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Ultrasound imaging of the heart is a vital diagnostic tool in modern medicine. The heart

resides in a challenging imaging environment and exhibits a variety of tissue velocities. Therefore,

high frame-rate ultrasound sequences are required that can penetrate depth and resolve motion.

Modern imaging strategies often transmit either focused waves or broad waves. This work investi-

gated the potential to use REFoCUS, an element-based beamforming method, to combine focused

and broad transmissions within a mixed sequence. First, consistency of REFoCUS in the presence

of motion was considered both in simulation and experimentally, as compared to virtual source

beamforming. By imaging a moving point target, the point spread function (PSF) from differ-

ing motion cases was evaluated quantitatively. Each PSF was plotted as a contour plot in order

to calculate the metrics of cystic contrast and cystic resolution. Second, REFoCUS was used to

beamform mixed RF data that included transmissions from both focused and broad waves. The

goal of designing a mixed sequence was to combine the reduced sensitivity to motion offered by

focused waves with the ability to increase frame-rate offered by broad waves. The same metrics of

contour plots, cystic contrast, and cystic resolution were used here. Applying weighting to mixed

sequences reduced motion sensitivity in sequences incorporating broad waves, thereby improving

the performance of select mixed sequences. Overall, this work showed that REFoCUS performs

comparably to virtual source in terms of motion sensitivity, confirmed that focused transmissions

are less sensitive to motion than broad waves, and created a mixed sequence that combines the

benefits of focused and broad wave transmissions.
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Chapter 1

Introduction

1.1 Importance of Ultrasound Imaging

Ultrasound imaging has become an indispensable tool across clinical settings over the course

of the last 70 years. With high portability, high ease-of-use, and low cost, ultrasound is the

default imaging modality for many rapid diagnoses. Ultrasound images of deep tissues can be

produced with excellent spatial resolution and real time imaging allows ultrasound to be used to

guide sensitive surgeries. Microbubbles can be used as contrast agents to further improve image

quality and even to quantify tissue perfusion. Ultrasonic waves can also deposit energy locally

for therapeutic purposes such as tissue ablation, blood-brain-barrier disruption, and targeted drug

delivery. Overall, ultrasound is a vital imaging technique for modern medicine [17].

1.2 Cardiac Ultrasound

Cardiac ultrasound, often referred to as “echocardiography,” is the primary tool for diagnosing

and characterizing cardiovascular conditions such as ischemia, heart failure, and structural heart

disease [9]. Although heart failure does not have a universally agreed upon definition, it was

designated as an emerging epidemic in 1997 and remains one of the most important causes of

morbidity and mortality in the world [11][30]. Heart failure is commonly an end-stage manifestation

of heart disease and, as of 2021, is present in ∼1.8% of Americans, 1.5-1.9% of Canadians, and

1-2% of Europeans [30]. Echocardiography’s applications are not limited, however, to heart failure.

Given an incidence of 4-12 per 1,000 live births, congenital heart disease is also prevalent. As a
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portable, non-invasive, and real-time imaging modality, ultrasound is the first choice for evaluating

abnormalities in the hearts of newborns and adults alike [3].

The most widely implemented types of cardiac ultrasound, transthoracic echocardiography

(TTE) and transesophageal echocardiography (TEE), offer different views of the heart based on

the location of the ultrasound transducer. With TTE the heart can be imaged via the following

standard views: the parasternal long axis, parasternal short axis, apical 4-chamber view, subxiphoid

view, and the suprasternal view. With TEE, the heart can be imaged through the five chamber

view, four chamber view, mitral chamber view, two chamber view, long axis view, and ascending

aorta long axis view. Each view offers distinct advantages and disadvantages [2]. The standard

mode of imaging, B-mode imaging (or, brightness mode), generates structural images based on

emitted ultrasonic waves and the magnitude and timing of received echoes. Doppler-mode imaging,

meanwhile, relies on phase shifts (i.e., doppler shifts) in received echoes caused by blood flow in

order to evaluate complex blood flow dynamics in the heart [27].

Echocardiography can quantify cardiac function through a wide variety of metrics. As an

example, left ventricular ejection fraction (LVEF) is a measure of left ventricular (LV) systolic

function. LVEF gives the ratio of the volume of blood ejected from the LV during systole over the

volume of blood in the LV at the end of diastole [18]. LVEF values less than 30% are considered

abnormal and values over 50% are considered healthy, but values between 30-50% are inconclusive.

Modern echocardiography, therefore, only has the resolution and reliability to identify LVEF phys-

iologies that are clearly abnormal or clearly normal [30]. While other metrics for measuring heart

health do exist, improved resolution in both time and space is required to diagnose heart disease

with greater accuracy.

1.3 Modern Echocardiography Techniques

The relationship between temporal resolution, spatial resolution, and field of view is paramount

for cardiac imaging. As an example, constructing a 2D cardiac image via conventional methods

may involve 180 pulse-echo measurements (or, 180 transmissions) ranging across a 90◦field of view.
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The resulting line spacing is 0.5◦, and a single image line is reconstructed from each transmission.

Assuming an 18 cm round trip from thoracic wall to atrial roof and a speed of sound in soft tis-

sue of 1540 m/s, a single transmission takes approximately 117 µs, or about 8,500 transmissions

per second. With 180 transmissions per frame, a frame takes 21 ms to generate, giving a final

frame-rate of ∼28 Hz. Since the location of the heart and the speed of sound in the body cannot

be changed, the only way to increase frame-rate (temporal resolution) is to reduce the number of

transmit events per frame. Two simple solutions exist: narrowing the range of the scan preserves

spatial resolution while sacrificing field-of-view and reducing line density preserves field-of-view at

the cost of spatial resolution [10].

State-of-the-art systems employ a variety of techniques to preserve both spatial resolution

and field-of-view. Multiline acquisition (MLA) simultaneously “beamforms” (reconstructs) multiple

neighboring lines using time delays to steer each line off-axis from the center of the transmission.

“4MLA” systems for example reconstruct 4 lines in parallel in order to increase the system’s frame-

rate 4-fold. One requirement for MLA, however, is that the transmit beam must be broadened

such that region of the image being reconstructed in each line is properly insonified. Broad beams,

as opposed to focused beams, generally lead to reduced lateral resolution. Moreover, these broad

beams are transmitted from only a portion of the transducer’s aperture, limiting the amount of

energy in each transmission, ultimately, reducing signal-to-noise ratio (SNR). Some systems fully

embrace broad transmissions, utilizing plane and/or diverging waves. In this context, plane and

diverging waves are transmitted from the transducer’s full aperture. These unfocused beams allow

multiple lines to be reconstructed in parallel while preserving energy penetration. In fact, entire

images can be reconstructed from a single broad transmission and then combined with coherent

compounding. Combination of these images can achieve an effective gain in frame-rate similar to

that of 4MLA systems (∼130 Hz). Crucially, however, compounding plane wave transmissions in

the presence of tissue motion can result in noticeable image artifacts [4][36].

One final alternative to MLA and plane/diverging waves is multiline transmit imaging (MLT).

MLT systems transmit multiple focused beams simultaneously, distributed across the region being
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imaged. Although MLT has received little acclaim, recent research indicates that MLT and MLA

can be combined (e.g., 4MLT 4MLA) to achieve further frame-rate improvements [10]. The costs

of increasing frame-rate, of course, are spatial resolution and SNR. In a study involving expert

cardiac image readers, the majority of experts preferred 4MLT images over more aggressive MLT

configurations with even higher frame-rates [34].

1.4 In-Vivo Challenges in Echocardiography

Motion in the field of view, particularly when imaging with broad waves, constitutes a sig-

nificant challenge for ultrasound imaging. Recall that the successful compounding of plane waves

requires the image to be temporally coherent; if tissue moves between transmissions, the summed

images will no longer be phase-aligned [36]. Motion is a problem for conventional imaging modali-

ties as well. Focused waves behave similarly to broad waves when targets are located away from the

focal depth [19]. Therefore, focused transmissions are still susceptible to motion, but may be able

to resolve it more effectively than broad transmission, particularly if motion is near to the focus.

During contraction, the heart exhibits a wide range of tissue velocities. A prominent feature

of the heart, the myocardium, is commonly evaluated when considering heart health. By tracking

the speckle pattern near and within the myocardium (or by using doppler imaging), the position

of the myocardium can be tracked in order to calculate many metrics, including LVEF [5]. In-vivo

measurements of myocardial motion suggest that the velocity of the myocardium can reach around

∼3-4 cm/s [33]. The annulus of the mitral valve, which regulates blood flow from the left atrium

into the left ventricle, moves at a rate of ranging from ∼8-10 cm/s over systole and diastole. [8][32].

Also, the mitral valve leaflets move faster than perhaps any other tissue in the body with estimated

peak opening velocities of ∼40 cm/s and peak diastolic closure rates of ∼25 cm/s [35]. At 40 cm/s,

mitral valve leaflet velocity is an order of magnitude higher than myocardial velocity; resolving all

magnitudes of motion in the heart is a significant challenge. Interestingly, mitral valve annulus

velocity has been shown to differ significantly between healthy hearts and hearts with moderate to

severe aortic valve stenosis, further reinforcing the notion that being able to resolve motion in the
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heart is of great importance.

In addition to exhibiting significant tissue motion, the heart is also located in an acoustically

challenging environment. The ribs, which are comprised of compact bone, almost completely at-

tenuate the propagation of an ultrasound beam [31]. Thus, imaging between the ribs is a necessity.

Aside from ribs, the thoracic wall also contains a significant amount of heterogenous muscle and

fat. The differing speeds of sound in muscle, fat, and other tissues in the thoracic cavity cause

aberration in ultrasonic beams. The result is that many patients cannot be imaged with TTE

without the use of contrast agents, and some even require cardiac magnetic resonance [21]. As

the incidence and prevalence of obesity rises, the percentage of patients that cannot be imaged

with TTE will also increase. Ultrasonic penetration depth can be increased by transmitting lower

frequency waves, however low frequency waves have reduced resolution. Again, echoes from deeper

targets take longer to return to the transducer, reducing temporal resolution. Utilizing TEE can

bypass some of these obstacles, but it can only offer a limited number of views of the heart; many

diagnostic procedures require views of the heart offered by TTE [24]. Once again, improved spatial

and temporal resolution in echocardiography is required at clinically relevant depths.

1.5 Beamforming Methods

The reconstruction of an image from any number of transmit and receive events is often

referred to as beamforming. Specifically, beamforming involves (1) transmit beamforming: shaping

the spatial distribution of the pressure field amplitude in the region of interest (ROI) and (2) receive

beamforming: the consequent recombination of received ultrasound echo signals. In total, one must

know the location of each element, the assumed speed of sound in the ROI, and the times at which

each element transmits and receives. Even though a wide variety of beamforming methods exist,

the goal remains the same: to focus received echoes and generate an accurate image of the ROI.

One important distinction to make when beamforming is between linear and phased arrays.

On a linear array, elements are grouped into a sub-aperture. A sub-aperture is defined to transmit

and receive a particular waveform in front of that sub-aperture; this transmit and receive process
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produces an “A-line.” Subsequently, the sub-aperture is linearly shifted over the width of the array

in order to produce multiple A-lines, thereby producing an image line by line. Phased arrays, in

contrast, use the entire aperture width for every transmission. Elements of a phased array can be

adjusted to transmit with a unique phase (i.e., time shift) in order to transmit the desired wavefront.

The differences between linear and phased arrays are illustrated in Figure 1.1 [12]. One advantage of

a phased array is that transmissions can be steered beyond the extent of the transducer’s aperture.

This steering is advantageous in situations such as TTE, in which the transducer’s physical access

to the ROI is restricted (by the ribcage), but a wide field-of-view is still desired [12]. All transducers

and beamforming techniques described in this work make use of phased arrays.

Many modern systems implement synthetic aperture (SA) beamforming, a highly versatile

technique for improving contrast, frame rate, image uniformity, or a number of other parameters

[26]. As opposed to defining a single aperture, SA synthesizes information from either multiple

sub-apertures or multiple steered transmissions received on the full aperture in order to extend

the effective aperture size [37]. Beamforming methods must be adjusted accordingly. Received

signals are properly shifted in time by taking into account the geometric distance between each

Figure 1.1: Comparison of linear and phased array beamforming. Unfocused and focused beams

shown for both. Phased arrays can steer beams beyond the aperture extent © 2018 Appl. Sci. [12]
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transmitting element and each receiving element. By assuming a constant speed of sound in the

imaging volume, appropriate phase shifts are calculated for each element during each transmission,

and all transmissions are combined into a final image [12]. The overlap between transmissions,

when combined with these appropriate shifts, provides focusing throughout the image instead of at

a single point.

