subarray size can result in
the degradation of the speckle in the background. As expected from this, Table 4.2 shows that cyst edge

width and contrast ratio are improved with higher subarray sizes, though gCNR is lost as a result. This
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means that the ideal subarray size in these cases may depend on which metrics are more important for a
given application. Since both subarray size choices produce viable images, we included both in the tables
and figures for MVNB.

The example cysts in Fig. 4.4 and the cyst edge width measurements in Table 4.2 show a general agree-
ment with the bright target simulations. These simulations are split into a noise-free case, a reverberation
clutter case (0dB SCR), and a thermal noise case (0dB SNR). In these cases, we measured cyst edge width as
a complement to PSF width in the bright target simulations, and additionally showed more traditional image
quality metrics: contrast ratio and gCNR. Unlike in the simple bright targets, in these cases AD+MVNB
(L =0.75M) always outperforms ADMIRE and MVNB alone in terms of both cyst edge width and contrast
ratio, but loses some gCNR compared to ADMIRE to compensate. Even AD+MVNB (L = 0.5M) performs
similar to ADMIRE in terms of contrast ratio and gCNR, and still demonstrates an improved cyst edge width
compared to both methods. Interestingly, in the high reverberation clutter case (0dB SCR) AD+MVNB
(L = 0.5M) has a better cyst edge width compared to AD+MVNB (L = 0.75M), suggesting that the loss of
gCNR in that case did impact the cyst edge appearance. This is also reflected in the much lower variance
in the reverberation case for AD+MVNB (L = 0.5M) compared to all other methods, showing consistency
similar to the noise-free and thermal noise cases. A final observation is that AD+MVBB never demonstrates
any significant improvement compared to just ADMIRE in any of the three cases. Overall, AD+MVNB gen-
erally outperforms all of the other methods, with the benefits being most readily apparent in the reverberation

clutter and thermal noise cases.

0dB SNR _OdB SCR No Noise

MVBB ADMIRE AD+MVNB AD+MVNB AD+MVBB
M L=0.5M Al

vV
L=0.5M  L=0.7SM  L=0.5 L=0.75M  L=0.5M

Figure 4.4: Sample cases of an anechoic cyst with no added noise, added reverberation clutter (0dB SCR),
and added thermal noise (0dB SNR) displayed on a 50 dB dynamic range. The black solid circles indicate the
true region of the cyst as well as a background speckle region surrounding it for use with our imaging metrics.
The white solid lines show the radial region for which the cyst boundary width was estimated. Figure ©2022
IEEE.
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Table 4.2: Anechoic Cyst Simulation Metrics. Table ©2022 IEEE.

Cyst Edge Width (mm)
Added Interference None 0dB SCR 0dB SNR
DAS 0.189+0.025 0.21640.154 0.171£0.015
DAS-Hamm 0.2184+0.028 0.34740.274  0.202-+0.060
"MVNBL=05M | 0.305+0.230  0.641+0.623 0.3034+0.291
MVNB L=0.75M 0.101+0.037 0.2924+0.362 0.155+0.134
"MVBBL=05M | 0.204+0.029  0.4374+0.395 0.259+0.282
ADMIRE 0.1624+0.022 0.2184+0.179  0.138+0.022
"~ AD+MVNB L=0.5M | 0.132+£0.028 0.140+0.054 0.12140.033
AD+MVNB L=0.75M | 0.098+0.026 0.183+0.174 0.105+0.021
“ AD+MVBB L=0.5M | 0.178£0.017 0.184+0.130 0.154+0.016
Contrast Ratio (dB)
Added Interference None 0dB SCR 0dB SNR
DAS -31.941.1 -12.14£0.7 -14.3+0.7
DAS-Hamm -38.840.8 -11.441.1 -14.040.7
"MVNBL=05M | -303+£1.0  -7.97+1.1  -102408
MVNB L=0.75M -24.441.7 -4.83+1.4 -5.5840.8
"MVBBL=05M | -36.6+0.7  -10.0+£0.9  -12.0+0.7
ADMIRE -43.1+1.3 -21.5+1.5 -29.9+1.1
" AD+MVNB L=0.5M | -42.1+14  -21.0+£1.7  -304+14
AD+MVNB L=0.75M -46.1+1.5 -24.74+2.6 -33.5+2.4
" AD+MVBBL=0.5M | -46.7+13  -205+1.7  -295+12
generalized Contrast-to-Noise Ratio (gCNR)
Added Interference None 0dB SCR 0dB SNR
DAS 0.99240.003 0.7744+0.032 0.932+0.015
DAS-Hamm 0.999+0.002 0.7454+0.061 0.923+0.016
"MVNBL=05M | 0.969+0.014  0.489+0.055 0.725+0.026
MVNB L=0.75M 0.81940.028 0.23240.045 0.390+0.021
"MVBBL=05M | 0.99440.002  0.649+0.055 0.854+0.020
ADMIRE 0.9924+0.005 0.879+0.030 0.982+0.011
"~ AD+MVNB L=0.5M | 0.988+£0.005 0.750+0.060 0.930+0.022
AD+MVNB L=0.75M | 0.792+0.073 0.676+0.047 0.78340.095
"~ AD+MVBB L=0.5M | 0.997£0.003 0.863+0.046 0.983+0.009

4.5.4 in vivo Kidney Stone Results

Fig. 4.3E,F,G shows different choices of subarray sizes for MVNB for in vivo Case 1. Compared to the
simulated data, this case shows very obvious image degradation as the subarray size increases, to the point
where the image is no longer recognizable as a kidney at L = 0.75M. Since image quality is critical to
delineating the kidney stone, L = 0.25M was better for all cases (necessary to identify the kidney stones
correctly). The exception to this was AD+MVNB for which increasing subarray averaging to L = 0.5M

without losing image quality was possible.

Case 1 with the optimal MV parameters is shown in Fig. 4.5. Visually, an improvement in general im-
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age contrast with ADMIRE-based methods is seen compared to non-ADMIRE-based methods. The general
image clarity and boundaries of the kidney also appear the most defined in the AD+MVNB image, and the
highlighted kidney stone (marked by the red arrow) appears sharper compared to ADMIRE alone (or any
other method). Fig. 4.6 shows Case 1 as well as several others zoomed in specifically on the kidney stone
of interest, with the stone region drawn in red. The measured stone size is indicated on the images by the
blue line, and also included along with contrast ratio and gCNR in Table 4.3. In these in vivo cases, both
AD+MVNB and AD+MVBB generally perform well, shrinking the apparent size of the stone and boosting
contrast ratio and gCNR compared to ADMIRE, MV, or DAS, suggesting better prospects for AD+MVBB
compared to the simulations. The only case where the combined methods do not improve upon ADMIRE or
MV is Case 5, which is included in the figure. From the b-mode images, it would seem that the surrounding
tissue complicates the case, such that even with improved resolution the distinction between stone and back-
ground tissue is ambiguous, resulting in no improvement to sizing. The contrast ratio and gCNR are still both
improved. The estimated SNR for all noise sources based on the lag-one coherence improved on average in
these cases from —0.49 £ 5.99dB before ADMIRE to 20.75 & 1.32dB after processing with ADMIRE.

Both the narrowband and broadband implementations of MV perform well in vivo, with AD+MVNB
averaging slightly better statistics and appearing somewhat better in the b-mode images, corresponding to
generally better gCNR. However, both methods do succeed at what they were designed to do. The two com-
bined methods each measure the smallest stone size in three of the six cases, with AD+MVNB being slightly

more consistent at improving contrast ratio and gCNR compared to ADMIRE or the base MV methods.

4.6 Discussion

AD+MVNB demonstrated an improvement over ADMIRE and MVNB in every case, simulated and in vivo,
with the exception of the noise-free single bright target simulation. AD+MVBB was unimpressive in simula-
tions, performing similar to ADMIRE, but showed similar improvements in vivo compared to the narrowband
version. ADMIRE combined with MV overall showed improvements to resolution and general imaging qual-
ity metrics, especially in the cases with high reverberation clutter or thermal noise. Our primary hypothesis in
this work was that ADMIRE could remove sources of reverberation and off-axis clutter that would otherwise
degrade the performance of MV. Our simulations clearly demonstrate that high noise reduces the ability of
MYV to properly separate signals and improve resolution, though this has been well-known since the original
implementations of MV. However, we did show that both versions of MV struggle significantly more when
the interference is reverberation clutter compared to thermal noise, even when both are presented at similar
signal-to-noise levels. While we can increase the subarray size to compensate for the increased noise pres-

ence, this comes at a severe cost of degraded image quality and does not fully mitigate the added noise. We
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Figure 4.5: Comparisons of the b-mode images for Case 1 on a 60dB dynamic range for the minimum
variance methods both individually (C,E) and after pre-processing with ADMIRE (D,F). The kidney stone is
indicated by the red arrow in the DAS image. Figure ©2022 IEEE.

have shown that by pre-processing with ADMIRE, we can improve the resolution and contrast ratio compared
to MV alone, and outperform ADMIRE in terms of resolution, and often in terms of contrast ratio as well.

The narrowband implementation of MV showed the most universal promise when complemented with
ADMIRE, demonstrating noticeable and consistent improvements in the simulations and in vivo. AD+MVBB
suffered somewhat in simulations, performing generally worse compared to ADMIRE, though still an im-
provement compared to MVBB alone. This may be due in part to some interactions with the way data is
simulated and the similarity of processing that occurs for both ADMIRE and MVBB, since both take advan-
tage of the frequency spectrum to process data in a narrowband fashion in similar ways. Whatever the exact
cause, this phenomenon does not carry over to the in vivo results, where AD+MVBB generally shows im-
provements compared to both ADMIRE and MVBB. However, MVNB does slightly outperform MVBB, and
considering the increased computation time the broadband variant requires, it is easy to recommend MVNB
as the more effective complement to ADMIRE.

ADMIRE as a choice for pre-processing performed as expected. From the cyst simulations for the specific
interference sources, ADMIRE was visually able to suppress both types and improve image quality metrics

compared to DAS. We additionally confirmed in simulated speckle phantoms that ADMIRE could produce
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Figure 4.6: B-mode images on a 30dB dynamic range of a selection of the in vivo kidney stones. The
individual stones are manually highlighted in red with the help of a contour map, and the background used
for image quality metrics is shown in yellow based on the stone region selected. The blue line shows the
lateral length of the stone region. Figure ©2022 IEEE.

significant improvements to SNR in the presence of thermal noise, and we similarly estimated SNR, but for
all noise types, in the in vivo cases to demonstrate a similar level of improvement. Since MV performance is
heavily dependent on the level of SNR of the image, this supports the idea that ADMIRE is a powerful option
to improve MV in these low SNR cases. While we cannot specifically differentiate between reverberation
clutter and other noise sources in vivo due to the lack of the additional frame data required, the simulations
make it clear that reverberation clutter has a much stronger impact on MV performance compared to thermal
noise.

Perhaps the main concern with implementing MV with ADMIRE, or MV in general, is the choice of
parameters. We demonstrated that the subarray size by itself can have a significant impact on resolution and
general image quality, depending on what one is willing to sacrifice to boost the other. In simulations and
simple imaging scenarios, it may be easy to sacrifice visibility to improve resolution, but clearly in more
complex in vivo cases this may not be true. Even as groups are investigating ways to automatically optimize

these parameters, it is difficult to say how easy it will be to optimize these more complex cases. A consolation,
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Table 4.3: Image Metrics for in vivo Kidney Cases. Table ©2022 IEEE.

Measured Stone Size (mm)

Case 1 2 3 4 5 6
DAS 0.489 0.445 0.814 0482 0.595 0.535
DAS-Hamm 0.526 0.457 0.812 0.486 0.623 0.550
MVNB L=0.25M 0.495 0.473 0.813 0.593 0.595 0.550
MVBB L=0.25M 0.508 0.432 0.791 0.505 0.611 0.555
ADMIRE 0.508 0.407 0.750 0.498 0.576 0.495
AD+MVNB L=0.5M | 0.432 0.367 0.734 0.437 0.623 0.437
AD+MVBB L=0.25M | 0.501 0.356 0.695 0.385 0.638 0.471
Contrast Ratio (dB)
Case 1 2 3 4 5 6
DAS 190 146 968 139 115 114
DAS-Hamm 185 164 10.0 139 120 115
MVNB L=0.25M 183 148 974 136 109 11.2
MVBB L=0.25M 186 158 105 139 109 113
ADMIRE 21.6 193 814 149 127 140
AD+MVNB L=0.5M | 23.6 233 9.71 164 13.7 16.6
AD+MVBB L=0.25M | 21.8 21.2 11.6 155 106 17.2
generalized Contrast-to-Noise Ratio (gCNR)
Case 1 2 3 4 5 6
DAS 0.781 0.649 0.582 0.683 0.632 0.609
DAS-Hamm 0.781 0.726 0.609 0.721 0.661 0.600
MVNB L=0.25M 0.800 0.633 0.603 0.680 0.563 0.598
MVBB L=0.25M 0.793 0.716 0.618 0.676 0.603 0.593
ADMIRE 0.862 0.748 0.566 0.670 0.642 0.700
AD+MVNB L=0.5M | 0.895 0.893 0.579 0.749 0.707 0.798
AD+MVBB L=0.25M | 0.855 0.878 0.615 0.705 0471 0.785

perhaps, is that regardless of what parameters we used in this work, AD+MVNB generated improvements

compared to ADMIRE and MV, except in those in vivo cases where high subarray sizes degraded image

quality so significantly that the image was no longer recognizable.

4.7 Conclusion

We have shown in this work that because ADMIRE and MV seek to improve images in different ways, this al-
lows us to combine these methods to create images of superior quality than either method alone. In particular,
we had hypothesized that MV would benefit from a denoising pre-processing step based on the fundamen-
tals of the MV method, and we hoped that ADMIRE would benefit from improved lateral resolution. We
implemented both narrowband and broadband implementations of MV and found that AD+MVNB produced
in vivo images that were better than images from either method alone. AD+MVNB was able to improve res-

olution compared to just MVNB while simultaneously improving the contrast ratio that ADMIRE provides.
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So, not only did AD+MVNB attain the best image quality of both methods, it in fact managed to improve
upon the best aspects of each as well. In future work we will continue to investigate both how we can better
tune ADMIRE and MYV to further promote improved image quality, as well as investigate other methods that

could be incorporated into the processing pipeline.
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CHAPTER 5

Addressing Sizing Accuracy: Extended ADMIRE Models

This chapter is adapted from work originally published in (Schlunk et al., 2022), ©2022 Ultrasonics. Reprinted,
with permission, from Schlunk, S., Hsi, R., & Byram, B. (n.d.). Enhancing sizing accuracy in ultrasound im-

ages with an alternative ADMIRE model and dynamic range considerations. Ultrasonics, In Review.

