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Abstract

High-frequency ultrasound (>20MHz) offers promising opportunities for high-resolution blood
flow imaging of the microcirculation at superficial depths owing to high backscatter coefficient
and high resolution. Because time-of-flight is minimal at these superficial depths, focused beam
scanning can be done very rapidly. Ultrafast focused beam scanning is compared with traditional
Doppler sequences and plane-wave imaging. Compared with traditional Doppler, ultrafast focused
beam scanning is shown to offer improved sensitivity to slow flows because of higher ensemble
size within an equivalent data acquisition time. Compared with plane wave imaging and plane
wave compounding, ultrafast focused beam scanning is shown to exhibit lower variance and

improved SNR given comparable transmit voltage levels.
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1. Introduction

This thesis concerns the development of new ultrafast high-frequency flow-imaging methods
aimed to improve the sensitivity of detection of flow in the microvasculature. Currently, diagnostic
ultrasound systems use ultrasound transducer arrays with typical frequencies of 2-15MHz. The
higher the transducer frequency, the finer the spatial resolution, but the less the penetration depth.
Frequencies higher than 20MHz are considered ‘“high-frequency” in the ultrasound imaging
community. While investigators have pursued research using high-frequency transducers for some
time, only in the last few years have high-frequency ultrasound array transducers become
commercially available. Additionally, research ultrasound platforms to accommodate these high-
frequency probes have only recently been made available. This thesis aims to take advantage of
these recent developments to provide new flow-imaging capabilities using high-frequency
ultrasound transducer arrays for very-high resolution flow imaging with unprecedented flow

sensitivity.

Ultrasound flow measurement techniques include Power Doppler and Color Doppler imaging.
Color Doppler estimates flow velocities by tracking speckle motion, typically using
autocorrelation-based flow estimators. This thesis focuses on high-frequency Power Doppler
imaging. Power Doppler is a method which detects the scattered power of moving blood,
independent of flow direction or speed. Current diagnostic Power Doppler systems have limited
sensitivity to flow in microvasculature and primarily detects large vessels. High-frequency
transducers offer new opportunities for imaging flow in the microcirculation given improved

spatial resolution compared to diagnostic systems. Additionally, blood scattering cross-sections



are significantly larger at higher frequencies, and therefore signal from blood is much stronger

than at lower diagnostic frequencies.

High-frequency Power Doppler has previously been introduced by a number of investigators
[1][2][3]. Additionally, recent ultrafast ultrasound imaging methods have been shown to provide
transformational improvements in sensitivity to blood flow. These new ultrafast imaging methods,
unlike traditional Doppler methods acquire whole image frames at hundreds or even thousands of
frames per second and track flow frame-to-frame at each pixel location. This is in contrast to more
traditional methods which only track flow along lines-of-sight using a few pulsed interrogations.
The larger ensemble size afforded by the ultrafast imaging methods, along with novel spatio-
temporal filtering schemes, have provided stunning views of blood flows in the brain, kidneys,
placenta, and other organs. However, most of these ultrafast Doppler developments have not used
high-frequency transducers. Additionally, they use unfocused transmissions. For high-frequency
transducers, these transducers cannot be operated at very high transmit voltages because of dangers
of dielectric breakdown, among other considerations. This means that unfocused transmission
methods such as plane-wave imaging methods, may not have the SNR advantages of focused
imaging methods. On the other hand, current focused imaging methods for diagnostic ultrasound
imaging, are relatively slow, owing to the propagation delays for each line. In contrast, given that
high-frequency ultrasound is limited in penetration, time-of-flight for shallow imaging depths is
minimal compared to diagnostic deep imaging methods. Because of this, high-frequency
ultrasound can image using focused transmissions at fairly high frame-rates. The purpose of this
thesis is to investigate whether ultrafast focused imaging methods implemented with a high-
frequency array system can achieve improved Power Doppler sensitivity compared to traditional

Doppler and plane-wave ultrafast imaging methods.



A. Motivation

Work in this thesis is motivated by multiple unmet clinical needs. Potential applications for this
technology may include imaging of angiogenesis (the growth of new blood vessels) in diseases
such as cancer [4]. Additionally, there is an urgent unmet need for imaging perfusion in diseases
such as diabetes. Diabetic complications include pressure ulcers and other sores, peripheral
vascular disease etc. [5]. Currently only very crude methods exist for assessing perfusion of limbs
to make difficult clinical decisions about need for amputation, etc. Early detection of deep
ischemic wounds such as early-stage ulcers could enable preventative measures and save the

healthcare system billions of dollars.

Early detection of cancers, including angiogenesis surrounding neoplasms, could greatly
improve prognosis given the optimistic outcomes from treatment of cancers that are detected prior

to metastasis [6][7].

Imaging slow blood flows and microcirculation is an challenge in imaging most organs like skin,
prostate, placenta and in tumor for cancer diagnosis. Imaging tumor microcirculation is essential
in diagnosis and prognosis and tracking the treatment effect of using some therapeutic agents [8].
Help on detecting blood clots in some narrow blood vessels which may increase the risk of stroke
and can help monitor the flow of blood during blood vessel surgeries [9]. Several current
techniques are used for visualizing blood flows of micro-vasculature. Like, Magnetic Resonance
angiography (MRA) using Magnetic Resonance Imaging (MRI) [10], Computed Tomography
angiography (CT-Angiography) based on Computed Tomography (CT) [11] and Positron
Emission Tomography (PET) [12]. However, big challenges still coming up like poor resolution,
prohibitive cost and radiation hazards. Ultrasound Imaging is a portable, lower in cost and no

ionizing radiation imaging method, that has been used for imaging vasculature.
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Since imaging of microvasculature is valuable for clinical and cancer studies, plus ultrasound
imaging method is safe, low cost and portable, high quality ultrasound images of micro vessels is

being actively investigated.

B. Major Contributions

We investigate ultrafast High-Frequency focused imaging as compared with traditional
Doppler, plane-wave imaging and multi-angle plane-wave compound imaging. High imaging rates
are possible when imaging at superficial depths and spatio-temporal filtering approaches are
possible. We use a 256-element linear array transducer with central frequency of 21MHz. We use
spatiotemporal clutter filtering based on Singular-Value Decomposition (SVD) filters to remove
tissue motion clutter [13]. Simulations, phantom experiments, and in vivo imaging studies are
performed to compare the above-mentioned methods.

High-frequency focused beam imaging which can reach frame rates nearly as high as that of
ultrafast plane wave imaging due to shallow penetration depths and minimal time-of-flight. By
using larger ensemble size, high-frequency focused beam can get very good sensitivity to slow
flows and have advantage of high SNR. In addition, compared Ultrafast Focused Imaging (UFFI)
method (also named high-frequency fast walking aperture) with plane wave (PW) and traditional
Doppler (TD) sequences.

Traditional Doppler Ultrasound sequence, the scanner transmitted 8-15 focused ultrasound
beams to get a line of the image frame. UFFI also uses focused beam the same as traditional
doppler. However, by transmitting one ultrasound focused wave, one reception to generate one
line of the image frame, which can make this method imaging much faster than Conventional

Doppler or get larger field of view within the same data acquisition time.