The virtual source model, a type of SA beamforming, assumes that waves diverge spherically

from an effective point source. The location of this point source depends on the desired waveform:

in front of the array corresponds to focused waves, behind the array to diverging waves, and at

infinity to plane waves (Figure 1.2). Path length differences are removed from received signals

by calculating transmit time-of-flight according the distance between an element and the virtual

source. With n transmissions and T elements, a given time delay τnT is calculated according

to Equation 1.1 for focused waves, Equation 1.2 for plane waves, and Equation 1.3 for diverging

waves. (xf ,zf ) gives the position of the virtual source, xn gives the element position, c is the speed

of sound, and θ is the steering angle used to direct plane waves [6].

τnT =

√
x 2
f + z 2f −

√
(xf − xn)2 + z 2f

c
(1.1)

τnT =
xnsinθ

c
(1.2)

τnT =

√
(xf − xn)2 + z 2f −

√
x 2
f + z 2f

c
(1.3)

Slightly different than virtual source beamforming is ‘dynamic receive,’ or ‘dynamic focusing.’

Dynamic receive beamforming is simpler than virtual source in that it applies a single set of delays

upon transmitting a focused wave. On receive, however, different focusing delays are used for

each depth. Compared to conventional methods, dynamic receive provides improved resolution

away from the focal point [13]. The dynamic receive beamforming performed in this work also

implemented parallel receive beamforming with weighting applied; receive lines located further
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from the transmit line were given less weight than those near the transmit line.

Beamforming often includes the application of a geometric mask, outlining the shape of the

transmitted waveform, in order to reduce side lobes and off-axis clutter. For a given transmission,

only signals received from within the mask are recorded [12]. Masks for plane and diverging waves

are fairly intuitive, whereas focused masks are more complex. The standard hourglass shape used to

spatially mask focused waves is too narrow near the focal point. Assuming planar wave propagation

near the focal point allows for the reconstruction of pixels between the focal points of neighboring

beams [25]. The shapes of focused, plane, and diverging wave geometric masks are shown in Figure

1.2 [6]. Note that the planar region near the focal point of the focused transmission is not shown in

this configuration. Mask width is the defining parameter for geometric masks. Focused waves and

plane waves are the two key wave shapes utilized herein. Mask width for focused waves describes

the width of the planar region near the focus, and mask width for plane waves describes the uniform

width of the planar mask.

Figure 1.2: Geometric masks applied to (a) focused wave, (b) plane wave, and (c) diverging wave

transmissions © 2018 IEEE [6]
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1.6 REFoCUS Beamforming

Retrospective encoding for conventional ultrasound sequences (REFoCUS) was developed as

an alternative to virtual source, synthetic aperture beamforming. Rather than assuming a spatial

relationship between each element and the point source, REFoCUS isolates the contributions of

individual transmit elements by phase shifting the transmitted signals according to applied transmit

delays. In essence, an element’s contribution to any given pixel in an image can be described as a

diverging wave time shifted by the appropriate amount. By removing the delays that were applied

during transmit (to generate the desired wave shape) with a frequency-domain linear decoding

process, the complete data set can be recovered [7].

Focusing the transmit pressure field in the frequency domain both enables key pseudoinversion

techniques and improves computational efficiency . In the frequency domain, a time shift can be

described as a function of ω. For each transmission, n, and each element, T, time delays can

be written as exponentials, as shown in Equation 1.4. The columns of the encoding matrix, H ,

represent transmissions, and the rows represent elements. Furthermore, S is a vector of the Fourier

transform of the recorded backscattered responses from the transmissions, and U is a vector of the

Fourier transform of the backscattered response from individual elements, which is the intended

output of REFoCUS. The linear system in Equation 1.5 illustrates the relationship between H ,

S , and U . The conjugate transpose matrix H∗, Equation 1.6, applies the opposite phase shift of

the applied transmit delay, note that the signs of the exponentials are opposite to those of H . [7].

Ideally, (HH∗) would give the identity matrix, but the conjugate transpose (or ‘adjoint’ method)

is not a perfect pseudoinversion method. A more robust method, Tikhonov Regularization, is

introduced in Equation 1.7, giving H†, according to the regularization parameter Γ [1]. Finally,

an approximation of U , Û , is obtained, as shown in Equation 1.8.
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H =



e−jωτ1,1 e−jωτ2,1 . . . e−jωτN,1

e−jωτ1,2 e−jωτ2,2 . . . e−jωτN,2

...
...

. . .
...

e−jωτ1,M e−jωτ2,M . . . e−jωτN,M


(1.4)

S = UH (1.5)

H∗ =



ejωτ1,1 ejωτ1,2 . . . ejωτ1,M

ejωτ2,1 ejωτ2,2 . . . ejωτ2,M

...
...

. . .
...

ejωτN,1 ejωτN,2 . . . ejωτN,M


(1.6)

H † = (H ∗H + Γ∗Γ)−1H ∗ (1.7)

Û = SH † = U (HH †) (1.8)

Interestingly, since REFoCUS utilizes applied transmit delays rather than assuming a spatial

relationship between elements and a virtual source, the technique can be applied to any focused

transmission; geometric masks are not required. Standard beamformers apply the same physical

assumptions to every transmission when reconstructing an image, so a mixture of wave shapes can-

not be used to generate a single frame. Meanwhile, REFoCUS presents a generalized beamforming

technique that can reconstruct images from any mixture of focused, plane, and diverging wave

transmissions, and even others. REFoCUS presents a new flexibility for echocardiography sequence

design. The proper combination of plane waves, which improve temporal resolution at the cost

of spatial resolution, and focused waves, which improve spatial resolution at the cost of temporal

resolution, may allow for the localized resolution of motion in the heart without compromising

clinically relevant frame-rates.
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Herein, I hypothesize that a mixed transmit sequence, with focused and plane waves will

improve spatiotemporal resolution when imaging the heart by better resolving cardiac motion. The

specific aims of this work are as follows: (1) to characterize motion sensitivity of the REFoCUS

beamforming method as compared to virtual source beamforming across various beam geometries,

and (2) to develop a novel ultrasound imaging sequence to improve spatiotemporal resolution in

volumes of interest that contain both static and dynamic targets.



Chapter 2

Methods

2.1 Experimental Setup

In order to evaluate the motion sensitivity of REFoCUS beamforming, images of a point

target were beamformed with REFoCUS and compared to those with virtual source plane and

virtual source focused beamforming. Imaging a point target provides a system’s response to

a point source, also known as a point-spread function (PSF). The size of the PSF is indicative

of the resolution of a given imaging sequence. Imaging a moving point target and considering

the resultant PSF, therefore, enabled the determination of a system’s effective resolution in the

presence of motion.

For simplicity, point target motion was synthesized by holding a point target fixed in space

and moving the ultrasound transducer. The Aims III Scan Tank (Onda Corporation, Sunnyvale,

CA), Figure 2.1a, offered both an environment in which to image and a precise translation stage for

controlling the position of the transducer. The Aims III Scan Tank had a positioning repeatability

of less than 5 µm, a step size in all three dimensions of 5.5 µm, and was compatible with Soniq: the

companion software of the Aims III scan tank. External control of Soniq was made possible with a

library of Matlab commands. Nylon wire with a 0.1 mm diameter was strung between two supports

and placed between the ultrasound transducer and a viscoelastic urethane sheet (Sorbothane, Kent,

OH) on the bottom of the tank, as shown in Figure 2.1b. The transducer used in this setup was

a Verasonics P4-2V, a 64-element phased array transducer with center frequency 3 MHz. 3 MHz

is a common center frequency for echocardiography applications [22]; the wavelength of this center
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frequency is about 0.51 mm. The ethylene sheet improved the final image by reducing the severity of

backscattered echoes from the bottom of the scan tank. In this configuration, the point target itself

did not move, rather, the ultrasound transducer moved a specified distance between transmissions.

Based on the imaging depth (50 mm), speed of sound (1540 m/s), and number of transmissions

(128), motion between transmissions could be described as a constant velocity during the generation

of a single frame.

(a) Onda Aims III Scan Tank
(b) Fixed point target in scan tank

Figure 2.1: Experimental setup for imaging a moving point target - Note that the wire is labelled
in yellow for visual clarity

The Verasonics Vantage 256 Research Scanner, used to program and record imaging se-

quences, was connected to Soniq in order to move the scan tank’s translation stage between trans-

missions, essentially alternating (1) transmit/receive events and (2) motion by a set increment.

Before use, the motion stage was initialized: moving the stage to its default position, setting

translation speeds to the default value, and orienting all axes correctly.

Once compiled, motion-interleaved sequences were run in Matlab. Accordingly, control of

Soniq (and thereby, the Aims III Scan Tank) via Matlab was incorporated into the Vantage imag-

ing sequence. Matlab commands that control the position of the translation stage were tied to

controls on the GUI in order to position the target before initiating a sequence. Furthermore,
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user-defined Matlab functions that moved the translation stage a specified distance on a specified

axis were placed after transmit/receive events, ensuring that the translation stage moved between

transmissions. Since Soniq did not return control to Matlab until it finished moving the transla-

tion stage, all movements were guaranteed to finish before another transmission began. Further

verification of coordination between Soniq and Matlab was achieved by placing a ‘sync’ function

after the translation stage was moved. The sync function synchronized the hardware and software

sequencers on the Vantage system such that the next event could not begin before the current event

finished. For each transmit and receive event, RF data from individual channels were saved.

The data from a Verasonics scan are processed in Matlab are beamformed with either virtual

source methods or REFoCUS and compared. In all cases, images were plotted with a dynamic

range of -50 to 0 dB and their sampling was verified by visualizing the frequency content of each

PSF in K-space. Dynamic receive beamforming was also implemented for the focused sequences to

introduce another comparison with a standard beamforming method.

Overall, this experimental setup enabled the characterization of REFoCUS’ motion sensitivity

with a real data set, as well as the quantification of resolution degradation as velocity increased.

Future sections will describe both processes in detail, as well as the specific sequences investigated.

2.2 Simulation Setup

Imaging a point target experimentally provided real pulse-echo data, but it also introduced

imperfect imaging conditions and added complexity when iterating many motion profiles. Simu-

lating a moving point target was made possible by Field II, a program first developed in the 1990s

for simulating ultrasound scans [14][15]. Imaging sequences simulated in Field II were processed in

the same manner as data from the Vantage system, allowing for comparisons between REFoCUS

and virtual source beamforming techniques in the presence of motion.

The first step in simulating an ultrasound scan was to generate a virtual transducer. The

following general properties were set: speed of sound (1,540 m/s), center frequency (3 MHz),

sampling frequency (120 MHz), and fractional bandwidth (0.8). Center frequency was set to 3
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MHz to match echocardiography. Lateral dimension geometric properties were also set: number or

elements (128), kerf (0.01 mm), pitch (0.2567 mm), element width (0.2467 mm), number of sub-

elements (1), and lateral focus (50 mm). Given that this is not a simulated array, the number of

elements in the elevational dimensions was set to 1. The final components of a simulated transducer

were its impulse response and excitation. In order to generate a simulated phantom, the location

of point targets, cysts, or lesions was provided, along with the location of any speckle patterns.

Although speckle makes simulations more similar to in vivo images, processing speckle can be

quite computationally intensive. For this reason, the simulations presented herein did not include

speckle.

After a transducer and phantom were generated, Field II simulated one transmission at a

time, for a user-defined n transmissions. In this setup, each transmission had a unique phantom.

In the same way that the experimental setup moved the transducer by a set increment between

transmissions, the simulated point target was located in a new location for every transmission,

separated by the desired motion increment. After every transmission was simulated, they were

stitched together into a single data set and saved in a format compatible with both virtual source

and REFoCUS beamforming in Matlab.