5.1 Introduction

Sizing in ultrasound imaging can be a challenging task due to the width of the main lobe. Hypoechoic
structures such as cysts and blood vessels may appear smaller and hyperechoic structures like calcifications
may appear larger. A classic clinical task where this is relevant is in the diagnosis of kidney stone disease.
Diagnosis of kidney stone disease is a two-part challenge for ultrasound, requiring both the correct detection
and subsequently the correct sizing of a stone. Though ultrasound struggles with detection, coherence-based
methods such as short-lag spatial coherence (SLSC) and mid-lag spatial coherence (MLSC) have shown
promise (Schlunk et al., 2017; Hsi et al., 2018; Tierney et al., 2019; Jones et al., 2019), and color Doppler is
frequently used to enhance stone “twinkling” (Shabana et al., 2009; Abdel-Gawad et al., 2016).

In comparison, sizing has demonstrated to be the more challenging task for ultrasound beamformers,
especially since the size of the stone dictates whether or not surgical intervention is necessary. It is generally
accepted that stones smaller than Smm are able to pass naturally, while larger stones require intervention (Coe,
1977; Ueno et al., 1977). Ultrasound regularly overestimates the size of kidney stones by as much as 2-3 mm
(Ulusan et al., 2007; Unal et al., 2003; Ray et al., 2010; Ganesan et al., 2017; Fowler et al., 2002; Dunmire
etal., 2015; Sternberg et al., 2016), which is likely to lead to an unnecessary recommendation for intervention.
It has been suggested that measuring the acoustic shadow of the kidney stone can improve accuracy (Dunmire
et al., 2015, 2016; Schlunk et al., 2017), though the appearance of the shadow can depend on surrounding
tissue and the transducer parameters (King et al., 1985; Moore and Scoutt, 2012), and is difficult to detect
for small stones (May et al., 2016; Dunmire et al., 2016). Other semi-automatic measurement techniques
have been proposed and tested in vitro (Dunmire et al., 2015; Hsi et al., 2018), but the ability to translate
these methods to in vivo cases may be difficult due to the significantly increased complexity of surrounding
tissue. As a result, the gold standard for sizing falls to computed tomography (CT) (Smith and Varanelli,
2000; Smith et al., 1996).

This work expands on our early efforts with expanded ADMIRE models in simulations (Schlunk and

Byram, 2020) and will focus on the sizing task related to characterization of kidney stone disease, and specif-
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ically we will have two goals to measure our success. First, the correct classification of small (less than
Smm) and large (greater than or equal to 5mm) kidney stones, which reflects a typical clinical scenario for
choosing continued monitoring versus intervention. The second task is a more general sizing accuracy task,
and our goal is to minimize the error between ultrasound measured sizes and the CT sizes, ideally attaining
a margin of error for each stone that is less than or equal to +10% of the CT reported size. In this work, we
compare classic methods such as minimum variance (MV) and generalized coherence factor (GCF) to a mod-
ified version of aperture domain model image reconstruction (ADMIRE) that is designed to improve sizing
accuracy. We additionally show that this new method outperforms ADMIRE combined with MV, which we
have previously demonstrated enhances lateral resolution compared to either MV or ADMIRE alone (Schlunk
and Byram, 2021b, 2022b). We include simulations to get a baseline understanding of our methods, but the
primary focus is on the application of our methods to in vivo kidney stones.

We additionally consider how sizing accuracy might be related to the dynamic range of the image. Rather
than strictly measure stones at traditional dynamic ranges, we show how the dynamic range of the image

impacts the size of the target as measured by the beamformers presented.

5.2 Beamforming Algorithms

We implemented all beamformers in MATLAB (The MathWorks, Natick, MA, USA).

5.2.1 Delay-and-Sum (DAS)
The conventional standard beamformer, as defined in Section 1.4.2. Since our focus for this work is on im-
proving sizing, particularly in the case of kidney stones using ultrasound, we opt to use rectangular apodiza-

tion.

5.2.2 Minimum Variance (MV)

Minimum variance (MV) beamforming is also an adaptively weighted DAS image, where the optimized
apodization weights (Holfort et al., 2009), (Synnevag et al., 2007) are calculated to minimize off-axis inter-
ference, improving lateral resolution. The complete definition can be found in Section 1.4.5.

Since the goal is this work is improving spatial resolution to improve sizing accuracy, it should be noted
that adjusting the subarray lengths and amount of diagonal loading changes the resolution of the beamformer.
In particular, we generally want smaller amounts of diagonal loading, while increasing the size of the subar-
rays will result in improvements to resolution (Synnevag et al., 2007). However, like others, we found in our
previous work involving minimum variance (Schlunk and Byram, 2022b) that increasing the subarray size

too much results in significant image quality degradation, which can render an image unrecognizable. As a
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result, we will use moderate lengths of L = 0.5M and A = 1/(10L) for simulations, while in vivo we drop the
subarray sizes to L = 0.25M. The exception to this is when we apply minimum variance after pre-processing
with ADMIRE or AD-Ex (described in Section 5.2.6), where we found we can safely increase the subarray

sizes back to L = 0.5M without loss of image quality (Schlunk and Byram, 2022b).

5.2.3 Generalized Coherence Factor (GCF)
Generalized coherence factor (GCF) is a weighting of the DAS image by the ratio of the energy in some
low-frequency region to the total energy (Li and Li, 2003). The complete definition can be found in Section

1.4.4. We chose the low-frequency cutoff parameter My = 5 as done in (Rindal et al., 2017) for this work.

5.2.4 Aperture Domain Model Image Reconstruction (ADMIRE)
Aperture domain model image reconstruction (ADMIRE) works by removing reverberation clutter and off-

axis interference and suppressing wavefront aberration. We discuss the method in detail in Chapter 2.

5.2.5 ADMIRE-Extended (AD-Ex)

AD-Ex is an alternative model setup for ADMIRE originally implemented with iterative ADMIRE (Schlunk
et al., 2018; Schlunk and Byram, 2020). Due to the interaction of the elastic-net regularization and our model,
we occasionally run into the problem of certain signals not being fit well. Specifically, since the elastic-net
balances between L1 and L2 regularization, we have some of the benefits and detriments of both. L1 pushes
towards sparse, selective solutions, while L2 pushes to include all predictors when there is correlation among
predictors. Predictors in close proximity can be highly correlated, and thus the use of L2 in the regularization
results in many of these predictors being selected together, which can be an issue if they are located near the
border of the ROI. The highly-sampled ROI in the model is attractive to the elastic-net for fitting, which can
result in non-ROI signals sometimes being dragged into the ROI, and therefore not being correctly removed.
This is especially problematic for signals originating from near, but not in, the ROL.

The model solution we chose is X = [Xcjutter XROI Xextended)» Shown in Fig. 5.1B. We designed a small
extended clutter region surrounding the ROI that has a sampling rate that falls in between that of the ROI and
the rest of the clutter region. The specific sampling and size of the extended region is included in Table 5.1.
We consider both X jrer and Xeyendea as clutter regions to be removed. This results in clutter signals that
were being fit in the ROI being fit into this intermediate clutter region instead, resulting in the correct removal

of these signal components without significantly increased computation time or image quality loss.
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Figure 5.1: (A) Composition of an ADMIRE model X, composed of a set of estimated signals from locations
considered to be clutter (sparsely sampled, e.g a and b), and a set from locations considered to be region of
interest (highly sampled, e.g. ¢). By solving the matrix equation, we can estimate which physical sources in
the modeled imaging space make up the received echo. Signals a and b represent reverberation clutter signals
and off-axis signals, respectively, while c is an example of a signal from the ROI. (B) A modified model
called here the AD-Ex model. It includes an extension, an intermediate clutter region X yendeq cOmposed of
signals represented by d. The proposed intermediate clutter region is sampled at half that of the ROI, but still
more than the remaining clutter. This helps to ensure proper classification and removal of signals originating
near, but not in, the ROI. Figure ©2022 Ultrasonics.

5.2.6 Post-ADMIRE Processing

We have shown in previous work that MV can benefit from pre-processing with ADMIRE for improving
lateral resolution (Dei et al., 2016; Schlunk and Byram, 2021b, 2022b) due to the denoising that ADMIRE
provides, so we include here MV applied after pre-processing with ADMIRE (AD+MV) to compare against
AD-Ex. We also include both MV and GCF applied after pre-processing with AD-Ex (AD-EX+MV and

AD-EX+GCEF) to see how they compare against AD-Ex alone for completeness.
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Table 5.1: ADMIRE and AD-Ex Model Space Parameters. Table ©2022 Ultrasonics.

Parameter Value

a 0.9

A (0.00189)ygrs

Xelutter Sampling 3.577resigterars 7-1541€8 4iar
Xelutter Size Full Imaging Space

XRror Sampling 0.179res;grerar, 0.7151€8 4y
Xror Ellipse Radii (0.5reS areral s T€Saxial)
Xextended Sampling 0.358reS;areral, 0.7151reS gyl
Xextended Ellipse Radii (reStaterat s 2t€Saxiar )

5.3 Methods

5.3.1 Simulated Phantoms

We used Field II (Jensen, 1996; Jensen and Svendsen, 1992) to simulate n=6 Smm hyperechoic cysts at
amplitudes of 40, 50, 60, and 70 dB as rudimentary equivalents to kidney stones at our targeted size of
interest. We additionally simulated single point targets with 60dB signal-to-noise ratio (SNR) of added
Johnson-Nyquist noise to perform resolution comparisons between methods. The simulation parameters for
both simulations are the same as detailed in Table 2.2.

We estimated the lateral amplitude profiles of the simulated cysts by radially averaging the amplitude
at equal distances from the center of the cyst within +10° of the lateral axis, as is shown in Fig. 5.2. For
each method and cyst we calculated the lateral cyst size from the profiles at the 30dB and 6dB thresholds.
The 30dB threshold represents how a sonographer would normally size from a b-mode image, since 30dB
or lower thresholds all measure equivalently, as can be seen from the amplitude plot in the figure. The 6dB
threshold is an alternative based on how the full width at half maximum (FWHM) is measured for resolution

metrics. For the simulated point targets, the lateral point-spread functions were evaluated for each method.

5.3.2 In vivo Kidney Stone Data

We captured in vivo kidney data from patients with one or more kidney stones using a Verasonics Vantage
Ultrasound System (Verasonics, Inc., Kirkland, WA) with a C5-2 curvilinear transducer and a curvilinear
plane wave synthetic focusing acquisition (Montaldo et al., 2009), where synthetic transmit focuses are placed
throughout the image to achieve focusing at all depths. A center frequency of 4.1667 MHz was used to acquire
64 angles uniformly spaced spanning 37°. For every patient and stone, a previous CT scan was available
from which the stone size was measured, and the longest axis was determined. This allowed the physician to
acquire the ultrasound data such that the longest axis was in the lateral dimension. We acquired n=8 kidney

stone images across 6 different patient volunteers. For this work, we used the CT measurements as the gold
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Figure 5.2: (Top) DAS of an example 40 dB simulated Smm cyst, with the solid black line indicating the
true cyst boundary. The white lines show the radial region where the cyst boundary was estimated. (Bottom)
plot of radial average amplitude, with the dashed lines indicate the true edges of the cyst. We indicate two
thresholds, 6dB and 30dB, to show how they would underestimate and overestimate cyst size, respectively.
Figure ©2022 Ultrasonics.

standard, and we round stone sizes to the nearest millimeter strictly for classification (e.g. a 4.7mm stone is
considered a large stone for diagnostic purposes, but a 4.4mm stone is not) mirroring the clinical procedure at
our institution, so our exact threshold target is 4.5mm. In total, CT stone sizes ranged from 2.3 to 12.2 mm,
comprising of two small stones (less than 4.5mm) and six large stones (greater than or equal to 4.5mm). The

data was acquired under protocols approved by the Vanderbilt University IRB (IRB# 170001).

5.3.3 Kidney Stone Image Metrics

First, for every stone and method, we needed to segment the stone image for sizing and image quality pur-
poses. We first had a physician manually size the DAS images of each stone, which was used alongside a
contour map of each image as a reference to manually draw a stone ROI on the b-mode images displayed
on a 30dB dynamic range. Since this work focuses solely on the sizing task of diagnosis, all stone locations
were already known when measuring the images, but the specific CT measured sizes were not. From Fig.
5.2, sizing at 30dB or a more traditional 50dB should be comparable, so we chose to use 30dB for sizing for
improved stone visibility. From this ROI, the stone size was automatically estimated as the longest distance
within £10° of the lateral axis, since it is difficult to ensure the longest stone dimension is perfectly lined
up with the lateral axis. The background region is also automatically selected as a circular region centered
on the middle of the stone ROI, with an area of 2.5 times the area of the stone ROI (to compensate for the
non-standard shapes of the kidney stones). This process is challenging due to the extremely wide variety of

shapes kidney stones can take, as shown in Fig. 5.3, which can make it difficult to differentiate a weirdly-
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Figure 5.3: Examples of small ex vivo kidney stones, to demonstrate the wide variety of shapes they can take.
Figure ©2022 Ultrasonics.

shaped large kidney stone versus a smaller stone with adjacent bright tissue. As a result, we try to balance the
physician measurements with the contour maps to be as objective as possible with the ROI selections. All of
the stones and the ROI selections can be found in the supplementary materials for transparency. An example
of this process for DAS is shown in the top row of Fig. 5.5.

We finally used these manually drawn ROI’s at the 30dB threshold to continuously estimate the stone
ROI at thresholds down to 6dB, allowing us to plot the measured stone size versus threshold at which it was
measured. This allowed us to see if there was a trend for any given method that indicates some threshold
where the method is most accurate.

To evaluate the stone size measurements, all methods were compared to the gold standard CT measure-
ments that were acquired before the ultrasound acquisitions. We calculated the percent stone error for each
method compared to CT, and we additionally evaluated methods based on whether stones were correctly
classified as small (< 4.5mm) or large (> 4.5mm). As mentioned in the previous section, we choose 4.5mm
as our cutoff rather than 5mm since we are rounding to the nearest millimeter for classification.

For completeness, with the stone ROI selected and a background region chosen, we computed the contrast
ratio and generalized contrast-to-noise ratio (gCNR) (Rodriguez-Molares et al., 2018, 2020) of each stone.