Plane wave imaging has the advantage of high imaging speed, which is essential to make real
time imaging and diagnosis. The high frame rate of plane wave imaging as the whole image frame
can be obtained through single pulse emission. But the low image quality shows as a big weakness.
When imaging the shallow depth, our approach can get ultrafast imaging speed to reach almost the
same speed as plane wave imaging while the image quality, such as SNR, spatiotemporal
resolution, contrast etc., is much better than plane wave imaging.

Ultrafast compound imaging can improve image quality dramatically compared with flash
imaging. Multi-angle plane wave imaging makes up this flaw of flash imaging to great extent,
however, it still cannot get as many signals as fast walking aperture for low velocity flows
(~1mm/s).

We use high-frequency ultrasound transducer (Central frequency is 21 MHz) which can get
higher amount of backscatter signals [2]. However, as high frequency ultrasound will attenuate
more while travel through soft tissue, we cannot image very deep since ultrasound wave intensity
decrease a lot along the transmitting [8]. We combine fast walking aperture imaging method with
using high frequency transducer together, we can get not only high imaging speed but also high
image quality on superficial penetration depth compare with Traditional Doppler Imaging method
and Plane Wave Imaging method, respectively.

For example, if we are imaging a target at depth around 7.5 mm, according to A=v/f, if we use
higher frequency, we will get lower wavelength. Which means we will get lower penetration.
However, for animal testing (usually mouse), this penetration is enough. We want to get 7.5mm

penetration, it will be 15mm length for the whole trip for both transmission and reflection.

15mm/(1.5mm/pus) =10us/A-scan (I-1)



Suppose we used a linear array probe with 256 elements:

256*10=2560 us (time for scan one image) (I-2)

1/2560us=390 frames/s (I-3)
1540m /

p=C BAmIs 4
f 20MHz

So, we can get the axial resolution, usually equals to two times of wavelength, is 0.144mm.
From the equation, we can get when using higher frequency wave, we can get better axial
resolution to get better discrimination capacity.

For the blood flow imaging, main artifacts originate from surrounding moving tissue. The
received echoes of tissue and backscattered blood echoes have similar characteristics, especially
for slow blood flows in small-size vessels. When imaging low velocity flows of microcirculation,
clutter signals from reflective slow tissue motion need to be discriminated from blood motion.
Traditional Doppler use high pass wall filter to remove tissue or vessel wall motion signals and
keep high frequency blood signals. Nevertheless, wall filter performs unsatisfactory for
microcirculations since the velocity of blood flow and tissue motion do not have very significant
difference. In this scenario, a spatiotemporal clutter filter, Singular-Value Decomposition (SVD)
filter is applied to remove tissue motion clutter of ultrasound data obtained [14]. Conventional
Doppler imaging can only generate very limited number of temporal frames for one spatial position,
SVD filter face difficulties to get optimized microcirculation image using the low ensemble size.
UFFI can make contribution to overcome this limitation by imaging at ultrafast speed to increase

the ensemble size.

C. Organization of this thesis



The rest of the thesis is organized as follows: Chapter 2 provides literature review on the state-
of-art of Ultrasound blood flow imaging techniques. The work I have done presented in this thesis
will be described in Chapter 3. The Chapter 3 focuses on using power Doppler method to do high
frequency focused ultrasound blood flow imaging and compare with other imaging methods to
show advantages. Chapter 4 summarizes the work I have done, discusses conclusions and future

work direction.



II. Background and Literature Review

Imaging in the medical field is over one hundred years old. Before imaging methods were
available, structures inside the body only could only be seen through incision. With the rapid
development of technology, today imaging methods play an essential role in medicine. The main
medical imaging methods include X-ray projection imaging [15], Ultrasound imaging (US) , X-
ray Computed Tomography (CT) [16], Magnetic Resonance Imaging (MRI) [17], Single Photon
Emission CT (SPECT) [18], Positron Emission Tomography (PET) [19]. The focus of this thesis

is on ultrasound imaging, and in particular, high-frequency Power Doppler ultrasound imaging.

A. Background of Ultrasound Imaging

The frequency range of audible sound is from 20 Hz to 20 kHz. A longitudinal, mechanical
wave over this frequency (frequency >20KHz) is called ultrasound. It is a pressure wave or
displacement and must have a medium to travel through. Since Pierre Curie first discovered
piezoelectric energy in 1880, it opened a door for ultrasound development [20]. The first use and
development for ultrasound was the First World War in detection of submarines [21]. The first
ultrasound scanner was developed in 1947 by putting patient into a water tank [22] . There are
many other impressive developments of ultrasound imaging in the past decades. From real time
imaging by the development of microprocessor to Doppler imaging by applying digital signal
processing, then the plane wave compound and harmonic imaging and 3D even 4D imaging come
to the public to now by using the GPU to process data to get ultrafast imaging [23]. Now it has

become the most widely and commonly used imaging modality over the world due to no radiation



hazards, low cost, and real time imaging capabilities. However, it has several drawbacks: lack of
penetration depth through bone or air cavities because of the acoustic impedance, noise from the
device and human body, speckle noise confounding structure visibility, and reverberation and
tissue motion artifacts [24].

Ultrasound is generated by an ultrasound transducer. There are several kinds of transducers,
including linear array transducers, phased-array transducers, convex transducers etc. They will be
used for the examination of different body parts according to their different properties. Linear array
transducers will usually be used for imaging superficial structures, vascular system abnormalities
[25].

Ultrasound transducers are used to transmit ultrasonic pulses and receive echoes. Within the
transducer, there are several piezoelectric crystal elements. When a transient voltage is applied to
a piezoelectric element, it vibrates at its resonant frequency (relevant to the width of the crystal)
and generates an ultrasound pulse. Likewise, when a piezoelectric crystal receives the returning
echo sound waves, this element produces an output electrical voltage. The piezoelectric crystals
typically will have a width of one wavelength or a half-wavelength to enable minimal grating lobe
artifacts during transmit and receive focusing. Signals are detected by measuring the receive
voltage on a subset of elements, and then performing beamforming operations. All the
backscattered echoes from one transmitted pulse are collected before transmitting the next pulse.
The time-of-flight is proportional to depth and the strength of the echoes encoded scattering
differences in the object associated with density and other variation. The emitted pulse is always
kept very short by damping it [26].

The speed of ultrasound is determined by the properties of the travel-through medium, mainly

determined by the density and elasticity of the medium. The denser the medium is, the slower



speed the ultrasound has; the more elastic the material is, the higher the speed of the ultrasound
wave. The speed of ultrasound in most soft tissues of human body is around 1540m/s. Ultrasound
can get the depth information by measuring the time between the emission of an ultrasound pulse
and the reception of the backscattered echo. The distance can then be calculated by multiplying
the speed of ultrasound and the measured time interval [27].