2.3 Motion Sensitivity - Virtual Source vs. REFoCUS

2.3.1 Moving Point Target - Simulation

Simulations were designed in Field II in order to compare virtual source and REFoCUS beam-

forming in the presence of motion and evaluate the performance of broad waves and focused waves.

Ten motion cases were considered for both lateral and axial motion. Beginning with a stationary

target, lateral motions range from 0.5 mm/frame to 10 mm frame and axial motions range from 0.1

mm/frame to 1.5 mm/frame (Table 2.1). The stationary case served as a baseline for each PSF, and

motion cases for both directions spanned approximately one order of magnitude. The increments

for axial motion were smaller than those for lateral motion because ultrasound is more sensitive
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to axial motions than it is to lateral motions since axial resolution is directly tied wavelength (i.e.,

frequency). Spatial frequency in the axial direction is higher than the lateral direction, therefore

requiring higher phase coherence; even small axial motions can produce significant phase shifts in

the backscattered signal [36]. Total motions of 10 wavelengths (10λ) across the generation of a sin-

gle frame have been shown to degrade image quality. This distance corresponds to approximately a

tenth of a wavelength of motion (0.1λ) between transmissions [16]. Again, the simulated transducer

had a center frequency of 3 MHz and a corresponding wavelength of ∼0.5 mm. Table 2.1 also shows

each motion case in units of wavelengths/frame. Recall that motion in the mitral valve leaflets can

reach velocities of approximately 40 cm/s. Lateral simulated velocities were designed to eclipse this

40 cm/s mark, but axial velocities of this magnitude produced significant degradation. Heightened

sensitivity to motion in the axial direction confirmed the importance of designing sequences that

can resolve motion and also highlighted axial motion as a focus for future experiments.

With the simulated point target positioned 50 mm below the transducer, the focal depth

for the focused transmission was set to 50 mm and delays were calculated accordingly. all motion

cases were designed such that the point target was positioned at (0,0,50) [mm] halfway through

the sequence. Furthermore, every motion case was imaged with three sequences: (1) plane waves,

(2) focused waves, and (3) off-focus waves. The ‘off-focus’ case made use of focused waves, but

with the focal depth set to 40 mm. This sequence enabled comparisons between plane and focused

transmit geometries even when motion is not isolated to the focal point. Each simulated sequence

consisted of 128 transmissions, resulting in a line spacing of 0.4724◦. Furthermore, mask width was

set to 1 mm in the focused cases and to 30 mm in the plane case. Mask width for a focused wave

refers to the width of the planar region around the focus and for a plane wave it refers to the width

of the uniform plane shape (Figure 1.2). A Tukey window was applied to the focused mask.

Note that the primary difference between the plane and focused sequences was the shape

of the transmit waveform. For a plane wave without steering, the transducer elements all fired at

the same time, leading to a planar propagating wavefront. For an un-steered focused wave, the

outermost transducer elements fired first, with increasing delays moving towards the inner elements.
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The result of these delays was a focused acoustic wavefront. When steering was introduced, delays

were adjusted to direct a wavefront with the same shape at the desired angle.

Table 2.1: Observed Velocities from Simulated Point Target Motion

Lateral Axial

[mm/frame] [λ/trans] Velocity [cm/s] [mm/frame] [λ/trans] Velocity [cm/s]

0 0 0 0 0 0

0.5 0.008 3.3 0.1 0.002 0.7

1.0 0.015 6.7 0.2 0.003 1.3

1.5 0.023 10.0 0.3 0.005 2.0

2.0 0.030 13.4 0.4 0.006 2.7

3.0 0.046 20.1 0.5 0.008 3.3

4.0 0.061 26.7 0.75 0.011 5.0

5.0 0.076 33.4 1.0 0.015 6.7

7.5 0.114 50.1 1.25 0.019 8.4

10 0.152 66.8 1.5 0.023 10

Images were reconstructed over a 10 x 8 [mm] field of view around the point target in order

to better quantify the differing effects of motion. In addition to zooming in on each PSF, contours

were drawn at -30, -24, and -18 dB intensities [29]. These contours helped to highlight significant

side lobes and demonstrate how centralized the energy in each PSF was.

The image quality of each motion case and its associated contour plot was quantified by the

metric of cystic contrast, known also as relative intensity. Cystic contrast gives the ratio of energy

oustide of a cyst, or any region of interest (ROI), to total energy in an image. The energy of a

given region, and therefore cystic contrast, was calculated according to Equation 2.1 [28]. P(x)

describes the PSF itself and M(x) describes the spatial mask used to differentiate between inside
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and outside the ROI. Essentially, total energy is given by the sum of squares of intensity mea-

surements in a given region. Plotting cystic contrast against an increasing radius (defining a ROI

increasing in size) provided a contrast vs. radius curve (CR curve). CR curves are helpful for

visualizing how dense a PSF’s energy is, as well as how quickly its side lobes taper off. Both a

sample contour plot and a sample CR curve for a stationary point target imaged by a planewave

sequence are shown in Figure 2.2. Notice that as the radius of the ROI increases, cystic contrast

decreases. The reason for this is that as the ROI gets larger, the total energy outside the ROI

decreases, but the total energy in the image stays the same. The CR-curve for a well-resolved

point target should be quite steep. The CR curve of a PSF that exhibits significant artifacting will

drop more slowly, and portions of the curve that drop suddenly may indicate the edges of side lobes.

Cto =

√∫∞
−∞ P2

to(
#»x )M 2 ( #»x )d #»x∫∞

−∞ P2
to(

#»x )d #»x
=

√
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to
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to

=

√
1−

E in
to

Etot
to

(2.1)

Extending from the idea of a CR curve is the notion of cystic resolution. Cystic resolution,

obtained from a CR curve, represents the radius of the largest target that can be resolved at a certain

contrast under given imaging conditions. Here, the cutoff contrast was set at -20 dB such that the

ROI radius at which cystic contrast equals -20 dB is the cystic resolution. The dotted black line in

Figure 2.2b illustrates the determination of cystic resolution from a CR curve; the cystic resolution

in this sample case is 0.66 mm. A low cystic resolution value corresponds with a steep CR curve,

both of which correspond to a better-resolved image.

Contour plots were generated for every movement case listed in Table 2.1. CR curves were

then generated for every movement case and cystic resolution was calculated accordingly. Note

that the fidelity of cystic resolution is limited to 0.01 mm since cystic contrast was calculated

for ROIs of radii increasing by 0.01 mm, ranging from 0 to 4 mm. Again, CR curves and cystic
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(a) Contour plot: contours at -30, -24, and -18 dB (b) CR curve with cystic resolution 0.66 mm

Figure 2.2: Contour plot and CR curve for stationary point target imaged with plane waves

resolution values for every movement case helped to quantify resolution and degradation in the

presence of motion. CR curve shapes were compared across transmit geometries and beamforming

techniques. Cystic resolution was also plotted as a function of movement per frame, thus quantifying

resolution in presence of motion for virtual source and REFoCUS beamforming. Sequences types

(plane, focused, off-focus) were grouped on the same plots by direction of motion in order to better

demonstrate the relative performance of each imaging type.

Since steered sequences have inherent directionality, all quantifications (contour plot, CR

curve, cystic resolution) were repeated for lateral and axial motions in the opposite direction, for

planewave, focused wave, and off-focus sequences. A scenario in which a point target is moving

in the same direction as the transmit sweep insonifies the target much more than a scenario in

which the point target is moving in the opposite direction as the transmit sweep. In the previous

section, the point target moved from left to right and down to up, respectively. Similar simulations

were designed with the point target moving laterally, from right to left, and axially, up to down.

Each metric was compared to its opposite direction counterpart in order to evaluate the directional

sensitivity of each imaging sequence and beamforming technique.
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2.3.2 Moving Point Target - Experimental Validation

In order to verify results from simulated point target quantifications, the same lateral and

axial motion cases (Table 2.1) were implemented experimentally. Imaging conditions were matched

to simulations such that the point target was located at a depth of 50 mm and sequences consisted of

128 transmissions with 0.4724◦ spacing. Transmit voltage was set to 5 Volts so that the point target

was clearly visible but no background noise was present. For brevity, only the primary direction of

motion was considered in this experimental validation and the off-focus case was not considered.

The same metrics - contour plots, CR curves, and cystic resolution - were utilized to quantify the

degree of artifacting in each motion case. In this way, direct and quantitative comparisons between

simulated and experimental data sets were established.

2.4 Mixed Sequences

2.4.1 Data Combination

The relationship between spatial resolution and frame rate is paramount when considering

mixed sequences; both are crucial for imaging motion. Broad waves offer high frame-rate at the

cost of increased sensitivity to motion, whereas focused waves provide reduced sensitivity to motion

at the cost of reduced frame-rate. Broad waves and focused waves behave differently because broad

wave transmissions have to be coherently combined to achieve adequate resolution. As such, broad

waves are mostly helpful when imaging uniform volumes. The heart, which displays a wide range of

tissue velocities, requires an ultrasound sequence that balances frame rate and resolution. Properly

combining plane waves and focused waves may balance the high frame-rate afforded by plane wave

transmissions and the reduced sensitivity to motion associated with focused waves.

Consequently, a number of questions were considered with REFoCUS in mind, including:

how well mixed sequences could improve resolution in the presence of motion, whether or not

beamforming a mixed set of transmissions would affect speckle, if the resolution of static targets

away from the focal depth was reduced, and how effective weighting particular transmissions within
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a sequence could be. In order to answer these questions, data from more robust Field II simulations

were again combined in Matlab. Field II simulation was chosen in order to efficiently iterate

sequences and determine the best method of combining plane and focused waves. Note that

designing a mixed sequence, experimentally, is relatively easy with the Verasonics’ programming

structure. Transmit/receive events are explicitly specified, so plane and focused transmissions can

be listed in the desired order.

Both virtual source and REFoCUS can be used to create images from mixed sequences. That

said, data combination with virtual source beamforming took place after beamforming but before

envelope detection. Therefore, transmit geometry specific beamforming was a requirement and

each data set also had to be manually normalized. With REFoCUS, data sets could be combined

before beamforming. In the context of REFoCUS, neither beamforming nor data combination

were dependent on transmit type. In order to evaluate the simplicity of mixing sequences with

REFoCUS, a simulation of 1 mm of axial motion (6.7 cm/s, Table 2.1) was devised in Field II and

the resulting data sets were combined.

The first step in combining data sets for REFoCUS was to ensure compatibility in fast

time. The number of samples in each transmission differed due to the fact that different transmit

geometries required different delays. The first element firing in a focused wave emits sound earlier

than that of a plane wave, even when steered at the same angle. To mitigate this difference in fast

time, both time vectors were interpolated onto a single time vector. The target time vector spanned

the earliest of both starting points and the latest of both end points. Following interpolation, both

data sets had the same initial time. Note that even though differing transmit geometries can

result in different time vectors, the interpolation method used here is applicable for any transmit

geometry.

Swapping transmissions between data sets with the same initial time, then, was as simple as

setting data from the chosen plane transmissions equal to the corresponding focused transmissions.

Delay matrices were also adjusted accordingly. The delay matrix contained the delays for every

element during every transmissions. Rows (transmissions) of the plane delay matrix were replaced
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by the corresponding rows from the focused delay matrix. In addition to replacing plane transmis-

sions with focused transmissions, focused transmissions were added to full plane wave sequences.

Following proper data combination, mixed sequence images were beamformed with REFoCUS.

2.4.2 Moving Point Target - Mixed Sequences - Simulation

The simulations performed in Field II offered quantitative outputs describing the efficacy

of mixing plane and focused waves; for consistency and ease of comparison, 128 transmissions

comprised a single frame. For both sequences, lateral motion of 5 mm per frame and axial motion

of 1 mm per frame was considered. These values correspond to observed velocities of 33.4 cm/s and

6.7 cm/s, respectively (Table 2.1). These motion cases demonstrated improved resolution when

imaging with focused waves as opposed to plane waves. Moreover, both motion cases generated

noticeable artifacts when imaged exclusively with plane waves, making them the ideal candidates

for mixing the reduced motion sensitivity of focused waves with a high frame-rate plane sequence.