Contrast ratio was defined as

contrast ratio = —20log,, (uROI> 5.1
ﬂbackground

where (1 is the mean value calculated from the enveloped data, before log compression. gCNR is a generalized
detectability metric which measures the overlap of the probability density function between the ROI and the
background, making it more robust against stretches or compressions in dynamic range. For this work, we

used the standard 100 histogram bins for estimating the overlap.
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Table 5.2: Measured Smm Cyst Size at Various Amplitudes. Table ©2022 Ultrasonics.

Measured Size at 30 dB Threshold (mm)

Cyst 40 dB 50 dB 60 dB 70 dB

DAS 6.23£0.22 6.29£0.22 6.29£0.23  6.43+0.25
MV 5.86£0.08 5.90£0.06 5.92+0.07 5.9240.08
GCF 5.83£0.07 5.83+£0.07 5.83+0.07 5.89+0.14
ADMIRE 5.87£0.06 5.90£0.06 5.90£0.08 5.98+0.17
AD+MV 5.74£0.08 5.78£0.06 5.79£0.06 5.83+0.09
AD-Ex 5.74£0.09 5.76£0.07 5.77£0.06 5.81£0.10

AD-Ex+MV | 5.56+0.11 5.584+0.10 5.59+0.10 5.61+0.12
AD-Ex+GCF | 5.69+0.12 5.71+0.11 5.71£0.11 5.75+0.13

Measured Size at 6 dB Threshold (mm)

Cyst 40 dB 50 dB 60 dB 70 dB

DAS 4.777£0.34 4.78+£0.33 4.78+0.33 4.72+0.38
MV 3.95+£0.43 3.99+0.50 3.99£0.50 3.99£0.50
GCF 4.27+0.67 4.27+0.67 4.27+0.66 4.23+0.70
ADMIRE 4.77£0.35 4.78+0.34 4.78+0.34 4.724+0.39
AD+MV 4.17+£0.64 4.18+£0.64 4.18+0.64 4.17+£0.65
AD-Ex 4.694+0.58 4.694+0.58 4.694+0.58 4.64+0.60

AD-Ex+MV | 4.15+0.64 4.25+0.68 4.25+0.68 4.22+0.71
AD-Ex+GCF | 4.53+0.64 4.53+0.64 4.53+0.64 4.34+0.73

5.4 Results

The average estimated widths of the Smm simulated hyperechoic cysts are included in Table 5.2. The 30dB
threshold measurements show that all methods tend to overestimate the size of the cyst by 0.5-1.5 mm, or
by more than 10%. In comparison, at 6dB all methods underestimated the cyst size, implying that if we
measured at some intermediate threshold we would size cysts accurately. However, each method is off by
varying amounts, which means that the accurate threshold would be different for each method. For example,
DAS and ADMIRE are fairly accurate at 6dB, but MV underestimates significantly. Additionally, at 30dB
we see that methods tend to overestimate by greater amounts the brighter the cyst is, whereas at 6dB the
measurements are fairly consistent across different intensities.

The point spread functions for the simulated single point targets are included in Fig. 5.4. The MV,
AD+MYV, and AD-Ex+MV methods show noticeable improvements at the apex of the PSF compared to other
methods. AD-Ex shows improvement by lowering the amplitude of the side lobes, which is also reflected
in the AD-Ex+MV and AD-Ex+GCF methods. AD-Ex+MV shows additional main lobe improvement com-
pared to MV, AD-Ex, or AD+MYV at all amplitudes.

Fig. 5.5 shows an example of the in vivo sizing process for DAS (top row) and the resulting region

selections for the other methods (bottom row) for kidney stone Case 1.
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Figure 5.4: Point spread functions of simulations of a single point target with 60 dB SNR of added thermal
noise. DAS, GCF, and ADMIRE all have similar profiles, while MV has a narrower profile in the range of
-20 to 0 dB. AD-Ex has a similar profile to ADMIRE, but narrows at levels below -40 dB. AD+MV and
AD-Ex+MYV show a narrower profile compared to either method alone at all levels, while AD-Ex+GCF is
nearly identical to AD-Ex. Figure ©2022 Ultrasonics.

In Fig. 5.6, the numbered triangles indicate the stone case and the threshold at which the stone is measured
accurately, i.e. where the solid measurement line meets the dashed CT size line. DAS appears to be accurate
mostly around -10dB and higher, while GCF and AD-Ex are much more varied. These plots generally agree
with our cyst simulations, showing more overestimation towards -30dB, and less or even underestimation
towards -6dB. It also supports our decision to make measurements at -30dB, since the curves flatten out
considerably in that range for all methods and stones, meaning the sizing would be fairly similar to a more
normal b-mode image at 50dB, though with improved visibility of the stones. However, the large variability of
the optimal thresholds, especially between methods, makes it difficult to determine if there exists an optimal
threshold for stone sizing. As a result, choosing the 30dB threshold for the rest of the measurements was the
only objective way we could compare each method.

Table 5.3 compiles all of the sizing measurements for each stone case based on the stone ROI drawn on

the 30dB dynamic range b-mode image for each method, and Fig. 5.5 shows an example for Case 1. The data
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Figure 5.5: Example of the sizing process for in vivo kidney stone Case 1 (CT size of 2.3 mm). The top row
shows the process for DAS, starting with the full kidney image on a 50 dB scale. The zoomed images are
shown at 30 dB and were used for sizing. The red arrows show the physician-marked stone size, which was
used in combination with the contour map to manually circle the stone region for measurements, marked as
the red outline. The ultrasound images were acquired such that the stone’s longest dimension is on the lateral
axis, so we calculated the stone size as the longest distance within +10° of that axis, marked as the blue
line. The yellow line shows the region used for the background, which is automatically selected as a circular
region double the area of the stone region. The bottom row shows the end results for the same case for MV,
GCF, ADMIRE, AD+MV, AD-Ex, AD-Ex+MV, and AD-Ex+GCF. Figure ©2022 Ultrasonics.

Table 5.3: Size Measurements for in vivo Kidney Stones (Dashed line separates non-surgical vs. surgical
cases). Table ©2022 Ultrasonics.

Measured Size (mm)

Case 1 2 3 4 5 6 7 8

CT 23 34, 47 54 5.9 6.3 7.1 122
DAS 75 54 { 102 6.2 120 85 146 14.1
MV 6.8 5.6 : 10,0 64 121 8.9 145 140
GCF 42 45, 90 57 94 6.8 122 12.6
ADMIRE 57 55 : 9.0 6.8 8.5 74 141 12.6
AD+MV 34 450 75 7.1 7.8 53 10.0 12.8
AD-Ex 3.0 33 : 7.8 5.5 8.9 63 11.1 11.7

AD-Ex+MV 24 34 : 6.7 6.6 5.6 6.1 9.7 11.8
AD-Ex+GCF 28 331 76 19 8.9 6.1 11.1 118
Percent Error Compared to CT (%)

Case 1 2 3 4 5 6 7 8

DAS 226.1 58.8,117.0 14.8 1034 349 1056 15.6
MV 195.7 64.7 : 112.8 185 105.1 41.3 1042 14.8
GCF 82.6 3241 91,5 56 593 79 71.8 33
ADMIRE 147.8 61.8 : 915 259 441 175 986 3.3
AD+MV 478 324 : 59.6 315 322 -159 408 49
AD-Ex 304 -29:1 660 19 508 0.0 563 -4.1

AD-Ex+MV 4.3 0.0: 4.6 222 -51 -32 366 -3.3
AD-Ex+GCF | 21.7 -291 61.7 463 508 -32 563 -33
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Figure 5.6: Examples of measured stone size for DAS, GCF, and AD-Ex for each stone at thresholds from
-30 to -6 dB. The solid lines indicate the measured size at each threshold, and the dashed lines indicate the
CT measured stone size. The colored arrows indicate the location where the solid and dashed lines intersect,
i.e. the threshold where the US method measurement is equal to CT stone size. Figure ©2022 Ultrasonics.

shows that the stones were very rarely underestimated, and most instances of underestimation came from the
larger stones. For the smaller stones under our diagnostic threshold of 4.5mm, AD-Ex correctly assigns both
of them as being smaller than 4.5mm, though only one of them is measured with an error of less than £10%.
AD-Ex+MYV improves upon this by sizing both with an error under our threshold, though AD-Ex+GCF shows

less of an improvement. GCF and AD+MYV both correctly classify Case 1 as a small stone, though for Case 2
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Figure 5.7: (Top) US measured stone size versus CT stone size for all cases for classifying small (< 4.5mm)
or large (> 4.5mm) stones. Note that the methods are slightly staggered for visibility. The dashed lines are
positioned at stone sizes of 4.5 mm, our targeted cutoff for diagnostic intervention. (Bottom) percent sizing
error versus CT stone size for all cases. The dashed lines are positioned at +£10%. Figure ©2022 Ultrasonics.

both measure exactly at our threshold for large stones. No other method produced a size of less than 4.5mm
for either of these small cases.

Considering the six “large” cases, Cases 3-8, all methods correctly classify them as larger than 4.5mm,
and GCF, AD-Ex, and AD-Ex+MYV each size three of the cases within =10% of the CT measurement. Ad-
ditionally, AD-Ex+GCF is within our margin of error for two cases. However, with the exception of Case 8,
the other methods had generally poor accuracy compared to CT. Across all cases, AD-Ex+MV had the lowest
average error at 11.8%, followed by AD-Ex at 24.8%, AD-Ex+GCF at 28.4%, and AD+MV at 28.8%. All
other methods had average errors of over 40%.

The contrast ratio and gCNR calculated from the stone ROI for each case and method are included in
Table 5.4, giving us a quantification of the visibility of these stones, with higher values implying easier
visibility. Generally, GCF or AD-Ex+GCF had the greatest contrast ratio and gCNR of all the methods,
and both perform consistently better than DAS and MV. AD-Ex+MV and AD-Ex+GCF had similar contrast
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Table 5.4: Contrast Ratio and gCNR for in vivo Kidney Stones. Table ©2022 Ultrasonics.

Stone Contrast (dB)

Case 1 2 3 4 5 6 7 8

DAS 15.51 1135 1492 7.52 13.03 14.83 11.66 12.54
MV 14.84 10.50 14.82 5.77 12.85 14.05 11.54 12.40
GCF 24.04 23.29 2333 13.92 19.67 20.07 21.54 19.13

ADMIRE 19.71 14.23 1832 5.85 1499 18.44 1520 15.16
AD+MV 23.61 1737 1954 6.10 14.01 17.12 13.62 14.83
AD-Ex 25.34 20.72 15.62 11.61 20.43 19.85 2242 18.04
AD-Ex+MV |27.29 2250 18.23 11.85 20.33 20.61 21.84 17.25
AD-Ex+GCF | 26.34 22.21 1571 11.15 20.84 20.84 23.90 18.41

Stone gCNR

Case 1 2 3 4 5 6 7 8

DAS 078 072 077 059 0.65 073 054 0.70
MV 078 0.66 079 048 0.64 070 0.54 0.73
GCF 091 091 085 0.63 080 085 0.85 0.81
ADMIRE 08 076 084 044 075 082 072 0.76
AD+MV 090 0.74 086 038 0.19 081 0.04 0.64
AD-Ex 094 088 0.69 057 084 084 0.82 0.78

AD-Ex+MV | 094 081 075 057 090 0.84 0.83 0.70
AD-Ex+GCF | 094 088 0.69 054 084 087 087 0.77

ratio and gCNR compared to AD-Ex, with both on average having slightly improved contrast ratio. As is
consistent with our previous work, AD-Ex+MV performed better than MV alone always boosting contrast
ratio and often boosting gCNR, however, AD-Ex+GCF was not a improvement compared to GCF usually on
par or worse in terms of contrast ratio and gCNR.

Considering both sizing accuracy and contrast ratio and gCNR, AD-Ex-based methods, AD+MYV, and
GCF reported better accuracy and visibility compared to the other methods, with AD-Ex+MV coming ahead
of the others due to better sizing accuracy. Since MV primarily narrows the main lobe between -20 and
0 dB, it did not provide a noticeable improvement compared to DAS when measuring on a 30dB dynamic
range, and when measuring at -6dB as we did for the simulated cysts, DAS was already underestimating true
cyst size which makes MV underestimate by an even greater amount. Since clinical measurements would
be made more in the range of 30dB or higher, it is reasonable to expect that MV would not demonstrate an
improvement for sizing in vivo. However, when combined with ADMIRE or AD-EXx, the simulations showed

that the main lobe is further narrowed over a much larger range, which does result in improvements in vivo.

5.5 Discussion
When considering the resolution of a beamformer, the FWHM is a common performance metric, but for clini-

cal sizing applications where the dynamic range is much larger, it may not be as useful to gauge performance.
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For example, ADMIRE’s normal ROI is not designed to enhance the FWHM compared to DAS, but by re-
ducing clutter and improving contrast ratio it generally performs better at sizing compared to even MV. To
further improve ADMIRE’s accuracy, we knew that addressing the off-axis interference caused by mis-fitting
nearby signals was important. An obvious consideration was to only use L1 for regularization since L2 is a
driving factor in this fitting problem, but this has significant drawbacks of degrading image quality. We also
considered other solutions, such as increasing the sampling of the clutter region or adjusting the size of the
ROI to compensate, but this often resulted in dramatically increased computation time or increased variance
in the image or other unexpected or undesired image quality changes. AD-Ex demonstrated the best balance
between computation time and image quality while still accomplishing our goal of improving resolution in
the range of clinical measurements.

The point target simulations suggest that, in ideal conditions, MV improves the FWHM while AD-Ex
improves main lobe performance at the base. It demonstrates the advantages of combining AD-Ex and MV,
since they improve different aspects of the main lobe, and the combined method AD-Ex+MYV carries over
and improves both of these aspects. However, these simulations do not fully represent in vivo performance.
For example, MV appears better than GCF in these simulations, while in vivo GCF demonstrates a significant
improvement compared to MV. ADMIRE, and AD-Ex especially, generally reduce clutter to enhance the
target while MV sharpens the target, which can result in different stone appearances based on content of the
original image. This overall suggests that improving the clarity of the coherent target, such as by boosting
coherence with GCF or decluttering with ADMIRE, is critical to improving sizing accuracy, rather than
strictly improving resolution.