Ultrasound imaging technique is mainly based on measuring the echoes received back from
medium when transmitting an ultrasound signal to it. In ultrasound imaging technique, the
ultrasound wave interacts with targets and surrounding tissue, and some of the emitted energy
returns to the transducer will be collected. The device calculates the distance between the
transducer and the target using the speed of sound in soft tissue and the time measured for each
echo from emission to return-back. The portion of the incident ultrasound beam which reflected
from tissue interface depends on the acoustic impedances. Acoustic impedance concept is
important in describing wave passing through the boundaries between medium with different
properties like the density and the bulk modulus for elasticity. Specific acoustic impedance is

defined by:

Z(r,m)= % (11-5)

where (M is angular frequency at a spatial location r, where Z is the acoustic impedance, p is the
pressure and v is the particle velocity. To represent the situation when a plane wave travel through

an inviscid fluid, we can obtain:

Z=1,=pg, (1I-6)
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where Zo is the acoustic impedance of the medium, p,is the density of the medium, and € is the

velocity.
When ultrasound pass through human body, plane harmonic travels through boundary between
two different mediums with different properties, reflection and refraction will occur at the interface

as shown in Fig. II-1:

Mediuml
Zl = PG

A J

Medium2
Z, =Pty

¢,

Fig. II- 1 Reflection and refraction of a plane wave (where ¢2>cl)

According to Snell’s Law, we can obtain:

s, _ & (I117)
sinf, ¢,

which describes refraction of plane-ultrasound waves at a planar interface with different sound-
speeds.

When ultrasound wave passes through a medium, attenuation occurs due to absorption and re-
direction of some energy by scattering because of non-uniformities in compressibility and density.
The absorption appears as heat lost to surroundings from the focussed ultrasound pulse on moving

molecules. Due to the differences in density, compressibility, and elasticity of different tissues
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within human body, the ultrasound wave will be scattered in all directions. If the incident intensity

at x=0 is I (0), the intensity at location x can be found like below:

1(x)=1(0)e™* (I1-8)

where O is the amplitude attenuation coefficient, note that the attenuation coefficient is frequency,
temperature and pressure dependent. Ultrasound cannot pass through air and will be reflected
completely. Bone is also highly attenuating for ultrasound due to its high intensity.

The backscattered signals will be received on the transducer and display. Especially when the
ultrasound beam and different boundary are not perpendicular to each other, the ultrasound beam
will be bounced off to other direction without reaching to transducer, scattering now play a
significant role to make the extent of different tissue still show on screen. From this aspect,
scattering is not an artifact but what makes ultrasound imaging useful for doctors to diagnose [20].

The medical machine displays the distance and intensity of the received signal on the screen.
Superficial-depth structures such as skin, tendons, breast and the brain are imaged using high
frequencies, which can provide better spatial resolution at the cost of penetration. Deeper structures
like liver and kidney will be imaged using lower frequency with lower spatial resolution but with

better penetration [28].

B. Different Ultrasound Imaging Techniques

Most traditional ultrasound systems send focused pulses and receive and beamform the echoes
one line at a time. This method is frame-rate limited by the time-of-flight of ultrasound and the
number of scanlines acquired (sometimes called A-scans) within a 2D B-scan.

Conventional ultrasound imaging sequentially transmits focused ultrasound beams to different

lines, and for each transmit event beamforms the reflected backscattered echoes from transducer
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elements to generate one A-scan line of a 2D B-scan image (See Fig.II-2). The maximum frame
rate to generate such a focused beam image can be calculated as:

c 1

= .- 11-9
2d n_lines {-9)

“focused =

where c is the speed of ultrasound within soft tissues in human body, d is the distance from
ultrasound transducer, n_lines is the number of lines for one whole frame. We can see the frame

rate is strongly depending on the depth of penetration and the number of lines for one B-scan frame.

| |

onventiona
focused

25 Frames/s = = ~

> - e —

Fig. II- 2 Traditional imaging method for a 4cm focal depth with ~25fps. Reproduced with permission
from [23]

Recently, fast imaging methods have been developed including fast synthetic aperture imaging
[29], diverging wave imaging [30], and plane-wave imaging methods [31]. These ultrafast methods
are providing transformational flow imaging capabilities [24] as well as enable methods such as

shear-wave elastography and acoustic radiation force impulse imaging [32]. This thesis focuses on
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the development of ultrafast focused beam imaging methods and comparing with plane-wave
imaging methods with a focus on high-frequency Power Doppler imaging.

Plane wave imaging, as the name suggests, uses unfocused plane-wave transmissions. The use
of ultrasound plane wave or diverging waves has been studied for several years. This technology
enables attainment of ultrafast imaging to get frame rates higher than 1000 frames per second.
Modern digital signal processing units, Field Programmable Gate Arrays (FPGAs) [23] and
Graphical Processing Units (GPUs) are playing a vital role in fast processing for real-time
realization of next-generation ultrafast ultrasound imaging platforms [33].

For single plane-wave transmission imaging, the image quality obtained is low, owing to lack
of transmit focusing, but offers the advantage of high imaging speed, which is critical in emerging
ultrafast flow and elastography applications [34]. An approach to improve the one angle plane
wave imaging is to transmit several tilted ultrasound beams towards different angles, these
ultrasound waves are sent to the target location and the backscattered signals will be combined
together to produce a full image [35]. This angle compounding strategy significantly improves
image quality compared to single-plane-wave imaging while still maintaining high image quality
[32]. Such strategies have enabled high quality blood flow imaging (See Fig. 1I-3 (a), (b) and (c))
[36].

Plane wave imaging needs to compromise among contrast, resolution and sensitivity which is
important when imaging weak and slow blood flow scatterers. The main limitation of conventional
Doppler modes is we cannot detect and image blood flows in very small vessels (capillary with

diameter 50-200um) and with very low sensitivity.
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Plane Wav
40 angles

Plane Wav
17 angles

Fig. II- 3 (a) plane-wave imaging with frame rate ~18 000 fps, (b) 17-angles plane-wave compounding
with frame rate ~1000 fps, and (c) 40-angles plane-wave compounding with frame rate ~350 fps.

Reproduced with permission from [23]

To illustrate the trade-offs in imaging speed, resolution, and image quality, consider the point-
spread-function (PSF) study by [37]. A PSF is the image formed from a point target. The degree
of blurring of this point target is a frequently used and useful measurement of the quality of the
imaging system [38]. Fig.II-4 is a PSF acquired using a linear array transducer with 128 elements,
with pitch of 0.3mm and central frequency of SMHz. The voltage used for the transducer is 50V.
The maximum angle used for ultrafast compound approach is 9° and the sampling frequency is 20

MHz. A wire with 50pum radius in water is used for comparing different approaches.
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Fig. 4 shows the PSFs acquired with different imaging methods. The point is located at a
distance 8mm from transducer. The ultrafast compound plane wave imaging method can achieve

very good quality PSF without much blurring (See Fig. 11-4).
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Fig. II- 4 Point-Spread Functions (PSFs) for different imaging methods (a) Traditional Doppler, (b) Plane
Wave Imaging, and (c) Plane Wave Compound with 9 angles. (d) A transverse cut of the PSF for different

methods. Reproduced with permission from [36]

Researchers have done several experiments and show that when using the number of angles
larger than 40, the image quality, e.g., image contrast, SNR (signal to noise ratio) and resolution,
will reach that of conventional focused beam method [32]. Because of the increase of number of
angles, the data acquisition time is increased by a factor of 3-6, which depends on the number of
lines defined for conventional focused imaging. The more angles used for ultrafast compound
imaging, the better image quality we can achieve [39]. Fig. II-5 shows the image contrast as a

function of increasing number of plane-wave transmit angles.
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Fig. II- 5 Contrast for different imaging methods. Reproduced with permission from [36]
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Fig. II- 6 Ultrafast plane wave compounding for mouse’s brain. (a) Schematic of the imaging geometry.