The controls for this test were the unmixed simulated data sets. Virtual source and REFoCUS

beamforming were used to reconstruct images of lateral and axial motion imaged with plane and

focused waves. Therefore, 4 virtual source control images were produced and 4 REFoCUS control

images were produced: 2 with lateral motion and 2 with axial motion. Since the unmixed images

were highly similar across beamforming methods, future mixed sequence were compared to only the

REFoCUS control images. While mixed sequence images could be beamformed with both virtual

source and REFoCUS, mixing sequences with REFoCUS was much simpler since data could be

mixed pre-beamforming and no manual normalization was required.

The first type of mixed sequence investigated was ‘adding’ focused transmissions to full plane

sequences. Adding transmissions increased the total number of transmissions required to generate

an image, which would affect frame-rate negatively. ‘Adding’ cases included adding all focused

transmissions (n = 256), adding the middle 10 focused transmissions to the beginning of the plane

sequence (n = 138), adding the middle 10 focused transmissions to the end of the plane sequence

(n = 138), adding every fourth focused transmission (n = 160), and adding every third focused
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transmission (n = 171). The middle 10 focused transmissions were added to both ends of the plane

wave sequence to evaluate whether or not transmission order played a role in beamforming.

The next type of mixed sequence was ‘replacing’ plane transmissions with the corresponding

focused transmissions. The number of transmissions in each case remained constant (n = 128). The

replacing cases would, theoretically, maintain the frame-rate of a plane wave sequence with locally

improved resolution. Cases here included replacing the middle 10 transmissions, replacing the

middle 20 transmissions, replacing the middle 30 transmissions, replacing every fourth transmission,

and replacing every third transmission.

In both cases, adding and replacing, PSFs were compared to the control images. Qualitative

estimations were made as to where each case fell between the focused and plane control images.

Quantification of each PSF was performed in the same way as before (Section 2.3.1). Contour

plots were generated for each PSF, CR curves were developed for each mixed sequence, and cystic

resolution was calculated. Each of these metrics were produced for the REFoCUS control images as

well. Beyond the quantification of each PSF, the delay matrix in each case was plotted with trans-

missions on the y-axis and elements on the x-axis. The delays that were added or replaced needed

to correspond to the transmission that were added or replaced, otherwise, beamforming would not

have been successful. Plotting the delay matrix more easily visualized which transmissions had

been added or replaced.

2.4.3 Moving Point Target - Weighted Mixed Sequences - Simulation

Since focused waves showed improved resolution in the presence of motion, a technique for

weighting focused transmissions more heavily than plane transmissions was devised. Weighting

makes use of ‘weighted least squares,’ a linear regression method that weights data points according

to variance. Points with less variance are assigned more weight and points with more variance are

given less weight [23]. The same idea was applied to transmissions by incorporating weighted

least squares in the pseudoinversion process. The weighting matrix, W , a diagonal matrix of

weight values, modified the conjugate transpose matrix H∗. Since values in W needed to weight
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individual transmissions, the dimensions of W were [n x n], given n transmissions. The final

expression for the pseudoinverse, H†, is given in Equation 2.2.

H † = (H ∗WH + Γ∗Γ)−1H ∗W (2.2)

The default weighting for a transmission was 1. If a transmission was weighted to 0 then it

would not contribute to the final image. Transmissions did not need to be weighted between 0 and

1, however; transmissions with weights larger than 1 influenced the final image more strongly than

other transmissions. This behavior was confirmed by simulating plane and focused wave sequences

of a point target moving 1 mm axially. This amount of motion corresponded to an observed

velocity of 6.7 cm/s, enough to degrade an image if observed axially (Table 2.1). A control image

beamformed with only plane transmissions was compared to an image generated from 100 plane

transmissions weighted to 1 and 100 focused transmissions weighted to 0. The delay matrices of

both images were plotted to verify that the final images were the product of different data sets.

Before designing a more robust weighting scheme for a simulated speckle phantom, the mixed

sequence “middle 10 plane transmissions replaced by focused” was used to image the same point

target moving 1 mm axially. The following weights were applied: plane transmissions at 0.5 and

focused transmissions at 3. Once again, the delay matrix for this mixed sequence was plotted. The

resulting PSF served as guidance for future weighting schemes.

To better characterize the efficacy of applying weighted least squares, each of the mixed se-

quence cases presented in Section 2.4.2 were repeated with plane transmissions weighted at 0.5 and

focused transmissions weighted at 3. The same quantifications were then applied such that contour

plots, CR curves, and cystic resolution values were available for all mixing cases in both weighted

and unweighted contexts. Plotting cystic resolution values as pairs on a bar chart illustrated the

effects induced by weighting and also compared each case to the controls of purely plane waves or

purely focused waves.
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2.4.4 Speckle Phantom - Weighted Mixed Sequences - Image Uniformity

Ultrasound scans of an ATS 539 multipurpose imaging phantom (CIRS, Norfolk, VA) were

taken with the Verasonics Vantage 256 Research Scanner, combined in Matlab per Section 2.4.1, and

beamformed with REFoCUS. The Verasonics P4-2V was held in place during image acquisition,

transmit voltage was set to 5 V, and each acquisition involved 121 transmissions. The primary

goal of this experiment was to determine if weighting mixed sequences had a significant impact on

image uniformity. Previous experiments evaluated the ways in which weighted, mixed sequences

may better resolve motion, but mixed sequences also needed to resolve stationary tissue across the

entire field of view.

Cyst targets were imaged with the focal depth set to 60 mm for the focused transmissions.

After beamforming with REFoCUS, the resulting control images were the unweighted swept plane

wave sequence and swept focused wave sequence. Six mixture cases of interest were chosen: the

middle 20 focused transmissions added to the full plane sequence, the middle 20 focused transmis-

sions replacing plane transmissions, full combination, the middle 30 focused transmissions replacing

plane transmissions, every fourth focused transmission added to the full plane sequence, and ev-

ery fourth focused transmission replacing corresponding plane transmissions. The same weighting

scheme was applied as before.

The resultant images of a phantom, rather than a single point target, illustrated the effects

of mixed sequences away from the focus or on the edges of a scan. Delay matrices were also plotted

to ensure that transmissions were added or replaced correctly. Since image uniformity is relatively

subjective, no quantifications were applied to the phantom images.
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Results

3.1 Motion Sensitivity - Virtual Source vs. REFoCUS

3.1.1 Moving Point Target - Simulation

First, results are presented from the Field II simulation evaluating lateral and axial motion

sensitivity in the context of virtual source and REFoCUS beamforming. This test also considered

three transmit waveforms: plane waves, focused waves, and off-focus (target located 10 mm below

the focus). The contour plots of the resultant PSF when imaging lateral motion with plane waves

are shown in Figure 3.1. Even though ten motion cases were imaged, including stationary, three

representative contour plots are shown for both virtual source (left) and REFoCUS (right). The

way in which the shape of the PSF changes as velocity increases is consistent, so the three contour

plots shown are from the stationary case, the 3 mm/frame case, and the 10 mm/frame motion

case in order to represent how each PSF changes as velocity increases. The three cases correspond

to observed velocities of 0, 20.1, and 66.8 cm/s (Table 2.1). In this way, the lowest and highest

amounts of motion are shown, as well as an intermediate case. Notice that as the point target moves

faster, from left to right, energy is more dispersed and side lobes are more significant and curve

upwards. Virtual source and REFoCUS beamforming perform very comparably: slightly longer

side lobes can be observed with REFoCUS, but axial ringing is reduced. Overall, the location of

the central energy in each PSF is similar for both beamforming techniques.

Next, Figure 3.2 shows the PSFs from the same amounts of lateral motion, imaged with
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focused waves. Here, the PSF is largely unaffected as velocity increases. The primary difference

between virtual source and REFoCUS beamforming, here, is the texture of the side lobes. The

texture observed in the virtual source case is a product of the aggressive masking implemented

during beamforming. REFoCUS, which does not rely on spatial masks, produces a PSF with

similarly size, smooth side lobes. Regardless of beamforming method, focused waves show potential

to maintain high resolution in the presence of lateral motion.

With the same three lateral motion cases, PSFs from the off-focus case are shown in Figure

3.3. As expected, the behavior of the PSF in the off-focus case is between that of plane and focused

waves. More lateral degradation and side lobe production is observed as velocity increases, but not

to same extent as when imaging with plane waves. Interestingly, side lobes bend away from the

transducer in this case, which is the opposite behavior of plane waves. Some differences in side lobe

shape are evident here. Once again, these differences are likely the produce of the spatial mask used

during virtual source beamforming. Consider the hourglass shape of the mask applied for focused

waves. Side lobes on the top of a PSF from a point target located below the focus are going to

be closer to the mask, so they are going to be affected more than side lobes below the PSF. Note

that this does not explain the direction of side lobe curvature, just the difference in side lobe shape

across virtual source and REFoCUS beamforming. These results suggest that even though focused

waves do not resolve motion away from the focus as well as they do at the focus, they still show

potential to resolve lateral motion better than plane waves.
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(a) Stationary - VS (b) Stationary - REFoCUS

(c) 3 mm/frame - VS (d) 3 mm/frame - REFoCUS

(e) 10 mm/frame - VS (f) 10 mm/frame - REFoCUS

Figure 3.1: Simulation - Lateral Motion (LR) - Plane Waves - PSFs
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(a) Stationary - VS (b) Stationary - REFoCUS

(c) 3 mm/frame - VS (d) 3 mm/frame - REFoCUS

(e) 10 mm/frame - VS (f) 10 mm/frame - REFoCUS

Figure 3.2: Simulation - Lateral Motion (LR) - Focused Waves - PSFs
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(a) Stationary - VS (b) Stationary - REFoCUS

(c) 3 mm/frame - VS (d) 3 mm/frame - REFoCUS

(e) 10 mm/frame - VS (f) 10 mm/frame - REFoCUS

Figure 3.3: Simulation - Lateral Motion (LR) - Off-Focus - PSFs
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After considering the contour plots from key lateral motion cases, cystic contrast vs. radius

curves (CR curves) are shown. Figure 3.4 gives the CR curves for all lateral motion cases imaged

with plane waves for (a) virtual source and (b) REFoCUS beamforming. Recall that cystic contrast

measures the amount of energy contained within a ROI relative to the amount of total energy in

an image; the x-axis of a CR curve represents the radius of that ROI. A CR curve that drops

more quickly corresponds to a PSF with more centralized energy. Also plotted on these figures is

a blue dotted line at - 20 dB. The radius at which a CR curve crosses this dotted line describes

the size of a cyst that would be detectable at a level of −20 dB. This metric is known as cystic

resolution and is calculated for every curve. Here, CR curves become less steep as lateral motion

increases. Regions of a CR curve that become suddenly steeper (such as the 10 mm/frame CR

curve on the top right of both sub-figures) may indicate that side lobes or axial ringing begin at

that radius from the center of the PSF. These plots are particularly useful for comparing virtual

source and REFoCUS beamforming. While the shapes of the curves are largely similar, REFoCUS

beamforming shows lower contrast values at a radius of 4 mm. This may suggest that more side

lobes are present with REFoCUS, or simply that energy is distributed more laterally than axially,

since the lateral side lobes are larger than 4 mm in the larger motion cases, whereas axial ringing

is generally smaller.

Figure 3.5 shows the CR curves for all lateral motion cases imaged with focused waves. As

anticipated, all CR curves are tightly grouped and show the same overall shape. These similarities

confirm the notion that focused waves may be able to better resolve lateral motion. The slight

”bump” in each CR curve around 1.2 mm likely corresponds to the transition from main lobe to

side lobe in the PSF. Once again, virtual source and REFoCUS beamforming exhibit the same per-

formance. This consistency lends credence to the argument that REFoCUS is a viable beamforming

method, even in the presence of motion.

As an intermediate between plane and focused waves, CR curves from the off-focus case are

shown (Figure 3.6). These CR curves, once again, confirm observations from the off-focus contour

plots. CR curves are more spread out (as velocity increases) than the focused case, but less spread
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out than the plane wave case. The ”bump” in each CR curve is still visible when beamforming

with REFoCUS. The lack of a “bump” with virtual source may correspond to the reduced side

lobes from being near to the edges of the hourglass shaped mask, matching the focused case. The

difference in contrast at 4 mm is also observed, which matches the plane wave case. Overall, these

CR curves confirm that focused waves perform the best at the focus and begin to behave like plane

waves away from the focus.