The cyst simulations show how ultrasound is overestimating hyperechoic targets. In particular, overesti-
mation occurs when we measure the targets at traditional b-mode dynamic ranges (30-50 dB or more). Since
methods like MV narrow the main lobe mostly in the range of -20 to 0 dB, this results in marginal improve-
ments measured at 30dB. In comparison, measuring on an image with a dynamic range of 6dB (i.e. at the
FWHM) results in underestimation, and a much larger difference for MV compared to DAS. This implies
that there may be a theoretical dynamic range where a method is more likely to measure a target correctly,
though the in vivo examples indicate that this threshold would vary between methods, and potentially depend
on the amplitude of the target versus the background. In the in vivo cases, DAS overestimates consistently at
-30dB, and mostly seems to be accurate between -6 and -12 dB. However, GCF and AD-Ex are substantially
more variable for the same cases. Eventually this could potentially be a tool to improve ultrasound sizing
accuracy, though it also follows that this threshold would have to be tuned for each method of interest.

For the sizing tasks in vivo, we continue to observe as in previous work that the ultrasound methods

tend to overestimate size compared to CT. The general overestimation of stones resulted in all methods
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correctly classifying large stones, but most also incorrectly classified the small stones as large, which in a
clinical setting would likely result in a follow-up CT to confirm diagnosis. While pre-processing with AD-Ex
resulted in correctly classifying every stone regardless of post-processing, there are still improvements to
be made to decrease the percent error. It is, however, still a substantial improvement over traditional DAS,
and demonstrated the most consistent improvement among the other methods. AD-Ex, AD-Ex+MV, AD-
Ex+GCF, AD+MYV, and GCF in most cases demonstrated improvements in sizing compared to DAS, which
may partially be attributable to the increases in measured contrast ratio and gCNR. Though we do not focus on
detection here as has been done elsewhere, these metrics subjectively related to the ease of drawing the ROI
for those methods, especially compared to DAS and MV, where there were often challenges at differentiating
surrounding tissue versus the stone, even at a dynamic range of 30dB.

Finally, we have demonstrated that AD-Ex is able to match and surpass the performance of AD+MV,
which we have shown previously as a way to enhance lateral resolution beyond what ADMIRE or MV can
achieve alone. This is especially valuable, since AD-Ex is still simply a pre-processing step, allowing us
to further post-process the AD-Ex data with other beamformers. By achieving similar results with AD-Ex
compared to AD+MV, we not only save the computation time that is normally required for MV, but we
can realize further improvements depending on our choice of post-processing, as we have shown with AD-

EX+MYV, which outperformed all other methods.

5.6 Conclusion
AD-Ex shows promise as a pre-processing step for improving sizing accuracy in ultrasound. Alone, AD-Ex
classified all stones correctly with an average error of 24.8%. However, the strength of AD-Ex compared
to other methods is that we can perform additional post-processing, and in this work we have shown that
post-processing with MV results in lowering the average error to 11.8%. Overall, methods that had AD-Ex
pre-processing performed the best at our stone size classification task, correctly diagnosing all eight cases as
small or large for intervention purposes, with AD+MV and GCF coming in a close second at seven cases,
though with poorer average errors of 28.8% and 44.3%, respectively. While the mechanics for sizing are
similar for hypoechoic structures, future work will involve more explicit investigation of these targets.
Finally, while our data does suggest that there may be a theoretical dynamic range that would produce
more accurate ultrasound sizing measurements, it will require a larger data set. If in the future such a data set
was available, this would potentially be a great target for a deep learning approach as well, where a machine
might be able to tease apart some interactions or parameters that a practitioner can not, for example taking into
account factors such as amount and type of surrounding tissue, transducer parameters, or even beamformer

specific factors like general image quality.
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CHAPTER 6

Considerations for a more robust implementation of gCNR

This chapter is adapted from work originally published in (Schlunk and Byram, 2022c), ©2022 IEEE.
Reprinted, with permission, from Schlunk, S., & Byram, B. (2022). Robust generalized contrast-to-noise
ratio. IEEE Transactions on Ultrasonics, Ferroelectrics, and Frequency Control, In Review.

As the primary goal of this dissertation was to create beamformers that accurately represented the imaging
target, the robustness of image quality metrics was frequently considered. One such metric that has gained
popularity in recent years is generalized contrast-to-noise ratio (2CNR), a lesion detectability metric designed
to be a more robust version of contrast-to-noise ratio (CNR), both of which we included in the previous chap-
ter. Though an improvement over traditional CNR, we found in our work that gCNR could be manipulated in
the right circumstances. We lay out these discoveries and some considerations to improve its implementation

in this chapter.

6.1 Introduction

Beamforming methods in ultrasound imaging are most frequently judged either qualitatively by experts or
quantitatively with image quality metrics. Historically, image quality metrics have been proposed as quantita-
tive measurements that are predictive of clinical performance. Patterson and Foster proposed the contrast-to-
speckle ratio (CSR) as a metric that correlated well with subjective assessments of image quality (Patterson
and Foster, 1983), which today we know as contrast-to-noise ratio (CNR). Smith et al. proposed a similar
metric, CNRy,, which can be related to the optimal signal-to-noise ratio (SNR) by incorporating the size
of the lesion and an ultrasound system’s spatial resolution (Smith et al., 1983). By using a contrast/detail
phantom and choosing a threshold value for detection of each cyst, this SNR calculation was able to predict
cyst detection. This suggests that CNR, which can be related to SNR, is a valuable image quality metric for
beamformer comparison as an increase in CNR predicts an increase in lesion detectability.

Over time, the use of metrics such as contrast ratio and CNR have become the de facto evaluation stan-
dard, as it is faster and more convenient than having a sonographer or radiologist evaluate dozens of images
whenever a beamformer is modified. As a result, adaptive beamformers are often designed with these met-
rics in mind, and as these beamformers have become more common, so have the concerns over whether
these beamformers are producing “real” improvements. To answer these questions, several new methods and
metrics have been proposed. Contrast ratio dynamic range (CRDR) suggests that measuring relative con-

trast accurately is important, rather than arbitrarily increasing contrast ratio everywhere (Dei et al., 2017;

81



Schlunk et al., 2018, 2021). Histogram matching calculates the transformation between two methods using
histograms, which allows a user to better discern true differences between methods (Bottenus et al., 2020a).
Finally, and the topic of this work, generalized contrast-to-noise ratio (gCNR) is a lesion detectability metric
designed to be robust against dynamic range alterations (Rodriguez-Molares et al., 2018, 2020).

However, as has specifically been demonstrated by the original gCNR works (Rodriguez-Molares et al.,
2018, 2020), it is relatively easy to make a beamformer that artificially inflates CNR. Additionally, calculating
CNR on log-compressed versus linear data results in different values, making it less ideal as a universal metric
of lesion detectability. As a result, the value of a lesion detectability metric like gCNR, that is transform-
resistant, is clear.

The gCNR metric determines the probability of detection by measuring the overlap between estimated
probability density functions of a target and reference region of an image. In theory, the use of these prob-
ability functions makes gCNR resistant to dynamic range alterations. The standard implementation is to
compare the histograms of the target and reference regions using 100 bins, and measure the overlap by the
counts of the bins. The relative ease of this implementation of gCNR no doubt adds to the popularity of the
metric, though Hyun et al. does suggest that gCNR when estimated this way is reliant on the choice of the
number of bins of the histogram (Hyun et al., 2022). In this work, we seek to further expand on this line of
thought by evaluating circumstances where gCNR may not work as intended, both with beamformers that can
“trick” the gCNR metric as well as suboptimal implementations that can manipulate the metric. Further, we
will consider and compare different implementations and suggest several that are more robust against these

manipulations.

6.2 Methods
MATLAB (The MathWorks, Natick, MA, USA) was used for implementations of all simulation methods,
beamforming algorithms, and image quality metrics.

We used Field II (Jensen and Svendsen, 1992; Jensen, 1996) to simulate lesions of varying amplitudes
including anechoic, -20, -10, and 0 dB, with n=6 realizations for each. Lesions had a diameter of Smm, and
were acquired with a 117-element, 0.257mm pitch linear array transmitting at 3 MHz with a bandwidth of

60%, focused at the depth of the lesion at 30mm.

6.2.1 Beamforming Algorithms
As this work is focused on the analysis of gCNR, the discussion for the following beamformers is reserved

for the original works, and we include here only specific implementation details.
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6.2.1.1 Delay-and-Sum (DAS)

We implemented DAS with rectangular apodization as described in Section 1.4.

6.2.1.2 Minimum Variance (MV)
We implemented MV (Holfort et al., 2009; Synnevég et al., 2007) as described in Section 1.4. Subarray
lengths of L = 0.5M and diagonal loading of € = A - tr(R), where A = 1/(10L) were applied.

6.2.1.3 Generalized Coherence Factor (GCF)

We implemented GCF (Li and Li, 2003) with a cutoff frequency index of My =5, as described in Section 1.4.

6.2.1.4 Short-Lag Spatial Coherence (SLSC)
We implemented SLSC (Lediju et al., 2011) as in Section 1.4. The number of lags used was 20, corresponding

to approximately 17% of the active aperture.

6.2.1.5 Aperture Domain Model Image Reconstruction (ADMIRE)
The high degree-of-freedom version of ADMIRE (Byram et al., 2015a; Dei and Byram, 2017; Byram and

Jakovljevic, 2014) was implemented as in Chapter 2 and in our previous work (Schlunk et al., 2021).

6.2.1.6 Gray Level Transform (GLT)
The gray level transform (GLT) is a “fake” beamformer introduced by Rindal et al. (Rindal et al., 2019) as an
example of a beamformer that merely transforms data with the specific goal of boosting CNR. The equation

of the transform they introduced is
1

SorlB) = T am

6.1)

Scur(B) = Scrr(B) _H:‘X(SGLT(B))’ 6.2)

where B = 20logo(|Spas

), Spas is the DAS signal, @ = 0.12, B = —40, and € = 0.008. We include this

beamformer for completeness.

6.2.1.7 Envelope Power Transforms (EPT)
The envelope power transform (EPT) is similar to the GLT in spirit, but we have designed it specifically for

beating the standard implementations of gCNR. We define it as a transform on the enveloped data, |Spas|,

EPTa(|Spas|) = [Spas|", (6.3)
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where n is the desired power. For demonstration, we use EPT 5, EPT,, and EPT, in this work, which corre-
spond to taking the square root, the second power, and the fourth power of the enveloped data. This result is

log compressed as usual when displayed.

6.3 generalized Contrast-to-Noise Ratio (gCNR)
An in-depth explanation of generalized contrast-to-noise ratio (CNR) can be found from the original authors
(Rodriguez-Molares et al., 2018, 2020), but we include here the important aspects of the method to understand
how manipulation can occur.

gCNR is presented as a more robust version of contrast-to-noise ratio (CNR), where the metric is calcu-
lated from the overlap of estimated probability density functions (PDFs) of the target area (e.g. a lesion) and
some reference area (e.g. adjacent tissue). Fig. 6.1 shows an example of two such functions, and solving
for the overlap only requires calculating the intersection between the two curves and integrating over the

respective areas of each. The actual gCNR metric is then calculated as

oCNR = | — OVL, (6.4)

where OVL is the area of overlap of the two curves. In practice, finding the actual PDF of either the lesion or
background tissue can be difficult, so the original implementation estimates the PDFs using histograms with

100 bins, of which an example is shown in Fig. 6.1.

6.3.1 Potential Manipulations

Histograms have been around since the seventeenth century (Scott, 2010), and it is thought that a properly
built histogram is an estimator of the underlying PDF (Scott, 1979). However, choosing the ideal binning
of data for a histogram is an issue that has been debated for years, with Herbert Sturges writing about the
optimal number of bins back in 1926 (Sturges, 1926). Using too few bins generally results in oversmoothing
of the data, while too many will likewise lead to undersmoothing (Scott, 2010). Because of this, using a
suboptimal number of bins can lead to misrepresentation of the data, obfuscating the PDF we are trying to
estimate, and therefore interfering with our ability to accurately estimate the gCNR.

As a practical example of this, consider Fig. 6.2. Previously, Hyun et al. observed that gCNR is dependent
on the number of bins used (Hyun et al., 2022), but here we show that it is related to the ratio of bins to number
of pixels (or data points) used in the estimation, and varying either of those will result in the gCNR changing.
By itself this does not necessarily seem like a probelm as long as there is consistency between the number

of pixels and number of bins used when comparing beamformers; however, we show in Fig. 6.3 that varying
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Figure 6.1: (Top) Example of two probability density functions, p;(x) and p,(x), representing the lesion and
reference area, respectively. (Bottom) Histograms of an anechoic cyst simulation to mimic the functions in
the above plot, implemented with the standard 100 bins. The gCNR estimate is then based on the overlap in
each bin. Figure ©2022 IEEE.

the number of bins (or ratio of pixels/bins) used in the histograms can result in altering the rank-order of
the evaluated beamformers. In this example, ADMIRE has the highest gCNR when estimating with 10 bins,
while DAS is the best for 100 or 1000 bins. SLSC ends up being the best if an extreme number of bins
(10000) is used.

A second manipulation can arise even if the number of pixels and bins are locked. Consider the EPT
described before, where the enveloped data is taken to some chosen power. When the data is square rooted,
squared, etc. the relative positioning of the data along the dynamic range can be manipulated. Fig. 6.4
shows DAS, EPT s, and EPT, with the associated histograms for a -20dB lesion. Since all three methods are
simply transforms of each other, the gCNR should be equal in all three cases, however, by manipulating the
distribution of the data points along the data’s range, the amount of overlap can change. This occurs due to
the estimated PDFs being altered (even if the overlap should stay the same), and the binning scheme being
unable to accurately represent the distributions. In the case shown here, as the skew of the data is intensified,
the ability of the histogram to estimate and represent the PDF is diminished. The traditional calculation of
CNR is included (Patterson and Foster, 1983) both on the linear and log-compressed data. Since the two

transformations are based on powers, the powers cancel out such that the CNR|,, is the same across all three
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Figure 6.2: Plots of gCNR for set of simulated lesions (anechoic, -20, -10, 0dB) beamformed with DAS,
where (Top) the number of bins used in the histograms was varied and (Bottom) the number of pixels was
varied via interpolation. The dashed line in both plots represents the total number of pixels used between the
target and reference regions. Note that if we continued to the extreme case of using 1 bin for all pixels, the
2CNR would drop to O for all methods. Figure ©2022 IEEE.
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Figure 6.3: Average gCNR of -20 dB simulated lesions from the indicated beamforming methods. gCNR was
calculated using different numbers of histogram bins. The asterisk for each grouping indicates the highest
gCNR value. Of note, the ranking of the methods can change depending on the choice of pixels/bin. Figure
©2022 IEEE.

case, while gCNR and CNR increase and decrease together.
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Figure 6.4: Simulated -20dB lesions beamformed with (a) DAS, (c) EPT 5, and (e) EPT,. Histograms used
to calculate gCNR are included using Sturges’ formula to determine the number of bins of the histogram. In
these cases where the ratio of data points to bins is high, the overlap estimate can be wrong. Traditional CNR
is included for each case, both calculated on linear and log-compressed data. Figure ©2022 IEEE.