(b) Mlustration of the plane-wave compounding imaging scheme and pulse sequence. (c) illustration of the
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processing to extract blood flow (d) ultrafast color Doppler image of blood flow in the brain (bottom

center) and Power Doppler image of the same (bottom right). Reproduced with permission from [40]

Recently, ultrafast plane-wave compounding methods have gained considerable attention in the
literature for applications including functional brain imaging [40] (Fig. 1I-6), and other

applications .

C. High frequency Ultrasound Imaging

High frequency ultrasound usually refers to center frequencies above 20MHz. Most diagnostic
clinical systems use frequencies in the 1-15MHz range, and most high-frequency ultrasound work
has focused on pre-clinical applications. However, recently ultrasound systems have emerged in
the commercial market for high-frequency clinical imaging including prostate imaging, pediatric
imaging, and small-parts imaging (e.g. Exact Imaging, FUJIFILM Visualsonics Inc.). With higher
frequency, improved lateral and axial resolution can be offered. The primary drawback of high
frequency ultrasound wave is that it has higher attenuation than diagnostic frequencies. The

attenuation can be described as below:
_ 5 2ax
I=1Ie (I1-10)
where I is the initial intensity, I represent the intensity after ultrasound wave passing along the

distance x, a is the attenuation coefficient and is proportional to frequency [14]. When the
penetration depth goes deeper, high frequency ultrasound waves will be strongly attenuated.
Typical penetrations of 20MHz ultrasound are ~lcm, compared with multiple centimeters for

diagnostic ultrasound.
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1. Flow Imaging Methods

Doppler imaging estimates vascular flow by tracking blood echoes. While continuous and
pulsed-wave Doppler systems measure blood motion along a single line-of sight, Color and Power
Doppler methods provide images of flow through a large field of view.

Color Doppler ultrasound measures blood flow shifts between successive interrogations to form
estimates of blood flow velocity along the beam direction. Speed and direction are displayed.
Typically, red color expresses a positive shift showing blood cells approaching the transducer,

while blue color shows negative one for cells moving away from the transducer.

a) Color Flow Imaging

In Color Flow Imaging, also called Color Doppler Imaging, we can estimate the velocity and
direction of flows. The velocity may be estimated from the phase shift of ultrasound backscattered
echoes. The blood velocity is estimated along every scan lines and form an image of flow. Then
we combine the flow pattern with the B-mode image, and the velocity is coded as the intensity of

color and direction is coded as assorted color (See Fig. 1I-7 as an example).

Fig. II- 7 Color doppler images with scaled color-coded velocities and directions. Reproduced with
permission from [41]
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For the normal B-mode image, only the amplitude of the backscattered echoes is imaged. For
blood flow visualization, the phase shift or frequency change can be detected as well as the
amplitude. This technique is the autocorrelation method of blood flow velocity estimation

introduced by Kasai in 1985 [41][42].

b) Power Doppler

Power Doppler displays the power of moving scatterers independent of speed and direction.
It has greater sensitivity to detect vasculature compared to color Doppler in part because of
insensitivity to the Doppler angle between the blood flow and ultrasound beam. However, no
velocity and flow direction information can be provided [43]. This benefit helps in imaging vessels
with very low velocity flow, a limitation of color Doppler.

This thesis focuses on improved Power Doppler methods at high-frequencies. However, our
ongoing work is aiming to use similar methods to also improve Color Doppler. Hence flow
estimation methods will also be reviewed here. First, we introduce Clutter filters as they are

common to both Power and Color Doppler methods.

2. High-Frequency Blood Flow Imaging

Improved imaging of blood flow at high frequencies is the main focus of this thesis. Previously
many groups have reported progressively improved efforts to image blood flow at frequencies over
20 MHz. Ferrara [1] reported using transducers with a central frequency of 38 MHz to detect flow
in vessels with diameter as small as 40um. And Vogt and Ermert [3] used SOMHz central frequency

transducers to image flow phantoms with inner diameter 500pum. Christopher implemented an
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experiment with S0MHz frequency transducer measured the blood flow in human veins with
250um diameter [44].

The major difficulties of current Doppler imaging is detecting and imaging small vessels with
sufficient spatial resolution and extract blood signals from moving tissues with acceptable signal-
to-noise ratio [41].

High frequency ultrasound can be used for monitoring the anti-vascular effect of blood flows
in tumors. With the major limitation (shallower penetration depth) of using high frequency
ultrasound, high frequency ultrasound imaging will be determined largely by the tissue properties
and tissue motion in the ROI (region of interest). Therefore, high frequency ultrasound offers
promising opportunities for high-resolution blood flow imaging at superficial depths. Unlike
traditional imaging, using high frequencies can maintain most information for the image.

One blood flow imaging method mentioned by Yang [27] (see fig.II-8) involves, sampling
multiple times in the same ROI, then subtracting two adjacent temporally images to cancel out the

image of tissue, thus leaving only the blood flow image.

b c

a

Fig. 1I- 8 Blood flow images at different velocities: (a) 7.4 cm/s, (b) 14.8 cm/s, (¢) 22.3 cm/s, (d) 29.7

cm/s, (e) 37.1 cm/s, (f) 44.5 cm/s, (g) 51.9 cm/s, (h) 59.3 cm/s. Reproduced with permission from [27].
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The system uses a 20-MHz single-element ultrasonic probe with a focal length of 14 mm and
aperture of 5 mm for the transducer, and the number of repetitions N is set to 4 with a 50-us interval.
The probe is driven by a step motor, and data are collected only in one direction of its movement.
There are 800 lines per frame, so the frame rate is approximately 3 frames per second_(fps). The
lateral dimension of the B-scan is 14.5 mm. The dynamic range of the gray scale of the images is
48 dB (8 bits).

Most of the existing high-frequency flow imaging methods track blood-flow shifts along a single
line of sight using traditional Doppler processing methods. Swept-scan methods with a single-
element transducer use a slight modification of this approach. Only in the last decade have high-
frequency linear arrays been commercialized and only in the last few years have systems become
available for researchers to implement new imaging techniques with high-frequency imaging
transducers. This thesis takes advantage of these new developments. We not only improve upon
traditional Doppler methods by investigating ultrafast plane-wave compounding methods for flow

tracking as discussed above, but we also introduce ultrafast focused imaging methods.

D. Clutter Filter

Clutter filters, also sometimes called wall filters are filters applied to reject tissue signals and
preserve signals from moving blood. For traditional ultrasound imaging (See Fig.II-9 for the
imaging system setup), one method of clutter filtering is to use a high pass filter as a wall filter to
remove the clutter as the clutter signals have a lower frequency compared with blood signals. After
this step we may perform Power Doppler imaging to integrate signals from moving blood, or we

can perform velocity estimation as described in the next section. However, it is often difficult to
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discriminate slow-moving blood signals from tissue signals, especially when tissue is moving due

to vessel pulsatility, breathing, or other tissue motion artifacts [14][45].
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Fig. II- 9 Overview of traditional ultrasound system. Reproduced with permission from [47]

More recently, Singular Value Decomposition (SVD) filters have been applied to decompose
signals into singular vectors associated with singular values rank ordered in terms of their
respective power components. Filters are constructed by retaining only singular values associated
with components thought to be associated with blood flow [46][47].This successful approach has
primarily been applied to tracking flow along multiple interrogations of a fixed A-scan line-of-
sight. Additionally, this approach presumes signals are wide-sense stationary random processes
for a Fourier Transform (Kharhunen-Loeve Transform) to enable proper filtering.