Cystic resolution was determined for every motion case as a final metric for the efficacy of

each imaging sequence and beamforming method in the presence of motion. Cystic resolution as

a function of lateral movement/frame is are plotted in Figure 3.7 for all three imaging sequences

and for both virtual source (blue) and REFoCUS (red) beamforming. This plot provides final

confirmation that focused sequence are least sensitive to motion, followed closely by focused waves

away from the focus, followed by plane waves. These results also show that virtual source and

REFoCUS beamforming perform comparably, particularly in the focused and off-focus cases. The

two beamforming methods even perform similarly for plane waves, with the exception of significant

observed velocity. According to Table 2.1, movements of 7.5 mm/frame correspond to an observed

velocity of 50.1 mm/frame, which is above velocities exhibited in-vivo. In total, the results from

both beamforming methods match quite well.
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(a) Cystic Contrast vs. Radius - CR Curve - Virtual Source

(b) Cystic Contrast vs. Radius - CR Curve - REFoCUS

Figure 3.4: Simulation - Lateral Motion (LR) - Plane Waves - CR Curves
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(a) Cystic Contrast vs. Radius - CR Curve - Virtual Source

(b) Cystic Contrast vs. Radius - CR Curve - REFoCUS

Figure 3.5: Simulation - Lateral Motion (LR) - Focused Waves - CR Curves
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(a) Cystic Contrast vs. Radius - CR Curve - Virtual Source

(b) Cystic Contrast vs. Radius - CR Curve - REFoCUS

Figure 3.6: Simulation - Lateral Motion (LR) - Off-Focus - CR Curves
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Figure 3.7: Simulation - Lateral Motion - Cystic Resolution vs. Movement/Frame - Initial Direction

(LR)

Since ultrasound is more sensitive to axial motion than lateral motion, contour plots, CR

curves, and cystic resolution plots are also produced for axial motion. The contour plots of PSFs

from three motion cases are shown for plane waves, focused waves, and the off-focus case in Figure

3.8, Figure 3.9, and Figure 3.10, respectively. The three motion cases shown are stationary, 0.5

mm/frame, and 1.5 mm/frame, representing the a target imaged with no motion, an intermediate

amount of motion, and a significant amount of motion. These axial motions correspond to 0, 3.3,

and 10 cm/s (Table 2.1). Figure 3.8 illustrates interesting behavior: axial motion produces lateral

degradation. This phenomenon has been previously reported [36], and these results match. As

axial velocity from ”down” to ”up” increases, the PSF has more lateral degradation to the left.

Axial motions of as little as 1.5 mm/frame (10 cm/s, Table 2.1) produce drastic side lobes, and even
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begin to distribute large amounts of energy away from the center of the PSF. Again, REFoCUS

produces slightly more pronounced side lobes, but the central energy of each PSF is highly similar.

The trends in the focused case match the lateral motion tests. As shown in Figure 3.9, each

PSF remains largely unchanged as point target velocity increases. Similarly to before, REFoCUS

PSFs have smoother side lobes than those produced by virtual source, likely due to the narrow

spatial mask near the focal point. In the off-focus case (Figure 3.10), axial motion affects the PSF

less than lateral motion. Although the largest amount of motion does begin to degrade the PSF,

each PSF remains largely intact as motion increases. Interestingly, whereas axial motion from down

to up produced degradation to the left of the PSF when imaged with plane waves, axial motion

from down to up produces degradation to the right of the PSF when imaged below the focal point

of focused waves.
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(a) Stationary - VS (b) Stationary - REFoCUS

(c) 0.5 mm/frame - VS (d) 0.5 mm/frame - REFoCUS

(e) 1.5 mm/frame - VS (f) 1.5 mm/frame - REFoCUS

Figure 3.8: Simulation - Axial Motion (DU) - Plane Waves - PSFs
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(a) Stationary - VS (b) Stationary - REFoCUS

(c) 0.5 mm/frame - VS (d) 0.5 mm/frame - REFoCUS

(e) 1.5 mm/frame - VS (f) 1.5 mm/frame - REFoCUS

Figure 3.9: Simulation - Axial Motion (DU) - Focused Waves - PSFs
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(a) Stationary - VS (b) Stationary - REFoCUS

(c) 0.5 mm/frame - VS (d) 0.5 mm/frame - REFoCUS

(e) 1.5 mm/frame - VS (f) 1.5 mm/frame - REFoCUS

Figure 3.10: Simulation - Axial Motion (DU) - Off-Focus - PSFs
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Cystic contrast vs. radius curves (CR curves) are also developed for every axial motion case.

The CR curves for axial motion imaged with plane waves are shown in Figure 3.11. Again, CR

curves become less steep as velocity increases. In fact, some curves corresponding to higher velocities

remain above -5 dB for several mm, suggesting that the PSF has become very enlarged and the

energy has become quite dispersed. The shape of each curve also remains fairly consistent across

beamforming methods. As in the case of lateral motion, virtual source offers slight improvements in

contrast at radii of 4 mm, implying that REFoCUS has slightly more significant side lobes. Despite

having lower contrast values, however, REFoCUS CR curves are more tightly packed in the 0-0.3

mm/frame movement cases than virtual source. This consistency suggests that REFoCUS may

perform more consistently than virtual source in the presence of small axial motions.

The CR curves for axial motion imaged with focused waves are very telling (Figure 3.12). The

CR curves for all motion cases, beamformed with virtual source, are identical. The reason for this

extreme consistency is likely that a focused sequence sweeping from left to right will always insonify

a point target moving from down to up at a very similar position. Moreover, thanks to the narrow

mask used with focused waves, a focused transmission sequence will only ”see” the target for a brief

moment. The reason that all of these CR curves match is also the reason that focused waves are

better able to resolve motion. Despite not implementing spatial masking, REFoCUS beamforming

performs very similarly, suggesting that some kind of effective masking is taking place. In both the

plane and focused case, small axial motion increments have slightly reduced contrast compared to

the stationary target. This reduced contrast suggests that side lobes are reduced for small motion

cases, but the reason for this remains unclear.

Lastly, Figure 3.13 shows the CR curves for axial motion imaged off-focus. Again, these CR

curves exhibit characteristics from both the plane and focused CR curves. Generally speaking, the

curves are more tightly grouped (matching focused) but do begin to spread out as velocity increases

and do show a decrease in contrast at 4 mm with REFoCUS (matching plane). While CR curves can

be difficult to interpret, cystic resolution is much easier to understand. Cystic resolution is plotted

as a function of axial movement per frame in Figure 3.14. This figure shows that virtual source
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and REFoCUS behave the same in the presence of axial motion. Even though the differences are

quite small, cystic contrast is smaller (improved) for nearly every motion case when beamforming

with REFoCUS. Further inferences are that plane waves resolve axial motion poorly, while focused

waves resolve axial motion well.
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(a) Cystic Contrast vs. Radius - CR Curve - Virtual Source

(b) Cystic Contrast vs. Radius - CR Curve - REFoCUS

Figure 3.11: Simulation - Axial Motion (DU) - Plane Waves - CR Curves
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(a) Cystic Contrast vs. Radius - CR Curve - Virtual Source

(b) Cystic Contrast vs. Radius - CR Curve - REFoCUS

Figure 3.12: Simulation - Axial Motion (DU) - Focused Waves - CR Curves
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(a) Cystic Contrast vs. Radius - CR Curve - Virtual Source

(b) Cystic Contrast vs. Radius - CR Curve - REFoCUS

Figure 3.13: Simulation - Axial Motion (DU) - Off-Focus - CR Curves
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Figure 3.14: Simulation - Axial Motion - Cystic Resolution vs. Movement/Frame - Initial Direction

(DU)

3.1.2 Moving Point Target - Simulation - Opposite Direction

Since ultrasound scans both in Field II and on the Verasonics were taken from left to right,

when viewing the final image, direction of motion relative to the direction of scan could potentially

influence sensitivity to motion. Initial simulations of moving point targets were conducted with the

target moving left to right, laterally, and down to up, axially. Identical simulations were run with

one key change: right to left motion, laterally, and up to down motion, axially.

First, the PSFs and contour plots for right to left lateral motion are shown for plane waves

(Figure 3.15), focused waves (Figure 3.16), and the off-focus case (Figure 3.17). The same three

motion cases are shown: stationary, 3 mm/frame, and 10 mm/frame. The general trends observed
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for initial direction simulations hold true for these opposite direction simulations. Lateral motion

imaged with plane waves produced lateral degradation that increased with velocity (Figure 3.15).

Virtual source and REFoCUS also performed largely the same, with REFoCUS showing slightly

increased lobes above the PSF. Whereas left to right motion caused side lobes to curve towards the

transducer, right to left motion produces side lobes that curve away from the transducer.

Imaging lateral motion in the opposite direction with focused waves produced nearly the

same results as before (Figure 3.16). Since focused waves are less sensitive to motion, it makes

sense that direction of motion would have less influence on PSFs produced by a focused sequence

of transmissions. Once again, PSFs remain consistent in shape as velocity increases, with the

only tangible difference being between the smoothness of side lobes produced by virtual source and

REFoCUS. The off-focus contour plots, once again, combine the characteristics of plane and focused

wave contour plots, as shown in Figure 3.17. Lateral degradation once again increases with velocity,

but to a lesser extent than in the plane wave case. These side lobes, however, bend towards the

transducer, which is the opposite behavior of the side lobes produced with plane waves. Crucially,

the off-focus case remains less sensitive to motion than the plane waves, but more sensitive to

motion than focused waves.
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(a) Stationary - VS (b) Stationary - REFoCUS

(c) 3 mm/frame - VS (d) 3 mm/frame - REFoCUS

(e) 10 mm/frame - VS (f) 10 mm/frame - REFoCUS

Figure 3.15: Simulation - Opposite Lateral Motion (RL) - Plane Waves - PSFs
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(a) Stationary - VS (b) Stationary - REFoCUS

(c) 3 mm/frame - VS (d) 3 mm/frame - REFoCUS

(e) 10 mm/frame - VS (f) 10 mm/frame - REFoCUS

Figure 3.16: Simulation - Opposite Lateral Motion (RL) - Focused Waves - PSFs



50

(a) Stationary - VS (b) Stationary - REFoCUS

(c) 3 mm/frame - VS (d) 3 mm/frame - REFoCUS

(e) 10 mm/frame - VS (f) 10 mm/frame - REFoCUS

Figure 3.17: Simulation - Opposite Lateral Motion (RL) - Off-Focus - PSFs
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CR curves were developed from each contour plot for lateral motion from right to left and

same trends observed when moving from left to right are observed. Figure 3.18 shows that plane

waves are sensitive to increasing velocity and that REFoCUS, again, produces slightly reduced

contrast at large radius values. Figure 3.19 shows the CR curves for all motion cases imaged

with focused waves. It also confirms that focused waves are less sensitive to motion and that

virtual source and REFoCUS beamforming perform comparable. Similarly, Figure 3.20 illustrates

that imaging a point target away from the focal point of a focused transmission is less sensitive

to motion than plane waves. That being said, these CR curves still possess a number of plane

characteristics, such as reduced contrast at large radii when beamforming with REFoCUS.