6.3.2 Increasing robustness of the gCNR
To resolve these issues presented, careful consideration needs to be taken to make sure the histograms are
accurately representing the data, ensuring a more robust estimation of the gCNR. We consider several possible

options, detailed below.

6.3.2.1 Parameterized gCNR

Since the true goal of gCNR is to calculate the overlap between the PDFs of the lesion and reference ma-
terial, a consideration can be made that estimating the distribution of the data by finding the actual PDF
would be mathematically sound. Modeling different kinds of tissue in ultrasound for detection and identifi-
cation purposes has been done (Mohana Shankar, 2000), and the specific model used was often related to the
properties of the backscattered echo, divided between pre-Rayleigh, Rayleigh, and post-Rayleigh (Rician)
(Wagner et al., 1983, 1987). Efforts to improve the modeling of ultrasound data led to the investigation of the
K distribution (Shankar, 1995; Molthen et al., 1995) and later the homodyned K distribution (Dutt and Green-

leaf, 1994). However, the K and homodyned K distributions are significantly more computationally complex
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compared to previous distributions, making them relatively unappealing options. Instead, the Nakagami
distribution (Nakagami, 1960) was suggested for use with ultrasound (Clifford et al., 1993; Gilman, 1997;
Mohana Shankar, 2000) as a much simpler alternative, while still incorporating features of both Rayleigh and
Rician models (Mohana Shankar, 2000).

For this work, we consider the Rayleigh, Rician, and Nakagami distributions as classic, and computation-
ally efficient options for modeling ultrasound echoes. We additionally consider the gamma distribution, as an
alternative choice that is related, but slightly different compared to Rayleigh and Nakagami distributions, and
may be a better fit for certain beamformers. All four of these distributions are relatively straightforward and
require only estimation of one or two parameters. Additionally, MATLAB has functions for fitting data using
each of these choices, making implementation quick and efficient. Then, calculating the overlap can be done
analytically or by using built in functions for the PDF and cumulative distribution function (CDF). For each
distribution we merely need to calculate the intersection using the PDF and then integrate under the relative

sections using the CDF.

6.3.2.2 Histogram-based gCNR

We can also consider methods to make histogram-based gCNR estimations more robust to data range manip-
ulations. As previously stated, the choice of the number of bins has been considered for nearly a century, and
as a result there are a multitude of methods available today. Though there are too many to all be considered
in this work, we will include common choices for consideration.

Sturges’ formula was perhaps the first method published, and suggests using k = [log,n| + 1 (Sturges,
1926), for n data points. Since then, the Rice rule k = [2/n] has been suggested as an alternative (Lane,
2007), and the square root rule k = [y/n] is commonly used in statistics software packages (Cameron, 2009).
These methods, and the many others that have followed, generally are designed or are optimal for certain
kinds of distributions of data, and are designed to be used with bins of a fixed width, which means we can of
course potentially manipulate them all the same.

Instead, we consider variable bin widths. In general statistics, variable bin widths are often avoided due to
the narrow bin widths that occur at high density locations of the data (Scott, 1992), and it is often specifically
recommended not to use them without caution (Scott, 2010). However, for the purposes of estimating the
overlap for gCNR, it can adapt well to unexpected distributions. If variable widths are applied, then data
range manipulations simply cannot occur, as the widths of the bins will adjust as the density of the data is
altered. For the implementation presented here, we calculate the number of bins desired as k = [2n2/ 37 (Prins
et al., 2003), and design bins widths such that each bin has an equal number of data points.

Another possible implementation we consider is to rank-order the data, and estimate the gCNR from
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the list of rankings. This would entirely eliminate the possibility of manipulation via data range alteration,
since the rank-order of the data would never change, and therefore the estimates of gCNR would be exactly
identical. Performing statistical analysis on rank-order data is hardly a new concept, and can be used along
side traditional metrics to gain more information about the behavior of the data (Conover, 2012). Additionally,
rank-order data is used in many statistical tests such as those presented by Friedman (Friedman, 1937) and
Wilcoxon (Wilcoxon, 1945, 1950). We implement rank-ordering by sorting the entire set of data (both lesion
and reference) and separating the ranks into the original lesion and reference groups. For example, consider
we have n total data points between the two regions. Then the list of rankings is 1,2,...,n, and we separate
the ranks based on which region the data point is from (e.g., [x1,X2,...,X,/2]and[x, /241, ..., Xs]). Then, we
can simply estimate gCNR by using the usual histogram method on the two sets of ranks. For this, we use
the square root rule to choose the number of bins, though the choice is more flexible since there will be a

consistent number of data points per bin, regardless of choice.

6.3.3 Empirical gCNR

However, we can avoid both a parametric and histogram-based approach via the use of empirical cumulative
distribution functions (eCDFs). We include a section at the end of this chapter with a proof showing that
gCNR can be estimated from the difference between the CDFs of the target and reference regions, without
the use of any additional information. Specifically, and as visually explained in Fig. 6.5, gCNR can be
estimated based on the amplitudes of the local maximums and minimums of the difference function, H =

eCDFr — eCDFg. We prove below in Section 6.3.3.1, that with ideal functions,

gCNR = ZHMAX - ZHMIN, (6.5)

where Hjs4x and Hyyy are the set of local maximums and minimums, respectively.

Our implementation of empirical gCNR uses MATLAB functions for ease of use. First, the ecdf function
(©1993-2021 The MathWorks, Inc.) calculates the empirical CDFs for both the target and reference regions.
We then use some basic interpolation so that the x-axis data points are consistent across the two eCDFs.
Then the H function is simply calculated from the difference of the two eCDFs, and the local maximums and
minimums are calculated using the islocalmax and islocalmin functions (©2017-2021 The MathWorks, Inc.).
This then gives us the necessary information to compute the estimated gCNR as in the above equation.

A note on implementation, the function for calculating the eCDF is based on the non-parametric Kaplan-
Meier estimator (Kaplan and Meier, 1958), which is used to calculate the survival function from a set of

data, which in turn is the complement of the CDF. Additionally, upper and lower confidence bounds can
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Figure 6.5: Visual example of computing the empirical gCNR from empirical cumulative distribution func-
tions (eCDFs). (a) Histogram representation of the target and reference PDFs. (b) eCDF of the two re-
gions. (c) Theoretical PDF of the two regions (not accurate, only for demonstration). (d) Difference function
eCDF7 — eCDFg. Local maximums and minimums occur at intersections of the PDFs, so the integration of
the regions of the PDFs is related to the overlap, and therefore the gCNR as given in the equation. (e-f) Show
a separate example of two normal (Gaussian) distributions PDFs and the related eCDFs. We can see in this

example that there are multiple intersections, which results in both local maximums and minimums. Figure
©2022 IEEE.

be calculated using Greenwood’s formula, which is all considered in the MATLAB implementation (default
is 95% confidence, which we use here) based on prior work (Cox and Oakes, 1984; Lawless, 2002). With
our data, the main challenge is that the noise in the data can create many spurious local maximums and
minimums, which will slightly offset our gCNR estimate from the expected value. To minimize this error,
we used a minimum prominence of 0.01 with the local peak functions, though a similar result could likely be
achieved either with smoothing or curve-fitting. A potential advantage of using this method, is that the upper
and lower confidence bounds give us a better ability to discern whether the estimated gCNR of two images

or beamformers is sufficiently different to make a conclusion about ranking of the methods.

6.3.3.1 Proof of Empirical Generalized Contrast-to-Noise Ratio
Generalized contrast-to-noise ratio is defined as 1 — OVL, where OVL is the overlap of two probability
distribution functions (PDFs). We will demonstrate here that the use of the cumulative distribution function

(CDF) allows us to accurately estimate the overlap between two unknown PDFs.
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Assumptions
Let’s consider idealized CDFs, where they are continuous and differentiable everywhere. By definition, a
CDF F is related to the PDF f by f(x) = dF(x)/dx, and additionally F is non-decreasing. For simplicity, we

consider CDFs that are scaled from 0 to 1 on both axes, such that F(0) =0 and F(1) = 1.

Lemma 1. The set of points Y = {x,,,,...,Xp, } that correspond to the local maximums and minimums of the
difference between two CDFs is the set of intersection points between the two corresponding PDF’s, and there

exists at least one such point for any two distinct CDFss.

Proof. Consider two known CDFs, F' and G defined as in our assumptions, with corresponding unknown
PDFs, f and g. Let X = {xy,...,x,} be the complete set of points where the CDFs are equal, i.e., for each
x; € X, F(x;) = G(x;). By definition, this set contains n > 2 points, as F(0) = G(0) =0and F(1) =G(1) =1
by our assumptions.

Consider any interval (x;,x;+1) for x; € X, then since X is the complete set, F and G are never equal on
this interval. Let’s choose F(x) > G(x) for all x; < x < x;41. Then, for some small € > 0,

limF(x;+€) > limG(x;+€) and limF (x4 —€) > lim G(x;41 — €). (6.6)
£—0 £—0 £—0 e—0

Since F(x;) = G(x;) and F(x;+1) = G(xi11), then since the functions are continuous,

d d d d
ToFley > -Gl and o Fli ) < 2 Glay,,. (6.7)

As we have defined the CDFs to be continuous, this implies that on the interval of (x;,x;1) there exists at

least one point x,, such that
d d

TFlies, = 7-Glis,. 6.8)

Let’s define H(x) = F(x) — G(x), the difference function of the two CDFs. Then, “H is the slope of
the difference function, and we define the set of points Y = {x,,,...,x,, } as the set of local maximums and
minimums of H on the interval (x;,x;11), i.e. where the derivative of H changes sign. Then for each x, € Y,
dHlx

—x, = 0, and by extension

d d
aF|x=xp = EG|x=xp~ (6.9)

From Equations 6.7 and 6.8, we know that Y contains at least one point where the slope of H changes sign,

which means k > 1. We can then relate this understanding to the PDF as

flx=1xp) =glx=1xp), (6.10)



since by definition the derivative of the CDF is the PDF. Then the set of points Y = {x,,,...,xp, } is also the

set of intersection points of f and g on the interval (x;,x;11). [

Corollary 2. If there are m such local maximums on an interval as defined in Lemma 1, then there are m — 1
local minimums, which means there is an odd number k of total local maximums and minimums. In particular,

for j€[1,....,k] when j is odd then Xp; is a local maximum, and when j is even then xp; is a local minimum.

Definition 1. The overlap (OVL) between two PDFs f and g is the integral of the minimum of the two
functions. For the interval (x;,Xi11), we have x, € X = {xp,,...,xp, }, the set of intersections between f and

g. Then OVL on this interval is defined as

X, X Xit1
OVL:/‘Dl min(f,g)+/pzmin(f,g)+...+/ " min(f,g). (6.11)
Xi Xp| Xpy

Lemma 3. The overlap, OVL, between two unknown PDFs f and g can be calculated from the difference of

the corresponding known CDFs F and G, H=F — G, as

OVL=1+Y Hyy — Y Hpax, (6.12)

where Hyn and Hyax are the set of local minimums and maximums of the H function, respectively.

Proof. Consider the same interval (x;,x;+1) from Lemma 1. We previously chose F(x) > G(x) for all x; <
x < X;i11, and found the set of points Y = {x,,,...,xp, } as the intersections of f and g. Then from Equation
6.7 we know that f(x) > g(x) for all x; < x < x,,, meaning min(f,g) = g on this interval. Furthermore, since
Y is the set of intersection points, we know that the minimum of f and g swaps at every intersection. Since

there are an odd number k of intersections from Corollary 2, Equation 6.11 becomes
"Xpq "Xpy Xp3 Xit1
OVL:/ g+/ f+/ g+...+/ 7 6.13)
Jx; JXp; Xpy Xpi
By definition of the CDF, we can expand this equation into
OVL = [G(xp,) = G(xi)] + [F (xp,) = F (xp, )]+ [G(xp3) = Gxp, )] 4o+ [F(xin1) = Fxp )], (6.14)
and then rearrange the equation as

OVL = [F(xi41) = G(xi)] + [G(xp, ) = Fxp )] + [F (xpy) = Gxpy)] + . +[Gxp ) = F(xp,)], - (6.15)
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which groups the differences by the locations of the local maximums and minimums from Lemma 1. Then
for all j € [1,...,k], when j is odd we have terms in the form G(x,;) — F(x,;) and when j is even we have
terms in the form F(x,;) — G(x,,). From Corollary 2, the odd values of j are maximums and the even values
are minimums, which means if we rearrange each term to be in the form F — G, the local maximums are

being subtracted while the minimums are added, giving us

Xit1 Xit1

OVL = [F(xit1) — Z Hyin] — [ Haax]. (6.16)

Xi

Now we can consider the entire range of the CDFs, [0,1]. As from Lemma 1, we divide this interval into
[x1,%2], [x2,%3], ..., [Xn—1,%s], where x; = 0 and x,, = 1. It follows that the overlap of the entire range [0,1] is
the overlap of each interval summed together. That is, OVL([0,1]) = OVL(|x1,x2]) + OVL([x2,x3]) + ... +

OVL([xy—1,%4]). Then we can use Equation 6.16 to get

OVL(0,1]) = [F(x2) — G(x1)] + [} Haaiw] — [ Fagax]

P s) - GG+ 1Y Haaw] — 13 Hyiax]
*2 *2 (6.17)

+ ...

Xn

+ [F(xn) = G(xn—1) Z Hyv] = [) Haax].

Xn—1 Xn—1

Note that the ordering of F and G here is does not matter, as [xj,...,x,] were defined as the points where
F = G and the signs of the maximums and minimums will compensate, meaning that this equation further

simplifies by canceling many of the intermediate terms

OVL([0,1]) = [-G(x1)] + [iHMIN] - [iHMAX]

+ [i Hpiv] — [i Hsax]

(6.18)
+ ...
Z Hpmin] — Z Hpax]-
Xn—1 Xn—1
and, as defined, G(x;) = 0 and F(x,) = 1, which gives us
OVL([ Z Han] — Z Hax] (6.19)
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Figure 6.6: Simulated -10dB lesions beamformed for (a-b) DAS, (c-d) MV, and (e-f) SLSC. The target
and background data is shown as both a probability distribution function (PDF) and cumulative distribution
function (CDF), with the indicated distribution fits included. The Nakagami distribution for the target region
of MV failed to fit, and therefore there is no curve shown. Figure ©2022 IEEE.