A more recent approach is the Singular Value Decomposition Filter (SVD filter), a Principal

Component Analysis (PCA) based filter. This approach was first described for blood flow imaging
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by Yu et al [48] for tracking flow along a single line-of-sight. It has since been generalized to
ultrafast flow imaging for spatio-temporal (rather than purely temporal) filtering. The ability to
track motion both temporally along a line of sign, and spatially has been used with great success
in discriminating very weak flows otherwise invisible to traditional Doppler methods [49]. Since
clutter signals are more coherent than the blood signals, SVD filter can be exploited to separate
tissue motion and blood flow [50].

One paper regarding using a high frequency ultrasound system (Verasonics Vantage system,
Redmond, WA, USA) and a high frequency linear array transducer with 256-element (MS550D,
FujiFilm VisualSonics, Toronto, ON, Canada) to acquire the 1Q signals. The central frequency of
the transducer is 40 MHz. Seven multi-angles plane wave were transmitted for acquiring the 1Q
signals from different angles. A SVD-based filter was used to extract the blood signal [51]. In
order to overcome the computational burden, as shown in Figure 10, sliding windows were used
to extract the blood signal. Each set of three-dimension data (depth, width, time) was reshaped into

a set of two-dimension data (depthxwidh, time) to get the covariance matrix [52].

I‘1‘1|_h|r;|,; Windaw | .‘hll'lll',.: Window 2

Uispld® Frame

Rate of 2-Hr

Singular Value Covariance
Decomposition Matrix
(SVD)
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Fig. II- 10 Singular value decomposition (SVD)-based algorithm. Sliding windows are tracked over
time and data is reshaped (bottom right) and a Covariance matrix is estimated (bottom, second right).
This is then decomposed via singular value decomposition. Dominant singular values represent strong

tissue scattering components, which are removed to leave blood signal which are then integrated to

form a Power Doppler Image (left). Reproduced with permission from [53].

One very recent paper published extends the SVD filter to 4 dimensions[53], two spatial
dimensions plus filtering over short ensemble sizes along single A-scans, plus filtering over
multiple frames [54]. This approach enabled more effective separation of different signal
components but required very long (tens of seconds) acquisition times, which may not be practical
[48]. Additionally, the processing overhead is computationally burdensome given the expensive
nature of the singular value decomposition [55]. The data acquisition array is showing in Fig.II-
11. One ultrasound focused pulse transmission, M temporal samples are received at fast time
sample frequency. For each line, echoes are recorded N times after every N pulses emission and
ultrasound beam are sent at the slow time interval which is the pulse repetition interval [56]. L
lines of echo data laterally separated by the spatial interval are recorded. A packet of data array
(NxMxL) is called a Doppler frame. And K number of Doppler frames will be recorded in total

[57].
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Fig. II- 11 Data acquisition process. Each line is generating an M x 1 vector. N echo vectors are recorded
at each line of sight. Repeating the acquisition process for L lateral lines of sight. Recording K super

frames in the 4-D array of 1Q data. Reproduced with permission from [58].

Example in vivo flow data is shown in Fig.II-12. Power Doppler image of hindlimb after 3™

order SVD filtering (in this case identical to eigenfiltering) is shown below:
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Fig. II- 12 Power Doppler images by using HOSVD filter to show perfusion. Left column shows images

4.8

144 0

of ischemic hindlimb and right column are the images of normal hindlimbs. Reproduced with permission
from [58].
E.

Autocorrelation Color Flow Estimation Methods

Received beamformed RF or in-phase and quadrature echo signals are used for flow estimation.

The velocity of the blood can be calculated by getting the derivative of the phase of signals. The
received complex signal can be expressed like below:

r(t)=x(t)+iy(t) (II-11)
The phase information a signal is:

® () =arctan iU}
x(t)

(1I-12)
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The derivative of the phase with time t is:

d arctan iU d 0
dP(?) x(?) 1 x(1) _x(@). g
= = X = (I1-13)
dt dt . (0 2 dt 2 (1) + y2 0
x(1)
_ Avit) _ Al
Where . dt_’ and = dt_ (I1-14)

What we measured are discrete time data, when we consider y are varied slowly, we can roughly

get:

dd(r) _ AD(k) _ x(k) [ (k) - y(k -1)] - y(k)[x(k) - x(k - 1)] _ Y(k)x(k-1)-x(k)y(k-1)
dt Ak x2(k)+y* (k) x*(k)+y* (k)

(11-15)

-i(znf(,z%t)

r(t)=ag(t)e (II-16)
Where g(t) is the envelop of the pulse. v, is the velocity along the z direction which the direction

of ultrasound beam transmission. Then we can get the equation below from equation (II-6):

2v,

d(—i(27zf0 t))
do c 2v
L7 Y -2 11-17
dt dt 7= ({-17)

In ultrasound imaging, we send pulses with the time difference which named pulse repetition

interval, T,,.. From equation (18), we use T, to be the time difference and we can get the

PRF

relation between phase shift and autocorrelation [41][58]like:

AD(T ) = O(t +Tppy ) - D(2)
V(T ) x(2)-x(1+ T ) (1)
x(t+TPRF)x(z‘)+y(t+TPRF)y(t)

_ Im{R(TPRF)} :
= arctan(—Re {R(TPRF)}J (IT-18)

= arctan
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where R (.) is the autocorrelation function.

Combining (II-17) and (II-18) together, we can get:

vy, = ——=—arctan

for nn{R<TPRF>}j

* Arnf, Re{R(Tpp )}
1 N.-2
2y Yk x(k)-x(k+1)y (k)
= _Cfﬂarctan Ni -1 (II-19)
4z f o " x(k+1)x(k)+y(k+1) y(k)

Equation (II-19) is the foundation for the next velocity estimation steps. The more lines that are
used for estimation, the more accuracy is expected in the estimation. In (21), the numerator and
denominator are calculated according to all the samples obtained to find the phase shift. From the
equation we can see the phase shift estimation relies on calculating the derivative of the received
signals. An improved estimate could be achieved by using a high order difference equation [42].

The estimation is calculated from the autocorrelation. The estimation of the mean velocity can

provide indication of the flow rate [59].

F. Vector Flow Imaging

Recent vector flow imaging methods have enabled estimation of velocity and direction
information at every pixel [60]. Ultrafast compound imaging using multi-angle plane wave
emissions to obtain large amount frames for vector velocity estimates to generate a blood flow
motion image at the frame rates in the doppler pulse repetition frequency [61]. Pixel values in the
image sequence at different location and time are computed from IQ data of each pixel after the

wall filter.
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These sequences can capture motions with the speed same as frame rate which equals to the
PRF (pulse repetition frequency). It introduces a full image of flow dynamics as a motion in the
blood flow reflectivity [62]. This approach can get frame rate around 500 fps compared with 30 to
40 fps for the traditional color doppler imaging, which make it possible to provide quantification
of very fast transitory within cardiac cycle which cannot be detected by conventional scan [63].