Perhaps the most useful output from these CR curves is the cystic resolution value for each

movement case. The cystic resolution values for right to left lateral motion are plotted in Figure

3.21b and are compared to cystic resolution from left to right lateral motion (Figure 3.21a). All

values obtained from virtual source are plotted in blue and values obtained from REFoCUS are

plotted in red. This figure confirms that focused waves are the least sensitive to motion, followed

by off-focus and plane waves (in order). Note that cystic resolution values for focused waves are not

influenced by direction of motion, but cystic resolution values for plane waves and off-focus targets

are influenced by direction of motion; both of the latter two cases produce consistently lower cystic

resolution values. This difference in resolution is the related to the amount of time the point target

is insonified. When the scan and the point target are moving in opposite directions, the target is

captured by fewer transmissions, meaning that fewer transmissions will have phase shifts caused by

motion. Lastly, virtual source beamforming displays very slight improvements in resolution over

REFoCUS in the focused and off-focus cases, which is likely tied to the extremely narrow spatial

mask used during beamforming.
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(a) Cystic Contrast vs. Radius - CR Curve - Virtual Source

(b) Cystic Contrast vs. Radius - CR Curve - REFoCUS

Figure 3.18: Simulation - Opposite Lateral Motion (RL) - Plane Waves - CR Curves
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(a) Cystic Contrast vs. Radius - CR Curve - Virtual Source

(b) Cystic Contrast vs. Radius - CR Curve - REFoCUS

Figure 3.19: Simulation - Opposite Lateral Motion (RL) - Focused Waves - CR Curves
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(a) Cystic Contrast vs. Radius - CR Curve - Virtual Source

(b) Cystic Contrast vs. Radius - CR Curve - REFoCUS

Figure 3.20: Simulation - Opposite Lateral Motion (RL) - Off-Focus Waves - CR Curves
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(a) Lateral Motion - Cystic Resolution vs. Movement/Frame - Initial Direction (LR)

(b) Lateral Motion - Cystic Resolution vs. Movement/Frame - Opposite Direction (RL)

Figure 3.21: Simulation - Lateral Motion - Cystic Resolution vs. Movement/Frame - Plane, focused,

and off-focus sequences labelled - Virtual source shown in blue and REFoCUS shown in red
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Axial motion in the opposite direction was also considered, meaning that the point target

moved from up to down, rather than down to up. The PSFs and contour plots from this opposite

direction test match those from the initial direction test very closely. Figure 3.22 shows the same

three motion cases as before (stationary, 0.5 mm/frame, and 1.5 mm/frame) imaged with plane

waves. Once again, axial motion produces lateral degradation. The degree of degradation increases

with velocity as before, but the direction of degradation is now flipped. Imaging up to down axial

motion produces lateral degradation to the right of the PSF. Previously imagine down to up axial

motion produced lateral degradation to the left of the PSF.

Imaging axial motion with focused waves produces a PSF that is unaffected by increasing

velocity (Figure 3.23). Accordingly, Figure 3.24 shows the PSFs resulting from the same motion

cases imaged away from the focus. These PSFs are influenced very little by increasing velocity, but

some amount of lateral degradation to the left of the PSF is detectable in the 1.5 mm/frame case.

These results confirm the inverse behavior of direction of degradation between plane waves and the

off-focus case.

Next, CR curves were developed for every motion case. Figure 3.25 shows these CR curves

for up to down axial motion imaged by plane waves. The shapes of these curves are consistent with

all previous trends observed and match the CR curves from down to up axial motion imaged with

plane waves (Figure 3.11). The same conclusions hold true for the CR curves developed for focused

waves and the off-focus case, Figures 3.26 and 3.27, respectively.

Lastly, cystic resolution was plotted against axial movement per frame in the up to down

direction (Figure 3.28b) and compared to previously reported cystic resolution values for axial

movement per frame in the down to up direction (Figure 3.28a). The two sub-figures presented in

Figure 3.28 are nearly identical, suggesting that sensitivity to axial motion is not dependent on

direction of motion.
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(a) Stationary - VS (b) Stationary - REFoCUS

(c) 0.5 mm/frame - VS (d) 0.5 mm/frame - REFoCUS

(e) 1.5 mm/frame - VS (f) 1.5 mm/frame - REFoCUS

Figure 3.22: Simulation - Opposite Axial Motion (UD) - Plane Waves - PSFs
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(a) Stationary - VS (b) Stationary - REFoCUS

(c) 0.5 mm/frame - VS (d) 0.5 mm/frame - REFoCUS

(e) 1.5 mm/frame - VS (f) 1.5 mm/frame - REFoCUS

Figure 3.23: Simulation - Opposite Axial Motion (UD) - Focused Waves - PSFs
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(a) Stationary - VS (b) Stationary - REFoCUS

(c) 0.5 mm/frame - VS (d) 0.5 mm/frame - REFoCUS

(e) 1.5 mm/frame - VS (f) 1.5 mm/frame - REFoCUS

Figure 3.24: Simulation - Opposite Axial Motion (UD) - Off-Focus - PSFs
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(a) Cystic Contrast vs. Radius - CR Curve - Virtual Source

(b) Cystic Contrast vs. Radius - CR Curve - REFoCUS

Figure 3.25: Simulation - Opposite Axial Motion (UD) - Plane Waves - CR Curves
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(a) Cystic Contrast vs. Radius - CR Curve - Virtual Source

(b) Cystic Contrast vs. Radius - CR Curve - REFoCUS

Figure 3.26: Simulation - Opposite Axial Motion (UD) - Focused Waves - CR Curves
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(a) Cystic Contrast vs. Radius - CR Curve - Virtual Source

(b) Cystic Contrast vs. Radius - CR Curve - REFoCUS

Figure 3.27: Simulation - Opposite Axial Motion (UD) - Off-Focus - CR Curves
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(a) Axial Motion - Cystic Resolution vs. Movement/Frame - Initial Direction (DU)

(b) Axial Motion - Cystic Resolution vs. Movement/Frame - Opposite Direction (UD)

Figure 3.28: Simulation - Axial Motion - Cystic Resolution vs. Movement/Frame - Plane, focused,

and off-focus sequences labelled - Virtual source shown in blue and REFoCUS shown in red
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3.1.3 Moving Point Target - Experimental Validation

Following the quantification of simulated PSFs, Verasonics scans were taken of a moving point

target in order to experimentally validate the results shown above. For simplicity, the off-focus case

was excluded, as was the opposite direction test. Otherwise, imaging conditions, motion cases, and

sequence types were matched completely.

Contour plots from imaging lateral motion with a plane wave sequence are shown in Figure

3.29. The same three lateral motion conditions are shown as before: stationary, 3 mm/frame, and

10 mm/frame. Even the stationary baseline, experimentally, is less ideal than the PSF obtained

from simulation. This is no surprise, as experimental imaging conditions are imperfect. Beyond

this, the trends observed experimentally match those observed in simulation. As lateral veloc-

ity increases, lateral degradation increases and axial ringing, while stretched laterally, is largely

unaffected. Experimentally, virtual source and REFoCUS beamforming match quite well.

Figure 3.30 shows the contour plots from imaging a laterally moving point target with focused

waves. Here, each PSF is very similar, confirming that focused waves resolve lateral motion of a

point target. Furthermore, differences in side lobe consistency are more similar across beamforming

techniques.

After each contour plot is shown, corresponding CR curves are displayed for plane waves

(Figure 3.31) and focused waves (3.32). Since the side lobes of these PSFs are more prominent than

those produced in simulation, the magnitudes of cystic contrast values are lower experimentally.

With more prominent side lobes, an ROI of equivalent size will incorporate less of an image’s total

energy. The spacing of CR curves in Figure 3.31 is indicative of a plane wave sequence’s sensitivity

to motion. That being said, the CR curves for lateral motion imaged with plane waves match very

well between virtual source and REFoCUS. The CR curves for focused waves are less consistent

between beamforming methods, but still show that all motion cases are better resolved by focused

waves.



65

(a) Stationary - VS (b) Stationary - REFoCUS

(c) 3 mm/frame - VS (d) 3 mm/frame - REFoCUS

(e) 10 mm/frame - VS (f) 10 mm/frame - REFoCUS

Figure 3.29: Experimental - Lateral Motion - Plane Waves - PSFs
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(a) Stationary - VS (b) Stationary - REFoCUS

(c) 3 mm/frame - VS (d) 3 mm/frame - REFoCUS

(e) 10 mm/frame - VS (f) 10 mm/frame - REFoCUS

Figure 3.30: Experimental - Lateral Motion - Focused Waves - PSFs
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(a) Cystic Contrast vs. Radius - CR Curve - Virtual Source

(b) Cystic Contrast vs. Radius - CR Curve - REFoCUS

Figure 3.31: Experimental - Lateral Motion - Plane Waves - CR Curves
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(a) Cystic Contrast vs. Radius - CR Curve - Virtual Source

(b) Cystic Contrast vs. Radius - CR Curve - REFoCUS

Figure 3.32: Experimental - Lateral Motion - Focused Waves - CR Curves
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Accordingly, experimental scans were taken of axial motion. The contour plots of axial motion

imaged with plane waves are shown in Figure 3.33. Again, the same three axial motion cases are

shown as before: stationary, 0.5 mm/frame, and 1.5 mm/frame. Despite imperfect experimental

imaging conditions, the same trends observed in simulation hold true for axial motion. As axial

velocity increases, lateral degradation increases. The 0.5 mm/frame axial motion case is somewhat

similar to the stationary PSF, but the 1.5 mm/frame axial motion case exhibits severe degradation

to the left of the center axis. In these images, there are no discernable differences between virtual

source and REFoCUS beamforming.

Contour plots from imaging axial motion with focused waves, then, are presented in Figure

3.30. As expected, the shape of each PSF matches quite well, even in the presence of significant

axial motion. Interestingly, the location of the PSF in the 1.5 mm/frame axial motion case appears

to be shifted slightly to the left. Despite being the same shape as the stationary PSF, this subtle

shifting may be a form of motion-induced degradation.

Figure 3.35 shows the CR curves for all axial motion cases, imaged with plane waves. Once

again, the separation of these curves indicates that plane waves are unable to resolve axial motion.

Overall, the CR curves match across beamforming methods, with the exception of the largest three

motion cases. REFoCUS resolved the 1 mm/frame and 1.5 mm/frame axial motion cases better

than virtual source, but resolved the 1.25 mm/frame axial motion case worse than virtual source.

Although the reasons for these difference are unclear, it is worth noting that all three of these cases

exhibit drastic degradation. When considering the CR curves from focused sequences (Figure 3.36),

all motion cases are resolved similarly, regardless of motion or beamforming technique.

Lastly, the cystic resolution of each CR curve was determined and plotted against motion

per frame. Lateral motion results are shown in Figure 3.37a and axial motion results are shown

in Figure 3.37b. Note that the x-axes for these two plots differ by nearly an order of magnitude.

Focused waves, however, clearly outperform plane waves in the presence of any type of motion.
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(a) Stationary - VS (b) Stationary - REFoCUS

(c) 0.5 mm/frame - VS (d) 0.5 mm/frame - REFoCUS

(e) 1.5 mm/frame - VS (f) 1.5 mm/frame - REFoCUS

Figure 3.33: Experimental - Axial Motion - Plane Waves - PSFs
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(a) Stationary - VS (b) Stationary - REFoCUS

(c) 0.5 mm/frame - VS (d) 0.5 mm/frame - REFoCUS

(e) 1.5 mm/frame - VS (f) 1.5 mm/frame - REFoCUS

Figure 3.34: Experimental - Axial Motion - Focused Waves - PSFs
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(a) Cystic Contrast vs. Radius - CR Curve - Virtual Source

(b) Cystic Contrast vs. Radius - CR Curve - REFoCUS

Figure 3.35: Experimental - Axial Motion - Plane Waves - CR Curves
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(a) Cystic Contrast vs. Radius - CR Curve - Virtual Source

(b) Cystic Contrast vs. Radius - CR Curve - REFoCUS

Figure 3.36: Experimental - Lateral Motion - Axial Waves - CR Curves
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(a) Lateral Motion - Cystic Resolution vs. Movement/Frame

(b) Axial Motion - Cystic Resolution vs. Movement/Frame

Figure 3.37: Experimental - Lateral and Axial Motion - Cystic Resolution vs. Movement/Frame -

Plane and focused sequences labelled - Virtual source shown in blue and REFoCUS shown in red
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3.2 Mixed Sequences

3.2.1 Data Combination

Data combination was possible with both virtual source and REFoCUS beamforming. The

PSFs from imaging 1 mm of axial motion per frame with both plane and focused waves and beam-

formed with both methods are shown in Figure A.1. The slightly extended side lobes observable

in A.1c exist because REFoCUS does not apply a spatial mask. Figure A.2, then, shows ‘adding’

mixed sequences (left) and ‘replacing’ mixed sequences (right). Although the PSF in Figure A.2d

is severely degraded, it would still generate a uniform image. In contrast, the PSF in Figure A.2b

exhibits discontinuities where data are replaced. Thus, REFoCUS allows for simpler and more

consistent data combination.

The transmissions order of all subsequent mixed sequences was verified by plotting delay

matrices. The delays for plane and focused sequences are shown in Figure B.1. Similarly, the

delays for all ‘adding’ sequences are shown in Figure B.2 and the delays for all ‘replacing’ sequences

are shown in Figure B.3. All sub-figures indicate the total number of transmissions (n) per sequence.