Theorem 4. The gCNR metric can be estimated from the known CDFs F and G as

gCNR = ZHMAX - ZHMIN, (6.20)

where H =F — G and Hyax and Hyyny and the local maximums and minimums of the function, respectively.
Proof. Since gCNR = 1 — OVL, it follows clearly from Lemma 3. O
6.4 Results

Some examples of modeling the lesion data for a -10dB lesion are included in Fig. 6.6. For the DAS data, all

models seem relatively similar, matching the shape of the data in the histogram. However, for MV and SLSC

some distributions are poor fits or outright fail to fit. The gamma distribution here is a slightly better fit for
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Table 6.1: Average Estimated gCNR for all beamformers and implementations. The dashed line separates
histogram-based and parametric-based implementations. Table ©2022 IEEE.

Default Square Root Sturges’ Rice Rule Variable Rank-order ; Empirical ; Rayleigh Rician Nakagami Gamma
k=100)  (k=94) (k=15)  (k=42) (k=76)  (k=94) ' (eCDF) '
Anechoic Lesion
DAS 0.78 0.78 0.75 0.78 0.78 078 + 078 . 072 0.73 0.67 0.76
GLT 0.77 0.77 0.77 0.77 0.77 0.77 : 0.77 : 0.67 0.79 0.77 0.80
EPT.5| 0.78 0.78 0.78 0.78 0.78 078 1+ 078 1 0.58 0.78 0.76 0.80
EPT2 | 0.77 0.77 0.51 0.71 0.78 078 |, 078 | 080 080 056 0.34
EPT4 | 0.31 0.30 0.07 0.18 0.78 078 v 078 ' 0.28 0.34 0.00 0.00
-10 dB Lesion
DAS 0.51 0.51 0.49 0.51 0.51 0.51 . 051 1 051 0.51 0.49 0.49
GLT 0.52 0.52 0.52 0.52 0.52 0.52 : 0.52 : 0.38 0.51 0.44 0.43
EPT.5| 051 0.51 0.51 0.51 0.51 0.51 051 029 0.50 0.49 0.48
EPT 2 0.51 0.51 0.48 0.48 0.51 0.51 : 0.51 : 0.74 0.73 0.43 0.49
EPT 4 0.30 0.29 0.07 0.18 0.51 0.51 051 1027 0.40 0.00 0.00
0 dB Lesion
DAS 0.15 0.15 0.13 0.14 0.16 016 013 | 0.11 0.11 0.12 0.12
GLT 0.15 0.15 0.13 0.14 0.15 016 | 012 | 006 0.1 0.11 0.11
EPT.5| 0.16 0.15 0.14 0.15 0.16 016 1+ 013 1 0.06 0.12 0.12 0.12
EPT 2 0.15 0.15 0.12 0.14 0.16 0.16 : 0.13 : 0.18 0.18 0.11 0.12
EPT4 | 0.13 0.13 0.07 0.11 0.16 016 v 013 ' 030 0.30 0.06 0.07

MYV, while Nakagami introduces an infinite value that makes us unable to plot the PDF of the target lesion
data. In comparison, the Rayleigh distribution does not fit SLSC at all, while the other three methods seem
decent, but are clearly still suboptimal.

Fig. 6.7 shows a comparison of estimated gCNR for the normal histogram implementation versus variable
bin widths and rank-ordering as the ratio of pixels to bins changes, as well as the average empirical gCNR
estimates with the included upper and lower bounds. Fig. 6.8 shows visual examples of several of the
interesting beamformer cases for an anechoic lesion, and includes the histograms for the default, variable bin
widths, rank-order, and empirical gCNR methods we suggested. Table 6.1 includes the average estimated
gCNR values for DAS and the transformation-based beamformers using all suggested implementations for
the anechoic, -10, and 0 dB lesions. Histogram-based methods are presented to the left of the dashed line,
and parametric methods are to the right, with empirical gCNR in the middle. In this table, bold face is used

to indicate clearly deviant values, as all beamformers should produce the same gCNR.

6.5 Discussion

To start, we should make it clear that in the majority of reasonable cases with “normal” beamformers, the
default implementation of gCNR using & = 100 bins and sufficiently large ROIs works perfectly well. As-
suming there is enough data to populate the standard number of bins, Table 6.1 makes it clear that gCNR is
not “failing” under normal circumstances. However, we have demonstrated that there exists a possibility for

methods to, willfully or not, manipulate gCNR estimates by doing something as innocent as using a target
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Figure 6.7: gCNR for anechoic lesions with various beamformers estimated with (a) traditional uniform bin
widths, (b) variable bin widths, and (c) rank-order uniform bin widths. For these cases, the number of pixels
used is constant and the number of bins is varied, and we report the ratio of pixels per bin. (d) Plot of the
average gCNR and the upper and lower 95% confidence bounds using the empirical gCNR method. Figure
©2022 IEEE.

region of interest that is too small, or using some unreasonable number of bins. As a result, the discussion of
how to increase the robustness of the implementation of gCNR is warranted.

There is a certain attractiveness to being able to model the ultrasound scatterers using parametric methods,
and it is used in several applications to characterize images. However, the issue lies in determining what
models are appropriate fits, and this issue is compounded by the common presence of adaptive beamformers.
While DAS (raw b-mode data) has a well-understood distribution which makes fitting the data often reliable,

the same is clearly not true for the other adaptive methods, where the results may vary wildly or fail to be fit
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Figure 6.8: B-mode images for a selection of beamforming methods for an example simulated anechoic le-
sion. The circled regions on the DAS image indicate the lesion and background regions for gCNR calculation.
Log-compressed methods are displayed with a 50 dB dynamic range. Histograms used for estimating gCNR
using the default (k=100), variable bin widths (k=76), and rank-order (k=94) methods are included for each
case. We additionally include the empirical gCNR plots of the eCDFs for these cases, with the error repre-
senting the average distance to the upper and lower bounds of the empirical gCNR estimate. Figure ©2022
IEEE.

at all in some cases.

For ease of use, a histogram-based implementation may still be best as it is straightforward and requires
less consideration compared to parametric methods. In this case, it seems reasonable that a best-practices
choice would be, at a minimum, to have some specific method for choosing the number of bins, and declaring
that method and reporting the number of bins used, since this gives the reader some sense of the ratio of the
number of data points versus the number of bins used in the analysis. This is important, since as we and
others have shown, the number of bins, and by extension, the size of the data set, can alter not just the gCNR
estimates for each method, but potentially the rank of the methods being compared.

Perhaps the most reliable histogram-based method is to use variable bin widths or rank-ordering, as it
removes much of the uncertainty around choosing the number of bins. Fig. 6.8 shows examples for each
of these methods, demonstrating how the variable widths change dramatically depending on the beamformer
in question, while the rank-order histograms are identical for methods that are true transforms of each other.

With histograms, these two implementations were the only two tested that were able to correctly match
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the results for DAS, GLT, and the EPT methods to within an error of 0.01 in all circumstances. Both of
these implementations would seem to make gCNR estimations via histograms resistant to dynamic range
alterations. It also does not prevent or restrict the use of gCNR, or increase the complexity of the interpretation
of the metric, which falls in line with the goals laid out by the authors in the original work (Rodriguez-Molares
et al., 2020).

However, as we have shown, we can produce estimates of gCNR without the use of parametric methods
or histograms using the eCDF, which we simply call empirical gCNR. In the same Fig. 6.8, the empirical
probability plots show that not only is the estimate relatively intuitive to calculate, but the upper and lower
bounds produce a result with a small overall error and it works consistently with all the beamformers to
produce nearly identical results to the robust histogram-based implementations. In relatively simple cases,
like the simulated lesions here, the gCNR estimate is trivial to calculate from these plots, though even in more
complex cases the full formulation we presented in Equation 6.5 is sufficient. Additionally, we could even
apply this empirical method on the rank-ordered lists we described to produce the rank-ordered version of
this metric.

A final note, there is still a question of how different two measurements should be to consider the per-
formance of the two methods to be different. With histograms, it is reasonable to expect that there is some
inherent variability in the estimation (as with any estimator), such that, for example, a gCNR of 0.77 is
not sufficiently different than 0.78 to be considered worse. Empirical gCNR does produce upper and lower
bounds, which is potentially valuable exactly for this purpose, and in Fig. 6.7, we can assert that DAS and
ADMIRE are of equivalent performance, while MV and GCF are similar, but lower compared to the other

two. This may be a valuable area to consider for future work.

6.6 Conclusion

gCNR is a powerful tool, resistant to transformations and dynamic range alterations when properly imple-
mented. While gCNR implementations using histograms with 100 bins work properly in many circumstances,
we have shown that manipulation can occur by altering the ratio of the pixels per bin or with some extreme
transformation-based beamformers. Though a parametric approach is attractive, the inability to model an ar-
bitrary adaptive beamformer makes it all but impossible without significantly more complex models, making
a histogram-based or non-parametric solution much more appealing. In testing, making the histograms more
robust is straightforward, and at a minimum the ratio of pixels per bin and the method to determine the num-
ber of bins used should be reported. We can further improve the robustness of the histograms by either using
variable bin widths (where the number of data points per bin is approximately equal), or by rank-ordering the

data and estimating gCNR from the rank-ordered data. Alternatively, we can use empirical CDFs to produce
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an estimate that relies on neither parametric methods or histograms, while still being robust in all the cases
we considered here. All three of these methods are much more resistant to transformations, and empirical
gCNR in particular requires no special parameter consideration, making it arguably the most consistent of

the three methods.
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CHAPTER 7

Considerations for the Application of Histogram Matching

This chapter is adapted from the supplemental material originally published in (Schlunk and Byram, 2022b),
©2022 IEEE. Reprinted, with permission, from Schlunk, S., & Byram, B. (2022). Combining ADMIRE and
MYV to Improve Image Quality. IEEE Transactions on Ultrasonics, Ferroelectrics, and Frequency Control,
69(9), 2651-2662. https://doi.org/10.1109/TUFFC.2022.3194548. Additional content is adapted from an In-
ternational Ultrasonics Symposium presentation (Schlunk and Byram, 2022a), ©2022 IEEE. Reprinted, with
premission, from Schlunk, S., & Byram, B. (2022). Breaking and Fixing gCNR and Histogram Matching.
2022 IEEE International Ultrasonics Symposium (IUS), 1-4.

We demonstrate the ability of iterative ADMIRE to improve the contrast accuracy in images in Chapter 3,
and the combination of ADMIRE and MV to improve resolution in Chapter 4. However, we have yet to use
histogram matching to demonstrate that these methods are providing “true” improvements over DAS, despite
the value of the method we laid out in Section 1.2.4. In this chapter, we will take a brief look at some of the
results from the chapters mentioned, and demonstrate why we have been cautious to implement and interpret

histogram matching thus far.

7.1 Introduction

Histogram matching is a method that is designed to provide a “level playing field” for imaging metrics by cal-
culating the transform between a target image and a reference image (Bottenus et al., 2020a). This is intended
to make qualitative comparisons more fair and to prevent transformation-dependant improvements to specific
metrics, similar to how gCNR is designed to produce a CNR-like metric that is transform independent. For
example, consider Fig. 7.1, where an in vivo kidney image is processed with some adaptive beamformer
designed to boost contrast ratio. A mapping, A, is calculated between the two images and applied to DAS,
showing that the improvements, if any, in the adaptive image are less obvious.

Histogram matching can be applied using a full matching method, where the cumulative distribution func-
tions of the two images are compared, or with partial matching, where a scaling and shifting transformation
is calculated based on the histograms of the distributions of the two images. The authors suggest that full
matching using an ROI of homogenous speckle is the optimal choice when the speckle fully captures the
dynamic range of the image, however, in high dynamic range cases where there are strong hypoechoic or
hyperechoic targets present, partial matching is needed to reduce errors due to extrapolation.

To demonstrate the work from the previous chapters, we choose to match to iADMIRE or ADMIRE since
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Figure 7.1: Example in vivo kidney image displayed with delay-and-sum (DAS) and an adaptive beamformer
designed to improve contrast ratio. Histogram matching using a full matching method is used to calculate a
mapping /& between the two images. Applying the mapping to the DAS image reveals less obvious improve-
ments in the adaptive image. Figure ©2022 IEEE.
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Figure 7.2: Comparison between DAS and iADMIRE (Target) using contrast ratio dynamic range (CRDR)
to compare contrast accuracy of the two beamformers. The anechoic, -50, -40, and -30 dB cysts are shown
for both beamformers. a) shows the original results from Chapter 3, showing iADMIRE can extend the
range of accurate contrast past what DAS is capable of. b) shows the result when each lesion is individually
matched to iADMIRE. c) shows the result when all lesions are simultaneously matched to iADMIRE. The
results from b) show that when matching any individual cyst, DAS can be stretched to appear identical to
iADMIRE, which incorrectly suggests that DAS is on par with iADMIRE’s performance. However, when
the full contrast curve is considered, here by matching all the cysts simultaneously in the same figure, it shows
that DAS cannot differentiate some of the cases, since histogram matching would try to match the anechoic,
-50, -40, and -30 dB iADMIRE cases all to the same value as in the DAS figures. Figure ©2022 IEEE.

these methods generally have strong contrast ratio and high dynamic range. Unfortunately, since our work is
mostly centered on high dynamic range situations (both anechoic cysts and kidney stones generally fall into
this category), we use partial matching. For the cyst simulations, the entire simulation image area is used for

matching. For the kidney cases, the matching region was chosen as the entirety of the kidney.

7.2 Results

7.2.1 iADMIRE (Chapter 3)

Fig. 7.2 shows the original contrast ratio dynamic range (CRDR) results for DAS and iADMIRE from Chapter
3, as well as cases where DAS is matched to iADMIRE and the CRDR is calculated on the matched images.
Matching was performed both with full matching and a homogeneous ROI, as well as with partial matching
using the full image space for demonstration. When matching the individual images, as in Fig. 7.2b, DAS
appears to attain similar performance to iADMIRE. However, these individual mappings are misleading, as
when the full array of lesions are matched together, as in Fig. 7.2c, DAS gains no noticeable improvement,

and iADMIRE has the clearly superior CRDR.
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7.2.2 ADMIRE+MYV (Chapter 4)

Tables 7.1 and 7.2 show the anechoic cyst image metrics and in vivo metrics, respectively, for both the original
data and when histogram matching is used to match each of the methods to ADMIRE. Figures 7.3 and 7.4
show a representative example case for the anechoic cysts and in vivo cases, respectively.