In recent years, new technique with cross-beam Doppler flow vector estimation has been
implemented. The new implementation has: 1) single line, multi-gate flow vector estimation [64],
and 2) vector flow mapping for the whole filed of view [65]. The multi-direction velocity
estimation has been used of plane wave transmission to enhance the frame rate [66] and least-
squares flow vector estimation [67], which has became clinically available as a real time diagnostic
mode in Mindray’s new Resona 7 platform. Another approach has combined synthetic aperture
imaging, spread spectrum approach and using frequency coded waveforms in parallel to enhance
the imaging speed [68].

In order to manage the real time imaging, each element processes its own emission or reception
electronic board with its own 2M bytes memory which can store successive transmission and
reception. Beamforming can be programmed and stored in a RAM. Backscattered RF signals are
stored in 2Mbytes memory and transport into computer after acquisition, which can obtain around
300 RF datasets (~60mm depth) each sequence. The vector displacement can be measured between
two plane wave frames by implementing the speckle tracking technique (1-D cross-correlation
algorithm) on successive speckle images (i.e., two successive left images and two successive right

images).
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Fig. II- 13 Acquisition and post-treatment processing for typical vector flow imaging methods

Reproduced with permission from [70].

Traditional Doppler approaches can only estimate axial direction component of flow velocity to
the transducer [69]. It is difficult to demonstrate complex flow patterns [70]. The Transverse
Oscillation (TO) can be generated by using receiving apodization with two peaks to make a
transverse oscillation [71] (see Fig II-14). A transverse movement to the ultrasound beam can yield

frequency proportional to the transverse velocity [72].
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Fig. II- 14 Illustration of transverse oscillating. The apodization applied on the linear array transducer

for generating left and right two beams. Reproduced with permission from [73].

In TO, a quadrature signal can be generated by focusing two parallel ultrasound beams displaced
by a quarter wavelength Ax /4 to have a /2 phase shift between the beams [73].
The velocity components for axial and lateral directions can be estimated by using four samples

[74] obtained from each transmission from the complex signals of two parallel ultrasound beam:s.

Then get two components are obtained independently [75].

- A ><mmn(3(1?1(1))91(Rz(1))+s(R (1))91(1@(1))} (11:20)

Y 4xT,, R(RD)R(R,1D))-I(R,1))I(R (D))

) xarctan(S(Rl M)R(R, 1)~ I(R,1)R(R, (1))} @21
4rT,, R(RD))R(R,(1)+I(R, 1) I(R (1))
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Here Rx (1) is the lag one complex autocorrelation. where I denotes the imaginary part and R is

the real part. Tt 1s the time between ultrasound pulses [66].
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Fig. II- 15 . Transverse Oscillating vector flow image from the carotid artery. The arrows show the

velocity direction, and the color shows different magnitude. Reproduced with permission from [61]

In this thesis we do not develop vector flow imaging but discuss a new pulse sequence for ultrafast
imaging with improved signal-to-noise ratio that could be used to implement vector flow imaging
in the future. Given that current vector flow imaging methods struggle with signal-to-noise ratio,

our proposed approach should be of considerable interest.
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III. Ultrafast Focused High-Frequency Power Doppler Imaging

A. INTRODUCTION

Ultrafast imaging has recently demonstrated impressive capabilities for imaging blood flow in
the microcirculation. Microcirculation imaging is important for assessing skin, prostate, placenta,
and other organs. Imaging tumor microcirculation is essential in diagnosis and prognosis, and
tracking treatment efficacy of therapeutic agents [4][24]. It is also offering unique opportunities in
imaging of brain neuro-vasculature and function [40]. High-frequency ultrasound (>20MHz)
offers unique opportunities for blood flow imaging at superficial depths owing to high spatial
resolution, and high backscatter from blood [26]. Most high-frequency microcirculation Power
Doppler imaging methods have relied on traditional Doppler imaging sequences. Emerging
ultrafast plane-wave imaging methods are further pushing the limits of sensitivity to slow flows
[76]. Because depths are superficial for high-frequency ultrasound, minimal time-of-flight can also
lead to high imaging rates, even with focused beam imaging [23]. In this paper we compare
ultrafast focused beam imaging to traditional Power Doppler and ultrafast plane-wave methods for

a 21-MHz array using a high-frequency programmable ultrasound platform.

Traditional Doppler (TD) Imaging emits multiple focused ultrasound beams along a line-of-sight
and then moves to next scan-lines, repeating this process until M scanlines are acquired with an
ensemble of N pulses at each scanline position. Traditional Doppler methods track scattered power

of moving blood only along each respective line-of-sight.
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In contrast, ultrafast ultrasound methods aim to acquire images rapidly and enable large
ensemble sizes as well as enable spatio-temporal filtering which together have shown to greatly

improve sensitivity to slow flow in the microcirculation.

Traditional Power Doppler methods offer focusing of the transmit energy, leading to high SNR,

unlike plane-wave methods.

We investigate ultrafast high-frequency focused imaging (Data acquisition is illustrated in

Fig.IlI-1) as compared with traditional Doppler and plane-wave imaging.
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Fig. llI-1 Data acquisition procedure of ultrafast high frequency focused imaging method. Each subset of
transducer elements used to generate one focused ultrasound beam and using receive signal to create one

A-scan until get whole B-scan frame.
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High imaging rates are possible when imaging at superficial depths and a large ensemble of
image frames with this approach additionally enable spatio-temporal filtering approaches,
previously shown to offer advantages for flow imaging [48][34]. We use a 256-element linear
array transducer with central frequency of 21MHz. We use spatiotemporal clutter filtering based
on Singular-Value Decomposition (SVD) filters to remove tissue motion clutter [14]. Phantom

experiments, and in vivo imaging studies are performed to compare the above-mentioned methods.

B. Methods

1. Experimental Setup

A Verasonics Vantage system was programmed to generate ultrasound imaging sequences. We
used a high frequency linear array transducer LZ250 from FUJIFILM Visualsonics containing 256
piezoelectric elements. Table I below shows the main attributes of the transducer and parameters

used during the imaging procedure.

Flow phantoms are used for comparing flow imaging methods. We use 200ml 10% concentration
gelatin (G2500-1KG, SIGMA-ALDRICH) solution mixed with 50ml 10% concentration corn
starch solution to mimic tissue and a ~20% corn starch solution for blood mimicking fluid [77][78].
In some experiments below we also use rat blood. We used a Polyurethane tube (PU-33-50, SAI-
Infusion Technologies) with inside diameter of 0.015 inches and outside diameter of 0.033 inches.
A syringe pump (NE-300, New Era Pump System, Inc.) was used to push the solution at the

required flow rate. The minimum velocity achievable was Imm/s.
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TABLE 1
PARAMETERS OF EXPERIMENT

Parameters Value
Transducer type VisualSonics LZ250
Transducer center frequency 21 MHz
Doppler pulse length 2 cycles
Ultrasound propagation velocity 1540 m/s
Channel data Sampling frequency 83.32 MHz
Pitch 0.16mm
Kerf 0.09mm
2. Comparison between imaging methods

Single-plane-wave imaging offers high-frame-rate at the cost of image quality. Multi-angle
plane-wave compounding improves image quality at the cost of imaging speed [79]. We design
experiments to compare all these methods. First, we used flow phantoms with a vessel located at
a depth of 8mm. The transmit focal depth is defined in to be 8.5 mm.