3.2.2 Moving Point Target - Un-Weighted and Weighted - Mixed Sequences

In order to evaluate the efficacy of weighting mixed sequences for resolving motion, a moving

point target was simulated in Field II with lateral motion of 5 mm/frame and axial motion of 1

mm/frame (33.4 and 6.7 cm/s, respectively). From these simulations, the outputs of contour plots,

CR curves, and cystic resolution plots were produced. Since the every mixing case, unweighted

and weighted, was applied to both types of motion, controls are required. Figure 3.38 shows 2

control images: (a) lateral motion imaged with plane waves and (b) lateral motion imaged with

focused waves. All control images are unweighted. As before, significant degradation can be seen

in the plane wave image, whereas focused waves resolved motion well. Since mixed sequences are

a combination of the plane and focused data sets, each contour plot should combine the behaviors

of the two control images. For the following results, contour plots from three mixture cases are
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shown: middle 20 focused added to plane, middle 20 focused replacing plane, and every fourth

focused replacing plane.

(a) 5 mm/frame - Lateral - Plane (b) 5 mm/frame - Lateral - Focused

Figure 3.38: Mixed Sequences - Control Images - 5 mm/frame Lateral Motion - REFoCUS

The contour plots for lateral motion imaged with plane waves are shown in Figure 3.38a. The

left column shows unweighted PSFs and the right column displays their weighted counterparts. The

characteristic lateral degradation of plane waves is still noticeable in every image, but the intensity

of degradation and, consequently, side lobes, is diminished when weighting is applied. As far as

unweighted sequences are concerned, few improvements are observed. The middle 20 added case

shows slightly reduced side lobes, but most unweighted cases did not improve upon the control

plane sequence. Replacing every fourth plane transmission with a focused transmission produced

noticeable texture differences in the PSF for both the unweighted and the weighted case, although

more prominent when weighted. For this reason, adding or replacing the middle 20 transmissions

appears more promising, as energy is more centralized and side lobes are drastically reduced.
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(a) Lateral - Middle 20 Added (b) Lateral - Middle 20 Added - Weighted

(c) Lateral - Middle 20 Replaced (d) Lateral - Middle 20 Replaced - Weighted

(e) Lateral - Every Fourth Replaced (f) Lateral - Every Fourth Replaced - Weighted

Figure 3.39: Mixed Sequences - Lateral - Contour Plots - Three mixing cases shown: middle 20

focused added, middle 20 focused replacing plane, and every fourth focused replacing plane
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Figure 3.40a shows the CR curves for all ‘adding’ mixture cases and Figure 3.40b shows the

same CR curves after weighting was applied. Mixed sequences without weighting clearly match the

CR curve of the plane sequence rather than the focused sequence. In some cases, the image quality

is diminished compared to the plane control. Once weighting was applied, two mixed sequences

showed CR curves closer to the focused CR curve. Specifically, the ‘middle 20 focused’ and ‘full

combination’ sequences. Similarly, the unweighted and weighted CR curves for the ’replacing’

mixture cases are shown in Figures 3.41a and 3.41b. Once again, unweighted mixed sequences

perform, at best, much like a plane sequence. When weighted, both the ‘middle 20 replacing and

‘middle 30 replacing’ sequences show improvement compared to the plane sequence.

The overall results of weighted mixed sequences with lateral motion can be seen in Figure

3.42. Cystic resolution values are plotted for each sequence type for both the unweighted and

weighted case. The left-most section of the figure shows both controls (plane and focused, only), the

middle section shows all ‘adding’ cases, and the right section shows all ‘replacing’ cases. Note that

when the middle 10 plane transmissions were replaced with focused transmissions and a weighted,

cystic contrast did not fall below -20 dB. None of the unweighted sequences outperformed the plane

control. However, several weighted sequences do show improved resolution: full combo, middle 20

added and replacing, middle 30 replacing, and 1/4 added and replacing.
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(a) CR Curve - Adding - Unweighted

(b) CR Curve - Adding - Weighted

Figure 3.40: Mixed Sequences - Lateral - CR Curves - Adding - Unweighted (top) and weighted

(bottom)
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(a) CR Curve - Replacing - Unweighted

(b) CR Curve - Replacing - Weighted

Figure 3.41: Mixed Sequences - Lateral - CR Curves - Replacing - Unweighted (top) and weighted

(bottom)
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Figure 3.42: Mixed Sequences - Cystic Resolution - Unweighted and Weighted - Controls and

all mixture cases shown - *cystic contrast did not drop below -20 dB before 4 mm, so no cystic

resolution value is available

In addition to evaluating the contour plots, CR curves, and cystic resolution plots from

weighted sequences when imaging lateral motion, the same outputs are considered when imaging

axial motion. First, both control PSFs are shown in Figure 3.43: 1 mm/frame axial motion imaged

with (a) plane waves and (b) focused waves. Neither control image has weighting applied. Together,

they confirm that focused waves resolve axial motion better than plane waves and that axial motion

can produce drastic image degradation.
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(a) 1 mm/frame - Axial - Plane (b) 1 mm/frame - Axial - Focused

Figure 3.43: Mixed Sequences - Control Images - 1 mm/frame Axial Motion - REFoCUS

In the same way as before, the contour plots for three mixed sequences are compared to

the control PSFs (Figure 3.44). Unweighted mixed sequences are shown in the left column and

their corresponding weighted contour plots are shown on the right for three key mixed sequences:

‘middle 20 added,’ ‘middle 20 replacing,’ and ‘every fourth replacing.’ Previously, the every fourth

replacing case produced texture differences in side lobes when imaging lateral motion. Now, this

motion case produces noticeable lobes in the axial direction. Despite this, weighting this case still

reduces off axis energy substantially. Of particular note in this figure, however, are Figures 3.44b

and 3.44d. Image degradation is reduced significantly and energy is localized to the center of each

PSF quite well.
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(a) Axial - Middle 20 Added (b) Axial - Middle 20 Added - Weighted

(c) Axial - Middle 20 Replaced (d) Axial - Middle 20 Replaced - Weighted

(e) Axial - Every Fourth Replaced (f) Axial - Every Fourth Replaced - Weighted

Figure 3.44: Mixed Sequences - Axial - Contour Plots - Three mixing cases shown: middle 20

focused added, middle 20 focused replacing plane, and every fourth focused replacing plane
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Next, the CR curves for all ‘adding’ cases are shown when unweighted (Figure 3.45a) and when

weighted (Figure 3.45b). Matching the behavior of lateral motion, unweighted mixed sequences do

not resolve axial motion better than plane waves. In contrast, the same two weighted mixed

sequences, middle 20 added and full combination, math the focused CR curve more closely. When

considering the unweighted and weighted ‘replacing’ mixed sequence CR curves in Figures 3.46a

and 3.46b, consistent trends are, again, observed. Weighting the middle 20 and middle 30 replacing

sequences provides significant reduction in degradation.

The axial results from the CR curves are confirmed by plotting cystic resolution for every

sequence (Figure 3.47). The left section shows the control sequences, the middle section shows

the ‘adding’ sequences, and the right section shows the ‘replacing’ sequences. Here, four mixed

sequences improve cystic resolution in the presence of axial motion: full combo, middle 20 added

and replacing, and middle 30 replacing.
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(a) CR Curve - Adding - Unweighted

(b) CR Curve - Adding - Weighted

Figure 3.45: Mixed Sequences - Axial - CR Curves - Adding - Unweighted (top) and weighted

(bottom)
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(a) CR Curve - Replacing - Unweighted

(b) CR Curve - Replacing - Weighted

Figure 3.46: Mixed Sequences - Axial - CR Curves - Replacing - Unweighted (top) and weighted

(bottom)
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Figure 3.47: Mixed Sequences - Cystic Resolution - Unweighted and Weighted - Controls and

all mixture cases shown - *cystic contrast did not drop below -20 dB before 4 mm, so no cystic

resolution value is available

3.2.3 Speckle Phantom - Weighted Mixed Sequences - Image Uniformity

Six mixed sequences of interest were used to image cyst targets in a speckle phantom. Control

images are required to determine whether or not these mixed sequences influence speckle patterns

and overall image uniformity. Figure 3.48 shows these control images; both are unweighted and

beamformed with REFoCUS. The left shows the phantom imaged with plane waves and the right

shows the phantom imaged with focused waves. Furthermore, the caption of each image specifies

the number of transmissions, which varies in certain ‘adding’ mixed sequences. Generally, speaking
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the two images are very similar. Focused waves achieve slightly improved depth penetration, which

is to be expected with the focus set to 60 mm. This depth penetration is primarily observable via

the improved contrast in the hyper-echoic lesion at approximately (40,60). For all cysts imaged,

image quality is comparable. The blurred lines in the bottom corners of both images are beyond

the relevant field of view and would be masked off in a clinical setting.

(a) Plane Waves (n=121) (b) Focused Waves (n=121)

Figure 3.48: Speckle Phantom - Cyst Targets - Control Images - Unweighted

Comparisons to these control images are shown in Figure 3.49. The mixed sequences here

are (a) middle 20 added, (b) middle 20 replaced, (c) full combination, (d) middle 30 replaced, (e)

every fourth added, and (f) every fourth replaced (adding on left, replacing on right). Note that

the total number of transmissions for all adding sequences is increased from n = 121. Very slight

differences in these images can be observed, related to the number of focused transmissions used

in each sequence, since focused waves penetrate more effectively. Similarly, sequences that have

more total transmissions have better SNR at depth. Again, both of these behaviors can be seen

best via the hyper-echoic lesion at (40,60). Recall, however, the tradeoff between spatial resolution

and frame-rate. An increased number of transmissions, or using more focused transmissions, may

improve resolution, but it will also reduce the maximum achievable frame-rate.
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(a) Middle 20 Added (n=141) (b) Middle 20 Replaced (n=121)

(c) Full Combination (n=242) (d) Middle 30 Replaced (n=121)

(e) Every Fourth Added (n=152) (f) Every Fourth Replaced (n=121)

Figure 3.49: Speckle Phantom - Mixed Sequences - Number of transmissions required to generate

each image specified - Speckle pattern unaffected
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Crucially, speckle pattern and image uniformity are both unaffected by mixed sequences.

Neither replacing large portions of center of the sequence with focused transmissions nor inter-

spersing focused transmissions throughout the sequence affects the speckle pattern. Furthermore,

all cyst targets in these images are resolvable to the same degree. Even though Figure 3.49 does

not offer quantitative outputs, it clearly highlights that a motion-specific sequence will not sacrifice

image quality in the full field of view.



Chapter 4

Discussion

4.1 Transmission Order in Mixed Sequences

Here, speckle is unaffected by beamforming methods and mixed sequences. Uniformity of

speckle pattern for different mixed sequences is verified in Figure 3.49. Furthermore, two mixed

sequences were implemented in order to evaluate the effects of transmission order when combined

as RF data. The middle 10 focused transmissions were added to the full plane sequence both

before and after the the plane sequence. Crucially, these 10 focused transmissions were taken at

the same time. Transmission order, as it relates to the position of the point target, would certainly

have an impact on the final image. Rather, these results pertain to transmission order within the

combined RF data matrix. As shown by the 4th and 5th pairs of bars in Figures 3.21 and 3.28,

cystic resolution is unaffected by transmission order. More conclusively, the contour plots of both

PSFs are identical, as shown here in Figure 4.1. The same holds true for axial motion.
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(a) Middle 10 Added - Before (b) Middle 10 Added - After

Figure 4.1: Middle 10 Focused Transmissions Added - Before and After

4.2 Degradation Behavior in the Presence of Motion

It has been previously established that both lateral and axial motion produce lateral degrada-

tion in an ultrasound PSF [36]. The literature is unclear, however, on how the direction of motion

influences the direction of degradation. The evaluation of motion sensitivity in this work reveals

consistent trends. Shown in Figure 3.1, imaging lateral motion with plane waves produces lateral

degradation on both sides of the PSF with side lobes that towards the transducer. In contrast,

imaging the same lateral motion of a point target away from the focal point of focused transmissions

(‘off-focus’) produces side lobes that curve away from the transducer (Figure 3.3). Even though

the off-focus case begins to behave more like a plane wave transmission, the side lobes curve in

the opposite direction. This inverse behavior is observed with axial motion as well. Figures 3.8

and 3.10 show the PSF from imaging a point target moving axially with plane and off-focus waves,

respectively. In the plane case, degradation is located to the left of the PSF, whereas in the off-focus

case it is located to the right of the PSF, albeit less prominent.