In the simulations for cyst edge width, the reverberation clutter case of 0dB SCR is unchanged in terms
of ranking of the methods before and after histogram matching, and the no interference case is mostly un-
changed. However, the ranking of the methods in the presence of thermal noise (0dB SNR) is significantly dif-
ferent. The general observation that AD+MVNB is better than ADMIRE remains true, but MVNB (L=0.75M)
is better relative to the other methods after matching. There are similar rearrangements in method ordering
for contrast ratio, though gCNR is largely unchanged, which makes sense since it should be transform inde-
pendent. In vivo, while contrast ratio and even gCNR see some significant changes, the kidney stone sizes
measured are the same (with minor variances), which does not impact our perception of the performance of
the beamformers.

Table 7.3 shows all combinations for histogram matching targets for average cyst edge width for the
anechoic cyst simulations. We present this data to demonstrate a potential concern with histogram matching,
since it is quickly apparent that the “best” method can change depending on the matching. For example, in
the reverberation clutter case AD+MVNB (L=0.5M) is the best method in most of the cases, but for thermal
noise AD+MVNB (L=0.75M) is the best without matching, and DAS and MVNB (L=0.75M) are the best

depending on the matching used.

7.3 Discussion
Histogram matching has the potential to be a powerful tool for equalizing methods to ensure certain metrics
are fair. However, the main issues at present are how to “fairly” match methods as well as how to interpret the
results in the context of the original results. We presented two different situations where we would like to use
histogram matching, but challenges in the implementation and interpretation of the results makes it difficult.
In the iADMIRE work from Chapter 3, in fairness histogram matching had not been published at the
time of the work, but we can see that the initial instinct to apply histogram matching to each image and
remake the CRDR metric would be misleading. DAS, in these simulated cysts, is incapable of distinguishing
between the anechoic, -50, and -40 dB cysts. However, if we match each image separately, the mapping
can easily map that same amplitude to whichever target contrast it needs to, implying that DAS somehow
could mimic the performance of iADMIRE. Mapping all the cysts simultaneously shows that DAS indeed
cannot differentiate these cysts, so the mapping simply has to choose some single amplitude target, resulting

in the same CRDR curve as before matching. This demonstrates that iADMIRE is actually producing real
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contrast improvements compared to DAS, but more importantly that applying histogram matching requires
more thought and consideration than other metrics might.

In the work with ADMIRE+MYV from Chapter 4 specifically, our primary metric was focused on resolu-
tion and size, which is often related to the point spread function (PSF) and is significantly impacted by the
dynamic range of the image and the amplitude at which the measurement is made. Since histogram matching
specifically manipulates an image’s amplitude to “match” methods together, there may be unintended and
undesired impacts on these metrics that rely on the PSF.

The issue of the matching target used may not matter when only a couple of methods are being compared,
but in a work such as this one, choosing a single reference for all methods may be an issue. Table 7.3 shows
that, at least for certain metrics, there may be significant variability in how the results can be perceived
depending on the matching reference. This issue may be exaggerated somewhat in this work since resolution
and sizing measurements can be influenced heavily by amplitude, but it is nonetheless the case that it makes
it almost impossible to draw a conclusion about the data.

Interpreting the results is also potentially challenging, even assuming one is confident that the process up
to this point is infallible. Consider the thermal noise case, where AD+MVNB (L=0.75M) produces a width
of 0.105mm, compared to DAS which produces a width of 0.171mm. When both are matched to ADMIRE,
they produce the same width of 0.130mm. This would presumably imply that the two methods are equivalent
in this particular case, but the absolute measurement for AD+MVNB (L=0.75M) is better when no matching
is applied. And indeed, when matched to AD+MVNB (L=0.75M), DAS does not perform equivalently.

This suggests to us that, at least in the case of resolution, histogram matching will mostly provide a sense
of the ranking of methods, rather than give an absolute metric of performance. Though, this is more a fault
of using the width of the PSF as a metric of resolution or size, which heavily depends on how the contrast
may be scaled or shifted. Otherwise, there is clearly something more complex as to how to choose matching

targets optimally, but that is simply out of the scope of this work for the time being.

7.4 Conclusion

In these two examples, contrast plays an important role in measuring the success of the results of our beam-
formers. Therefore, it is no surprise that histogram matching, which manipulates that contrast, can have
unintended or unexpected side effects. Resolution in all forms is some measure of size at some amplitude,
but since histogram matching targets the amplitude to calculate the transformation, this has a significant im-
pact on perceived resolution. We think there is significant merit to the use of histogram matching, but we
equally believe that there is much left to figure out with the method before it can be used generally. We hope

that future works will further investigate the issues we have presented here, to make the method more robust.
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Table 7.1: Anechoic Cyst Simulation Metrics - with Histogram Matching to ADMIRE. Table ©2022 IEEE.

Cyst Edge Width (mm)

Original Data Matched to ADMIRE Data
Added Interference None 0dB SCR 0dB SNR None 0dB SCR 0dB SNR
DAS 0.189+0.025 0.216+0.154 0.171+0.015 | 0.148+0.023 0.1814+0.150 0.130+0.027
DAS-Hamm 0.2184+0.028  0.347+0.274  0.202+0.060 | 0.188+0.027 0.213+0.142  0.15040.025
MVNB L=0.5M 0.3054+0.230  0.641+0.623  0.303+0.291 | 0.392+0.406 0.4594+0.402 0.23540.268
MVNB L=0.75M 0.101£0.037 0.292+0.362  0.15540.134 | 0.087+0.033 0.282+0.362  0.116-0.049
MVBB L=0.5M 0.204£0.029 0.437+0.395 0.2594+0.282 | 0.176+0.028 0.308+0.306  0.145+0.049
ADMIRE 0.162+0.022  0.218+0.179  0.138+0.022 | 0.162+0.022 0.2184+0.179  0.138+0.022
AD+MVNB L=0.5M | 0.132+0.028 0.140+0.054 0.121+0.033 | 0.1294+0.024  0.146+0.050 0.1254+0.035
AD+MVNB L=0.75M | 0.098+0.026 0.183+0.174 0.105+£0.021 | 0.105£0.031 0.197+0.157 0.130+0.026
AD+MVBB L=0.5M | 0.178+£0.017 0.18440.130 0.154£0.016 | 0.191£0.017 0.183£0.130 0.15140.018

Contrast Ratio (dB)

Original Data Matched to ADMIRE
Added Interference None 0dB SCR 0dB SNR None 0dB SCR 0dB SNR
DAS -31.9+1.1 -12.1+0.7 -14.3+0.7 -43.7+1.3 -18.0+2.5 -26.1+2.8
DAS-Hamm -38.8+0.8 -11.4£1.1 -14.0£0.7 -46.3+1.4 -17.4£3.0 -25.74£2.7
MVNB L=0.5M -30.3£1.0 -7.97£1.1 -10.2£0.8 -39.3£1.5 -11.14+2.4 -19.3£2.4
MVNB L=0.75M -24.4+1.7 -4.83+1.4 -5.58+0.8 -30.3+2.1 -5.67+1.7 -8.57+1.4
MVBB L=0.5M -36.6+0.7 -10.0+0.9 -12.0+0.7 -44.7+1.3 -14.8+2.5 -23.242.5
ADMIRE -43.1£1.3 -21.5£1.5 -29.9+1.1 -43.1£1.3 -21.5+1.5 -29.9+1.1
AD+MVNB L=0.5M -42.1+1.4 -21.0£1.7 -30.4£1.4 -43.3£1.7 -18.8+2.2 -27.7£2.0
AD+MVNB L=0.75M -46.1+1.5 -24.7+2.6 -33.5+2.4 -40.0+1.6 -17.9+3.2 -25.0+3.0
AD+MVBB L=0.5M -46.7+1.3 -20.5+1.7 -29.5+1.2 -44.3+1.3 -21.0+1.7 -29.8+1.3

generalized Contrast-to-Noise Ratio (gCNR)

Original Data Matched to ADMIRE
Added Interference None 0dB SCR 0dB SNR None 0dB SCR 0dB SNR
DAS 0.992+0.003 0.774+0.032  0.9324+0.015 | 0.988+0.005 0.772+0.032 0.916+0.019
DAS-Hamm 0.999+0.002 0.745+0.061  0.923+0.016 | 0.998+0.003 0.7424+0.059 0.9054+0.025
MVNB L=0.5M 0.969+0.014  0.489+0.055 0.725+0.026 | 0.968+0.014 0.48740.054 0.702+0.049
MVNB L=0.75M 0.8194+0.028  0.2324+0.045 0.390+0.021 | 0.622+0.077 0.2184+0.047 0.367+0.057
MVBB L=0.5M 0.994£0.002 0.649+0.055 0.85440.020 | 0.9944+0.002 0.642+0.049  0.796+0.069
ADMIRE 0.992£0.005 0.879+0.030 0.98240.011 | 0.9924+0.005 0.879+0.030 0.982+0.011
AD+MVNB L=0.5M | 0.988+0.005 0.750+0.060 0.930+0.022 | 0.989+0.004 0.7554+0.060 0.929+0.023
AD+MVNB L=0.75M | 0.792+0.073  0.676+0.047 0.783+£0.095 | 0.9194+0.028 0.689+0.029 0.85440.056
AD+MVBB L=0.5M | 0.997+0.003 0.863+0.046 0.983+0.009 | 0.998+0.002 0.863+£0.046 0.983+-0.009

As a result, we have included some histogram matching results for the reader to peruse, but we refrain from

drawing any strong conclusions from the data.

105



Table 7.2: Image Metrics for in vivo Kidney Cases - with Histogram Matching to ADMIRE. Table ©2022
IEEE.

Measured Stone Size (mm)

Original Data Matched to ADMIRE Data
Case 1 2 3 4 5 6 1 2 3 4 5 6
DAS 0.489 0445 0.814 0482 0595 0.535 | 0466 0.396 0.784 0446 0.586 0.516
DAS-Hamm 0.526 0457 0.812 0.486 0.623 0.550 | 0.495 0425 0.800 0.476 0.623 0.536
MVNB L=0.25M 0495 0473 0813 0.593 0.595 0.550 | 0.462 0414 0.780 0.532 0.595 0.516
MVBB L=0.25M 0.508 0.432 0.791 0505 0.611 0.555 | 0492 0.403 0.767 0.470 0.608 0.541
ADMIRE 0.508 0.407 0.750 0.498 0.576 0.495 | 0.508 0.407 0.750 0.498 0.576 0.495

AD+MVNB L=0.5M | 0432 0367 0.734 0.437 0.623 0.437 | 0436 0.367 0.734 0439 0.626 0.437
AD+MVBB L=0.25M | 0.501 0.356 0.695 0.385 0.638 0.471 | 0.501 0.356 0.695 0.385 0.644 0.471

Contrast Ratio (dB)
Original Data Matched to ADMIRE Data
Case 1 2 3 4 5 6 1 2 3 4 5 6
DAS 190 146 9.68 13.9 11.5 114 | 266 223 13.7 203 17.4 17.1
DAS-Hamm 18.5 164 100 139 120 115 | 258 234 137 204 181 17.5
MVNB L=0.25M 18.3 148 974 136 10.9 112 | 265 251 14.2 196 160 179
MVBB L=0.25M 18.6 15.8 10.5 139 10.9 113 | 237 212 153 19.3 14.7 15.4
ADMIRE 21.6 193 814 149 127 140 | 21.6 193 8.14 14.9 12.7 14.0

AD+MVNB L=0.5M 23.6 233 971 164 137 16.6 19.8 197 870 146 122 141
AD+MVBB L=0.25M | 21.8 212 11.6 155 106 17.2 18.1 18.0 10.0 138 942 16.0
generalized Contrast-to-Noise Ratio (gCNR)

Original Data Matched to ADMIRE Data
Case 1 2 3 4 5 6 1 2 3 4 5 6
DAS 0.781 0.649 0.582 0.683 0.632 0.609 | 0.942 0.874 0.635 0.791 0.732 0.753
DAS-Hamm 0.781 0.726 0.609 0.721 0.661 0.600 | 0.933 0.873 0.632 0.786 0.742 0.763
MVNB L=0.25M 0.800 0.633 0.603 0.680 0.563 0.598 | 0.948 0.929 0.650 0.764 0.647 0.776
MVBB L=0.25M 0.793 0.716 0.618 0.676 0.603 0.593 | 0.885 0.836 0.673 0.758 0.644 0.684
ADMIRE 0862 0.748 0.566 0.670 0.642 0.700 | 0.862 0.748 0.566 0.670 0.642 0.700

AD+MVNB L=0.5M | 0.895 0.893 0.579 0.749 0.707 0.798 | 0.884 0.913 0.584 0.745 0.701 0.801
AD+MVBB L=0.25M | 0.855 0.878 0.615 0.705 0471 0.785 | 0.843 0.866 0.612 0.699 0.466 0.781
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Table 7.3: Anechoic Cyst Simulation Metrics for Alternative Histogram Matching Targets. Table ©2022
IEEE.