PWI creates each B-scan through angled plane wave transmissions [63]. In comparing with
single plane-wave imaging, we keep the pulse-repetition rate the same, fixed at IKHz. To compare
with multi-angle plane-wave compounding we fix the number of transmit events per image and
the pulse repetition rate. In other words, we set the number of A-scan lines of UFFI to be the same
as the number of angles of ultrafast compound plane wave imaging to achieve the same frame rate
for both techniques. In particular, we use 32 transmits per B-scan for each of UFFI and plane-wave

compounding. Again, the pulse-repetition rate is set to 1KHz.

37



To compare ultrafast focused imaging with traditional Doppler we keep the same PRF and the
same total number of transmit events. In particular, for ultrafast focused imaging we collect 80 B-
scan frames of 64 A-scan lines and for TD we collect 10 Doppler frames, each having an ensemble
size of 8. In the case of the TD methods, we average the 10 Doppler frames to form one net Power

Doppler image.

3. Impact of UFFI Ensemble Size

To show the influence of ensemble size on the flow discrimination capability of UFFI, we
designed an experiment to use UFFI to image a flow phantom with two vessels separated by less
than 3 mm to get 50, 80 and100 frames respectively. The depth of the first vessel is around 10mm

and the second is 13mm.

4. Testing Different Flow Velocities

To test the hypothesis that ultrafast focused scanline imaging may offer improved SNR at low
flow velocities we varied flow speeds of rat blood in our phantom. Again, we set the pulse-
repetition rate to 1KHz for all cases. We set the number of A-scan lines of UFFI to be the same as
the number of angles of ultrafast compound plane wave imaging to achieve the same B-scan frame
rate. Rat blood mixed with anticoagulant (heparin) was flowed through the phantom at speeds of

Imm/s and 1cm/s [80].

5. Filtering and Signal Processing

SVD spatiotemporal filtering [48][14][45] is used to remove clutter on flow phantom images
for all methods. The first 10 singular values were removed, representing tissue components. In the
case of Traditional Doppler, filtering is restricted to a single A-scan line location, but we use data

from all Doppler frames.
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The power Doppler signal was calculated according to the beamformed 1Q data:
l v 2 2
PD= (ﬁ Yl m+0 (n)j (I11-22)

Where I is the in-phase component and Q is the Quadrature component of the signals obtained

after demodulation of the RF data, and N is the ensemble size [26][81].

6. Experiments in vivo

A murine model was used to study our approach for blood flow imaging. We place a gas-
anesthetized mouse on a pad and remove the hair on the back flank. We used the LZ250 high
frequency transducer with ultrasound gel to locate the kidney of mouse. We used real time B mode
ultrasound flash imaging for navigation then ran scripts to perform blood flow imaging with TD,
PW and UFFI methods, respectively. The transducer attributes and imaging parameters are the
same as that in Table I. All experiments were performed following protocols approved by the

Animal Care and Use Committee of the University of Alberta.

A similar in vivo experiment was performed on the palm of a human subject. These were

conducted using protocols approved by the University of Alberta Research Ethics Office.

7. Quality Metrics

To quantify signal-to-noise ratios in experimental images, we use the mean Power Doppler signal
over the whole image relative to noise standard deviation acquired when imaging no object.
Results are reported in dB. To quantify variance of Power Doppler signals, we manually select
regions of interest where blood vessels are present and quantify the standard deviation of the Power

Doppler signal, reporting the result in dB.
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C. RESULTS

1. Experiments with phantoms

Here we describe the results of section B.2. One angle Plane wave imaging (Flash Imaging) can
acquire images very quickly but with the inevitable drawback of poor image quality, as the
ultrasound beam is not transmit-focused [25]. From Fig.III-2, single-angle PWI demonstrates more
noise compared to other methods and TD shows blood flow signals without continuity. Multi-
angle plane wave imaging offers significantly improved performance [32], however, we can see
from Fig.III-2, achieved the best image quality with lowest variance and high SNR. These images
were acquired using low velocity flows (~1mm/s). The SNR of PWI, TD, ultrafast compound
imaging and UFFI methods were measured to be 11.9, 21.2, 31.4 and 41.4 dB, respectively. The
standard deviation in dB of PWI, TD, ultrafast compound imaging and UFFI methods were
measured to be -6.1,-5.2, -7.6 and -10 dB, respectively. The area under the ROC curve as described
in the methods section II.G was found to be 0.580, 0.664, 0.881, and 0.935 for PWI, TD, plane-

wave compounding, and UFFI, respectively.

Fig. I1I-3 illustrates that when the B-scan frame-rate of UFFI is made to be the same as TD, UFFI
offers greatly improved performance, both in terms of SNR and variance with the vessel. This is
expected since we can achieve 160 times larger ensemble size compared with that of TD, even
though the same number of transmit events is used. When the UFFI PRF is lowered to 1KHz to
match that of TD, the results, shown in Fig. III-3B, are less impressive. This is also the case when
the frame rate of UFFI matches the TD Doppler frame rate, but a wider image is acquired, as shown

in Fig. [1I-3D.
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Fig.Il1-4 shows the larger ensemble size with the proposed UFFI method, the greater the Power
Doppler Sensitivity [82][42]. The SNR of 50, 80 and 100 ensemble size of UFFI methods were
measured to be 30.1, 36.4 and 41.0 dB respectively. The standard deviation was measured to be -
4.8, -5.3 and -6.4 dB. The area under the ROC curve was found to be 0.622, 0.794, and 0.881 for

ensemble sizes of 50, 80 and 100, respectively.
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Fig. I1I-2 Power Doppler images of flow phantom with vessel located at 10-11mm penetration. Flow
velocity is I1mm/s. (A) Plane Wave Imaging method with prf and frame rate 1KHz; (B) Traditional
Doppler method with prf 1KHZ; (C) 32 angles ultrafast compounding imaging method with prf

1KHz; (D) UFFI (Fast Walking Aperture) method with 32 A-scan lines for one B-scan, prfis 1KHz.
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Fig. I1I-3. Power Doppler images of a flow phantom with mean flow velocity set to 1 cm/s using
methods described in Section II.B. (A) Traditional Doppler method, the pulse repetition frequency
(PRF) is 1 kHz; (B) Ultrafast Focused Imaging (UFFI), PRF is 1 kHz; (C) UFFI with frame rate set to 1
kfps, equal to the PRF of Traditional Doppler in A; (D) UFFI with the same frame rate and acquisition
time and acquisition time as Traditional Doppler. In this case a larger field-of-view is acquired at the cost

of Power Doppler sensitivity.
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Fig. I1I-3 Power Doppler imaes of flow phantom with two vessels located at depth of 10mm and 13mm.