The same trends hold true when the direction of motion is reversed. Figure 3.15 shows that

imaging a point target moving from right to left (previously, left to right) produces side lobes that

curve away from the transducer. The same motion case, then, imaged in the off-focus case produces
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side lobes that curve towards the transducer (Figure 3.17). When considering axial motion in the

opposite direction (up to down instead of down to up) the location of degradation is also reversed.

In Figure 3.22, the degradation due to motion is observed to the right of the PSF, and in Figure

3.24 the slight degradation is visible to the left of the PSF.

Overall, the location of motion-induced degradation is highly dependent on direction of mo-

tion. This directional dependence is also related to the direction of the scan sweep. In this work,

all scans were conducted from left to right. Scanning from right to left would likely reverse all of

the previously described behaviors yet again, but this hypothesis was not investigated. Despite the

fact that the direction of motion affects PSF shape, it appears to have minimal influence on final

image quality, as quantified by cystic resolution. Figure 3.21 shows that cystic resolution is reduced

slightly when the direction of the scan sweep is opposite that of point target motion, but this trend

only observed for plane waves. Focused waves are predominantly unaffected by direction of lateral

motion. The same holds true for all transmit waveforms when imaging axial motion (Figure 3.28).

This behavior of degradation in the presence of motion emphasizes the importance of being able to

resolve motion.

4.3 Inherent Masking with REFoCUS

One of the primary differences between virtual source and REFoCUS beamforming is that

virtual source depends on geometric masks to reject echoes not received from the virtual source

(Figure 1.2). REFoCUS, which isolates individual elements’ contributions to any given pixel, does

not apply explicit masking but still achieves inherent masking. The reason for this similarity is

that both beamforming techniques encode transmit waveform geometry in different ways. Again,

virtual source beamforming applies spatial masks, but REFoCUS considers applied transmit de-

lays. Regardless of how the transmit pressure field is arranged during beamforming, the transmit

waveform geometries, and therefore transmit delays, are the same.

The effects of masking are illustrated in Figure 3.9. In the virtual source case (left), the

PSF was maintained as velocity increased because echoes from the moving point target were only
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accepted when they came from within a narrow region of the applied mask. In the case of REFoCUS

(right), echoes from the moving point target only contributed to the PSF when they were received

correct time, as determined by the removal of delays in the frequency domain.

The lack of an explicit mask during REFoCUS beamforming is rarely problematic, but it does

generate image artifacts on the edges of some scans. This behavior is shown in Figure 3.49. The

blurring on the bottom corners of these images comes from off-axis echoes that are not rejected by a

geometric mask and are not perfectly removed during the pseudoinversion process. These artifacts

are, however, only observed on the extreme edges of images produced with REFoCUS and could

easily be masked off in a clinical setting (with a mask that does not depend on sequence type)

following image reconstruction.

Ultimately, it is highly beneficial that REFoCUS beamforming exhibits effective masking.

Not only does REFoCUS free the operator from having to design masks (window size and type),

but it also allows the spatial properties of different transmit waveforms to be utilized. If REFoCUS

did not maintain a certain amount of masking, focused waves would have heightened sensitivity

to motion when beamformed with REFoCUS. As it stands, REFoCUS is a viable beamforming

technique for sequences designed to better resolve motion in cardiac ultrasound.

4.4 Relationship Between Resolution and Frame-Rate

In order to improve spatiotemporal resolution in cardiac ultrasound without sacrificing frame-

rate, the capability of mixed sequences to resolve motion at clinically relevant depths was inves-

tigated. Figures 3.42 and 3.47 show the cystic resolution values achievable with mixed sequences

when imaging 5 mm of lateral motion per frame and 1 mm of axial motion per frame, respectively.

The first two sets of bars in these figures are the baselines to which mixed sequences are compared,

being plane and focused transmissions beamformed with REFoCUS. The plane case gives the min-

imum cystic resolution to be considered a viable mixed sequence, and the focused case gives the

best-case-scenario cystic resolution for any combination of plane and focused transmissions. Several

mixed sequences show noticeable improvements over the plane wave case: full combination (n=256),
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middle 20 added (n=148), middle 20 replacing (n=128), and middle 30 replacing (n=128). These

mixed sequences also all generate uniform images when used to image large, speckle-generating

regions of interest (Figure 3.49).

With any mixed sequence, the number of transmissions required to generate an image must

be considered. Mixed sequences that add transmissions increase the total number of transmissions,

thereby reducing frame-rate. In this instance, 128 focused transmissions can adequately cover the

region of interest and resolve motion. Thus, a fully focused sequence would be the best option.

That being said, it is possible that a sequence with fewer total transmissions would perform better

by incorporating plane waves to broadly insonify stationary tissue and focused waves to resolve

areas of significant motion.

Also paramount when implementing a mixed sequence is the location of motion in the field

of view. Mixed sequences that rely upon replacing plane transmissions with focused transmissions

successfully improve cystic resolution because the transmissions that are replaced are the trans-

missions that insonified the moving point target. Simply put, mixed sequences will work the best

when focused transmissions are used to image regions exhibiting motion. Two strategies to ensure

this are immediately apparent: (1) design sequences for specific views of the heart and (2) utilize

motion tracking techniques to dynamically determine the location of motion and adjust the mixed

sequence accordingly. The first solution is simple but, given that echocardiography relies on pre-

scribed views of the heart, may prove feasible. The second solution, meanwhile, would be more

difficult to implement but also much more robust. An adaptable mixed sequence would be much

more reliable, especially since patient physiology varies dramatically.

4.5 Conclusions

This work has shown that weighted mixed sequences have the potential to improve spatial

resolution in cardiac imaging without sacrificing frame-rate. Specifically, REFoCUS, an element-

based beamforming method, was shown to perform consistently when imaging motion through

both simulations and experimental validation. REFoCUS also retains the spatial encoding from
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transmit geometry despite not applying spatial masking. This spatial encoding is useful when

combining transmissions of different types in a mixed sequence; a process that REFoCUS is well

suited for. The two transmit geometries investigated were plane and focused waves. Generally,

plane waves image wide regions efficiently, resulting in high frame-rate, but are more susceptible to

motion-induced degradation. Focused waves resolve motion more effectively but have reduced line

width, thereby limiting frame-rate. Mixed sequences incorporate the beneficial aspects of plane and

focused transmissions when focused transmissions are weighted more heavily. Without weighting,

sequences combining plane and focused waves behave predominantly like plane wave sequences.

Here, mixed sequences have been presented that integrate plane waves and focused waves, resolve

lateral and axial motion, and do not degrade image uniformity.

4.6 Future Work

Weighted mixed sequences have been shown to improve cystic resolution compared to plane

wave imaging, but focused sequences still perform better. That being said, the inclusion of plane

waves in a mixed sequence may provide advantages in temporal resolution. Further evaluation

of mixed sequences is required to determine the feasibility of matching the spatial resolution of

a modern cardiac ultrasound with fewer transmissions. This ideal mixed sequence will require a

strategy for locating motion in the field of view. Whether sequences are designed for specific views

of the heart or with dynamic motion tracking, identifying regions of motion will enable the accurate

aiming of focused transmissions. Moreover, only a single weighting scheme was investigated in this

work. Refining the weighting of plane and focused waves may further enhance the capabilities of

mixed sequences. It is also possible to apply spatially distributed weighting after beamforming.

In addition, images from a more dynamic environment are required. In theory, a phantom

could be simulated with a moving target and speckle throughout. However, generating speckle in

Field II is computationally intensive and a moving point target cannot emulate the complex motion

observed in the heart. Ultimately, imaging the heart, in-vivo, will provide strong evidence for the

potential of mixed sequences to better resolve cardiac motion and maintain frame-rate.
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preciated structure in sonography. part i: Examination methodology and ultrasound anatomy.
Journal of Ultrasonography, 17:197–205, 9 2017.

[32] L Sun, C Ma, S Liu, L Zou, and D Jia. Mitral annular tissue velocity in the diagnosis of
coronary artery disease, 2014.

[33] Arco J. Teske, Bart W.L. De Boeck, Paul G. Melman, Gertjan T. Sieswerda, Pieter A. Do-
evendans, and Maarten J.M. Cramer. Echocardiographic quantification of myocardial function
using tissue deformation imaging, a guide to image acquisition and analysis using tissue doppler
and speckle tracking, 2007.

[34] Ling Tong, Alessandro Ramalli, Ruta Jasaityte, Piero Tortoli, and Jan D’Hooge. Multi-
transmit beam forming for fast cardiac imaging-experimental validation and in vivo applica-
tion. IEEE Transactions on Medical Imaging, 33:1205–1219, 2014.

[35] M. T. Upton, D. G. Gibson, and D. J. Brown. Instantaneous mitral valve leaflet velocity
and its relation to left ventricular wall movement in normal subjects. British Heart Journal,
38:51–58, 1976.

[36] Jing Wang and Jian Yu Lu. Motion artifacts of extended high frame rate imaging. IEEE
Transactions on Ultrasonics, Ferroelectrics, and Frequency Control, 54:1303–1315, 7 2007.

[37] Haichong K. Zhang, Alexis Cheng, Nick Bottenus, Xiaoyu Guo, Gregg E. Trahey, and Emad M.
Boctor. Synthetic tracked aperture ultrasound imaging: design, simulation, and experimental
evaluation. Journal of Medical Imaging, 3:027001, 4 2016.



Appendix A

Data Combination - Virtual Source vs. REFoCUS

The images shown in this Appendix illustrate the effectiveness of combining transmissions

for either virtual source or REFoCUS beamforming. Figure A.1 gives the unmixed data sets, which

serve as controls. On the left, plane waves used to image 1 mm of axial motion, and on the right,

focused waves used to image 1 mm of axial motion. Virtual source beamforming is shown on the

top and REFoCUS is shown on the bottom. In Figure A.2, virtual source and REFoCUS are used

to both add focused data to plane waves (left) and replace plane data with focused data (right).

Note that since combination takes place after virtual source beamforming but before REFoCUS

beamforming, virtual source must combine lines of the final image whereas REFoCUS can combine

transmission of the RF data.
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(a) Plane - Virtual Source (b) Focused - Virtual Source

(c) Plane - REFoCUS (d) Focused - REFoCUS

Figure A.1: Plane and Focused Baseline PSFs - Virtual Source and REFoCUS - 1 mm Axial Motion



102

(a) Middle 100 Added - Virtual Source (b) Middle 100 Replaced - Virtual Source

(c) Middle 10 Added - REFoCUS (d) Middle 10 Replaced - REFoCUS

Figure A.2: Plane and Focused Baseline PSFs - Virtual Source and REFoCUS - 1 mm Axial

Motion - Note that virtual source added/replaced the middle 100 lines of beamformed data, whereas

REFoCUS added/replaced the middle 10 transmissions of RF data



Appendix B

Delay Matrices for Mixed Sequences

The delay matrices used to confirm proper data combination are shown in this Appendix.

First, the delays for a plane wave and focused wave sequence are shown (Figure B.1). Next, Figures

B.2 and B.3 show the delay matrices when ‘adding’ and ‘replacing’ transmissions, respectively. For

all combined delay matrices, values are normalized to the maximum delay.

(a) Plane (n=128) (b) Focused (n=128)

Figure B.1: Delay Matrices - Plane and Focused
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(a) Middle 10 Added Before (n=138) (b) Middle 10 Added After (n=138)

(c) Middle 20 Added (n=148) (d) Full Combination (n=256)

(e) Every Fourth Added (n=160) (f) Every Third Added (n=171)

Figure B.2: Delay Matrices - ‘Adding’ Mixed Sequences
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(a) Middle 10 Replacing (n=128) (b) Middle 20 Replacing (n=128)

(c) Middle 30 Replacing (n=128)

(d) Every Fourth Replacing (n=128) (e) Every Third Replacing (n=128)

Figure B.3: Delay Matrices - ‘Replacing’ Mixed Sequences
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