Average Cyst Edge Width (mm)
0dB SCR (Reverberation Clutter)

Matching to... Original | DAS DAS-Hamm MVNB MVNB MVBB ADMIRE AD+MVNB AD+MVNB AD+MVBB
L=0.5M L=0.75M L=0.5M L=0.5M L=0.75M L=0.5M
DAS 0.216 |0.216 0.217 0.202 0.188 0.213 0.181 0.129 0.121 0.184
DAS-Hamm 0.347 |0.345 0.347 0.274 0.219 0.337 0.213 0.159 0.144 0.214
MVNB L=0.5M 0.641 | 0.660 0.663 0.641 0.467 0.657 0.459 0.448 0.435 0.462
MVNB L=0.75M 0292 |0.384 0.388 0.371 0.292 0.379 0.282 0.225 0.221 0.283
MVBB L=0.5M 0.437 |0.437 0.440 0.352 0.318 0.437 0.308 0.298 0.289 0.310
ADMIRE 0.218 |0.251 0.252 0.239 0.221 0.246 0.218 0.167 0.107 0.219
AD+MVNB L=0.5M 0.140 |0.187 0.189 0.175 0.157 0.183 0.146 0.140 0.130 0.149
AD+MVNB L=0.75M | 0.183 |0.229 0.230 0.216 0.202 0.224 0.197 0.187 0.183 0.198
AD+MVBB L=0.5M 0.184 |0.257 0.260 0.248 0.229 0.257 0.183 0.174 0.121 0.184
0dB SNR (Thermal Noise)
Matching to... Original | DAS DAS-Hamm MVNB MVNB MVBB ADMIRE AD+MVNB AD+MVNB AD+MVBB
L=0.5M L=0.75M L=0.5M L=0.5M L=0.75M L=0.5M
DAS 0.171 |0.171 0.171 0.168 0.148 0.172 0.130 0.125 0.125 0.133
DAS-Hamm 0.202 |0.199 0.202 0.196 0.165 0.205 0.150 0.143 0.134 0.149
MVNB L=0.5M 0.303 |0.307 0.395 0.303 0.264 0.401 0.235 0.227 0.206 0.234
MVNB L=0.75M 0.155 |0.437 0.436 0.350 0.155 0.441 0.116 0.111 0.101 0.116
MVBB L=0.5M 0.259 |0.177 0.254 0.176 0.157 0.259 0.145 0.141 0.134 0.145
ADMIRE 0.138 |0.208 0.210 0.205 0.176 0.213 0.138 0.128 0.114 0.137
AD+MVNB L=0.5M 0.121 |0.183 0.183 0.182 0.154 0.184 0.125 0.121 0.108 0.125
AD+MVNB L=0.75M | 0.105 |0.175 0.177 0.173 0.151 0.178 0.130 0.117 0.105 0.132
AD+MVBB L=0.5M 0.154 |0.215 0.216 0214 0.187 0.220 0.151 0.141 0.118 0.154
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Figure 7.3: B-mode images of one of the anechoic cyst cases shown on a 50 dB dynamic range. Top row

shows the No Noise case, middle row shows the added 0dB SCR reverberation clutter case, and bottom row

shows the added 0dB SNR Johnson-Nyquist (thermal) noise case. Within each row (top) shows the original
b-mode image and (bottom) shows the image matched to ADMIRE. Figure ©2022 IEEE.
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Figure 7.4: B-mode images of in vivo kidney Case 1. (A-F) show the full kidney on a 50 dB dynamic range,
while (G-L) show the kidney stone with ROI drawn and length measured. Each image includes both the
original (left) and matched to ADMIRE (right) versions. Figure ©2022 IEEE.
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CHAPTER 8

Conclusions and Future Work

The clinical value of ultrasound imaging is primarily from its low cost and rapid, real-time acquisitions,
allowing it to be used frequently for initial screening for many applications. However, for many of these
applications the quality of the ultrasound is sufficiently poor that additional imaging with other modalities is
required. For example, we previously mentioned that one study found that ultrasound alone for kidney stone
disease diagnosis would result in an incorrect diagnosis in 22% of cases (Ganesan et al., 2017). Additionally,
increasing obesity rates in the United States (Flegal et al., 1998, 2002, 2010) suggest that this issue is likely
to continue to worsen, as these difficult-to-image patients have increased amounts of reverberation clutter,
leading to further image quality degradation (Dahl et al., 2017). This highlights the value of ultrasound
beamformers that can improve image quality and, more importantly, improve the clinical value of these
images.

Ultrasound beamformers have historically set out to improve quantifiable image quality metrics, as these
metrics are believed to correlate with subjective clinician assessments of image quality. Improving the con-
trast ratio and contrast-to-noise ratio to boost lesion detectability or tissue boundary definition, for example,
is often the goal of a modern adaptive beamformer. However, depending on the application, there are poten-
tially more valuable ways we can improve the quality of an image besides just blindly improving metrics.
After all, boosting the contrast of a lesion or kidney stone may improve our ability to detect it, but it may not
improve our ability to make an informed diagnosis.

In this work, we have laid out our efforts to improve ultrasound image accuracy, using the model-based
method ADMIRE as a foundation. Image accuracy, especially contrast accuracy, can work counter to tradi-
tional beamformer metrics. In the case of difficult-to-classify renal cysts, it may be more valuable to represent
the contrast of these cysts accurately to aid diagnosis, rather than with high contrast to aid detectability. In
Chapter 3, iterative ADMIRE was presented as a method designed specifically to generate images with ac-
curate contrast representation. It still provides the benefits of reducing off-axis and reverberation clutter of
normal ADMIRE, while correcting errors related to improper fitting in the algorithm leading to improved im-
age accuracy. This is especially valuable for hypoechoic targets, like lesions, cysts, and blood vessels, where
the important information is at a lower intensity compared to surrounding tissue. Image degradation caused
by off-axis clutter from the nearby tissue or reverberation clutter leads to obfuscation of the low-amplitude
content, and attempts to declutter this noise can result in a loss of the true underlying signal. Iterative AD-

MIRE corrects this, allowing us to reconstruct the target data, such as in the blood vessel case we showed
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in Fig. 3.9, where clutter masked the blood content in the DAS image, and ADMIRE improperly removed
both the clutter and underlying blood content. This suggests iterative ADMIRE may be useful for these high
dynamic range scenarios, where the target of interest may be masked by image quality degradation.

On the opposite end of the spectrum, hyperechoic targets that are much brighter than the surrounding
tissue are unlikely to be lost or obscured since they are typically at a higher amplitude compared to the noise,
but they face an alternative problem: sizing accuracy. In ultrasound, the size of bright targets is often overes-
timated, with an increased differential between the target and background increasing the overestimation. This
is related to the issue of resolution, and more specifically the lateral point spread function of the beamformer.
Though the point spread function will be consistent regardless of amplitude, the intersection of the function
with the background will change as the amplitude changes. As a target increases in amplitude, the point
spread function will be raised relative to the background, resulting in an apparently broader base, increas-
ing the apparent size of the target. With this in mind, we proposed in Chapter 4 combining ADMIRE with
MYV, a method known for improving lateral resolution, and in Chapter 5 modifying the ADMIRE model to
further improve the point spread function by narrowing the base. By narrowing the mainlobe and making it
more consistent at different amplitudes, we both improved sizing estimates and made it less dependent on the
amplitude of the imaging target. We demonstrated this with in vivo kidney stones, which we previously men-
tioned are often overestimated by as much as 2-3 mm (Ulusan et al., 2007; Unal et al., 2003; Ray et al., 2010;
Ganesan et al., 2017; Fowler et al., 2002; Dunmire et al., 2015; Sternberg et al., 2016), which compared to the
surgical intervention cutoff size of Smm is quite significant. We demonstrated that ADMIRE-Ex combined
with MV can greatly reduce sizing error, which would lead to more accurate diagnosis of these stones in
the screening process, reducing reliance on more expensive and time-consuming modalities that place undue
burden on patients, doctors, and hospital facilities.

Overall, we have shown in this dissertation that we can adapt ADMIRE in different ways to increase
image accuracy, and therefore quality, in high dynamic range situations, regardless of whether the targets
are at higher or lower amplitudes. Though the specific issues are different in these two different cases, it is
promising that ADMIRE can be adapted to different medical applications, as well as for different desired
outcomes.

However, there are some outstanding challenges that continue to make bringing the full power of AD-
MIRE into a clinical setting difficult. Namely, ADMIRE continues to be difficult to implement in real time.
Though there is currently an implementation of ADMIRE that leverages the power of GPU parallel process-
ing to achieve real time status (Khan et al., 2019, 2020, 2021), there is a trade-off that has to be made to make
it possible: the size of the model has to be severely reduced in order to fit current hardware limitations. In this

case, it is achieved by the use of dimensionality reducing techniques to shrink the size of the model to a much
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smaller footprint (Dei et al., 2019). This has two side effects. First, the model, in which the signals relate to
specific echoes based on the linear wave propagation physics, is now reduced, and the signals no longer have
specific, physical meaning. Second, and more importantly to this work, the reduced models are incompatible
with the techniques laid out in this dissertation. This is due to the model-fitting interactions being different
when the reduced model is being used, as opposed to the full physical model used in this work. This is a
combination of the model size being significantly different, but also the model space being less well-sampled.
To be compatible with iterative ADMIRE and ADMIRE-EXx, both of which are quite computationally inten-
sive, we would either need significantly more advanced hardware that can handle the full models, or some
alternative means of reducing the models that does not impact the functionality.

Computationally, the most intensive part of ADMIRE is the model-fitting process, and it scales with
the size of the model. Due to the repeated iterative fits that iterative ADMIRE requires for processing, it
is unlikely we would be able to achieve true real time processing that would be clinically viable, since the
repeated fits would likely cut the frame rate in half or worse. On the other hand, ADMIRE-Ex could poten-
tially be adapted to current hardware, since it is functionally more of an adapted model than an alternative
fitting process. By reducing the model size but keeping the meaning of the different model sections intact,
it is possible that ADMIRE-Ex could be run in real time, which would be necessary for it to be used for
screening kidney stones. This will require future efforts into adapting the model for GPU processing, as well
as experimentation to determine what model reduction techniques will allow us to maintain performance.

Though untested with iterative ADMIRE and ADMIRE-Ex, preliminary work has been done on evaluat-
ing different ways to reduce the size of the model without using dimensionality reducing methods. In a recent
proceedings, we examined ways we can reduce sampling of both clutter regions and the ROI, and evaluated
image quality versus computation time (Schlunk and Byram, 2021a). The use of dimensionality reduction
was demonstrated to be effective, but we also saw that in many cases we could dramatically reduce the sam-
pling of the model without greatly impacting image quality. In one case, only the reduced-sampled version
of the ROI was used, and it was still able to reduce thermal and reverberation clutter, while processing the
images 75 times faster than the default model. This particular model was actually smaller than the models
normally used in GPU parallel processing, suggesting that we may be able to use non-reduced models in real
time if the right sacrifices to the model are made.

Another possibility to reach real time performance could be to restrict the ROI to be processed. Com-
puting iterative ADMIRE or ADMIRE-Ex on an entire image is expensive, but if we restrict an ROI for
processing, for example only the area directly around a kidney stone, we would free up a large amount of
GPU computing power, potentially allowing us to use larger, better performing models than we otherwise

could. This would allow a sonographer to harness the full power of the model, which would be sufficient for
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small targets such as kidney stones. Future work could even consider looking into detection methods, and Al
or algorithmic processing to automatically choose small regions to run the advanced model on, requiring less
manual input from a clinician.

A second ongoing concern with ADMIRE is the optimal way to tune parameters. Early work has sug-
gested there are generally robust choices for the elastic-net parameters (& and A), though it is clear that these
parameters do have impact on the character of the image. Additionally, as we have seen with ADMIRE-Ex,
there are different ways we can formulate the model itself. Finally, as we discussed briefly in Chapter 4 with
ADMIRE combined with MV, there may be optimal ways to tune ADMIRE for use with other beamformers
that differs than when we use ADMIRE alone.

Early in the development process of iterative ADMIRE, we had considered methods for automatically
optimizing the elastic-net parameters. In particular, we had found that using cross-validation techniques
could be used, using a portion of the signal for training and the rest for testing the choices. This showed
promise, and indicated that certain aspects of an image (e.g. tissue versus blood) had different optimal
parameter choices, however cross-validation increased computation time far beyond any reasonable amount,
as we often required a magnitude or more fits per signal to perform the cross-validation. As a result, we did not
choose to continue pursuing this route, though there are certainly other options available. Future work should
consider investigating if there are global image features (overall contrast, variance in the image, estimated
levels of noise, etc...) that may predict more optimal choices, which would only slightly increase processing
overhead. For example, lag-one coherence is a metric that gives a measure of thermal and acoustic noise in
an image (Long et al., 2018), which may provide a fast way to estimate the initial quality of the image. There
are additionally methods for measuring overall image signal-to-noise ratio (Friemel et al., 1998), and even
more exact spatiotemporal coherence methods that can detect specific levels of certain kinds of noise, such
as reverberation versus thermal noise (Vienneau et al., 2022), which would be relatively easy to implement
on a clinical system.

Tuning the model itself is vastly more complex, though there are similar ways we might be able to
streamline the computation. If we are able to measure the level of reverberation clutter in an image using the
spatiotemporal coherence method mentioned before, we can adjust the sampling of the region of the model
related to that clutter source (i.e. near field predictors). In cases with especially low reverberation, we might
be able to entirely remove the near field component, significantly reducing the size of the model. Otherwise,
it would be feasible that we could prepare model parameters in advance for different kinds of imaging appli-
cations. For example, if we need to size hyperechoic targets, we can choose to use the ADMIRE-Ex model,
and otherwise we use the default model.

Finally, tuning for use with other beamformers such as MV is difficult. ADMIRE+MV will certainly work
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with the default, normally robust options, but there are simply too many different applications and parameters
to realistically optimize for each. Not to mention, as we looked at in detail in Chapter 4, there are potentially
ways to tune the beamformer we use after ADMIRE as well. In that case, we found that there are situations
where we can increase the subarray averaging parameter of MV when used with ADMIRE, which normally
we can not. Needless to say, the amount of work that would be required to clinically evaluate and optimize
all the different parameters in these situations would need to be done in a case-by-case basis, as we did with
ADMIRE+MYV applied specifically to kidney stone data acquired with plane wave synthetic aperture on a
curvilinear transducer.

Real time implementations and parameter tuning are the primary challenges that obstruct our ability to
implement these methods in a practical clinical setting. While technically these methods could be applied
for offline processing that would still reduce the amount of additional imaging required, the modern value
of ultrasound imaging is the fact it can be used point-of-care, with immediate results provided to the clini-
cian. However, if the above challenges can be resolved, whether with the considerations suggested or some
other methods, ADMIRE and ADMIRE-based methods will be powerful clinical tools. ADMIRE is already
known to reduce or eliminate common image degradation sources, and as these sources become increasingly
common in the clinical space, these advanced beamformers will become more valuable. Additionally, as this
dissertation has demonstrated, ADMIRE is immensely flexible and can be adapted to highly specific applica-
tions. Iterative ADMIRE can be used to assist with imaging low amplitude targets, while ADMIRE-Ex can
improve sizing accuracy of high amplitude targets.

In addition to those presented here, these techniques could be valuable for other imaging applications.
Iterative ADMIRE could be valuable in blood flow applications, where the ability to denoise the image
without introducing additional artifacts is important as the blood content is vital for measuring blood flow
with Doppler imaging. Additionally, it may be useful in scenarios where bright artifacts cause significant
clutter in an image, which can be common in transthoracic cardiac imaging, where the lungs and rib cage
can each introduce such noise, or functional brain imaging, where the skull is a major source of image
degradation. ADMIRE-Ex could be used for imaging and accurately visualizing stones in the gallbladder or
bladder, but additionally may be useful for characterizing calcifications in other areas of the body, such as
the cardiac valves in the heart. It would also complement the use of lithotripsy, using high-frequency focused

ultrasound shock waves to break up calcifications, such as in the cases listed.
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