(A) UFFI with ensemble size 50; (B) UFFI with ensemble size 80; (C) UFFI with ensemble size 100.
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Fig. I1I-4 Power Doppler images of flow phantom with the vessel located at depth of 8mm. The left
column is imaging blood flow of 1mm/s, the right column is for 1cm/s blood flow. We use 1KHz PRF
for all cases. (A) and (B). PWI method; (C) and (D). TD method; (E) and (F). 32-angle-Plane-wave

compounding method; (G) and (H). UFFI method.
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Fig. IlII-5 demonstrates that at blood flow velocities down to Imm/s and up to 1cm/s, UFFI
provides the highest SNR and lowest variance. Single plane-wave imaging, in particular, suffers
from poor SNR for both flow velocities. Traditional Doppler offers improved SNR, but the
variance is poor. Plane wave compounding offers improvements, but SNR and variance are still
inferior to UFFI, especially at low flow velocities. The measured SNR and standard deviation are

shown in below Table 1I:

TABLE 2 MEASURED SNR AND STANDARD DEVIATION

SNR(dB) Standard AUC
Deviation (dB)

Imm/ | lem/ | Imm/ | lem/s | Imm/s | lcm/s

S S S
PWI 11.2 10.0 | -49 -5.2 0.533 0.590
TD 18.1 22.0 | -4.7 -5.2 0.538 0.621
Compounding 28.1 35.1 |-6.3 -7.3 0.866 | 0.922
UFFI 333 423 | -6.6 -7.6 0.900 | 0.945

2. In vivo study

Fig.I1I-6 shows the Power Doppler images of a mouse’s kidney, acquired with different methods.
Fig. III-6A shows the UFFI method with measured SNR 39.2dB compared with Traditional
Doppler with SNR 25.4dB (Fig.I1I-6B) and plane-wave Doppler with SNR 13.3dB (Fig.III-6C).
The area under the ROC curve was calculated to be 0.733, 0.630 and 0.560 for PWI, TD, and UFFI,

respectively.

Again, UFFI offers greater Power Doppler sensitivity and lower noise compared with the other
methods. This is also seen in the image of the human palm, shown in Fig. III-7. The SNR of PWI,

TD, ultrafast compound imaging and UFFI methods were measured to be 13.4, 20.3, 34.2 and 40.5
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dB, respectively. The area under the ROC curve was measured to be 0.583, 0.703, 0.890, and 0.906

for PWI, TD, plane-wave compounding, and UFFI, respectively.

Fig. 1II-5 Power Doppler images of blood flow in the kidney of a mouse. (A) UFFI method; (B)

Traditional Doppler imaging. (C) Single angle plane wave imaging.
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Flash Imaging 9 Angle PW Ima

Traditional Doppler Walking Aperture

Fig. I1I-6 Power Doppler blood flow images of the palm of hand. (A) PW imaging with one direction.
(B) 9 angles PW imaging. (C) Traditional Doppler method. (D) UFFI (fast walking aperture) imaging

method

D. DISCUSSION

UFFI imaging is based on fast successive emissions of high frequency focused ultrasound waves.
The backscattered echoes from theses focused beams transmission are combined line by line,
frame by frame and reconstructed to resynthesize ultrasound images which exhibit higher image

quality and improved frame rate.

It should be mentioned that in all cases, we set the transmit voltage to 40V. This is the maximum

voltage that the transducer could safely be operated at. If we were not limited by the transmit
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voltage, and instead were limited by ultrasound safety parameters (such as the mechanical index
and thermal index) it could be possible that plane-wave methods could use a higher transmit level

and achieve improved SNR. However, signal variance may not necessarily be improved.

Overall, we found that UFFI methods offered high SNR due to beam focusing, and high Doppler
detection performance (as quantified by the area under the ROC curves) due to fast acquisition and

large ensemble sizes, compared with other techniques.

UFFI does have the limitation of requiring imaging over small window sizes, however, multiple

window acquisitions can be mosaicked to form a larger image.

E. Conclusion

This paper compared different approaches for blood flow imaging. Ultrafast high-frequency
focused beam imaging has the potential to provide ultrafast imaging with higher SNR and lower
variance than one angle plane wave imaging at the same frame rate. Also, when using ultrafast
high frequency focused imaging in flow phantom experiment, we acquired images with higher
SNR than those acquired at the same frame rate by multi-angle plane wave imaging. By contrast
with traditional Doppler imaging, UFFI shows advantages on imaging speed, sensitivity of slow
flows and width of image region. Traditional Doppler is not sensitive to slow flows due to the
slow imaging speed [57]. Current work is exploring velocity estimation methods to extend current

work on Power Doppler for high-frequency arrays.
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IV. Conclusion and Future work

A. Summary of work done in this thesis

In summary, we demonstrated high-resolution sensitive blood flow imaging using high-

frequency array transducers and novel pulse-sequence- and processing techniques.

We implemented both simulation and experiments to compare our proposed Ultrafast Focused
Imaging (UFFI) method with Traditional Doppler Imaging, Plane Wave Imaging and Plane Wave
Compounding. Since UFFI use focused ultrasound beams, compared with other ultrafast imaging
methods, it demonstrates advantages including higher SNR, improved sensitivity, and lower
variance than both Plane Wave Imaging and Plane Wave Compounding techniques. By contrast
with Traditional Doppler Imaging, UFFI shows higher imaging speed, and improved sensitivity.
Larger ensemble size and improved SNR due to focusing enable the proposed UFFI method to
provide improved image quality compared to the other methods discussed, where attempts were
made to make fair comparisons, including keeping some parameters fixed between comparisons.

The comparison can be summarized as follows:

1. Compared with Traditional Doppler Imaging: UFFI offers improved B-scan imaging speed
and Power Doppler sensitivity when keeping the same pulse repetition frequency, same
Doppler frame rate and same data acquisition time

2. Compared with Plane Wave Imaging: UFFI offers improved Power Doppler sensitivity and
lower variance when keeping the same ensemble size. Addtionally B-scan image quality is
improved.

3. Compared with Plane Wave Compounding: UFFI provides reduced variance and improved

Power Doppler sensitivity when keeping the same ensemble size and the same B-scan
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imaging frame-rate. Here the number of plane wave compounding angles is the same as the

number of lines of Ultrafast Focused Imaging to achieve the same frame rate.

Ultrafast Focused Imaging shows higher SNR and better sensitivity on both phantom study and
experiments in vivo compared with other three imaging methods, especially for slow velocity

flows.

B. Future work

1. Clinical Translation

The current developments have been implemented with offline processing. Additional work
should aim to achieve real-time implementation and clinical translation for cancer, diabetes,

cardiovascular medicine, neurovascular imaging, and other applications.

2. Blood velocity estimation

Current work will involve exploring velocity estimation methods to extend UFFI methods for improved
Color-Flow imaging using high-frequency arrays. We are investigating Kasai autocorrelation algorithms to
estimate velocity for UFFI-based blood-flow imaging. Future work could also include improved vector-
flow imaging. Our hypothesis is that UFFI should enable improved velocity estimation and sensitivity to

slow flows in the microcirculation.

3. Combining Photoacoustic Imaging and Ultrafast Focused Imaging

The rate of oxygen metabolism is an important potential metric that could be of considerable

clinical importance. The capability to accurately image the rate of oxygen consumption has been
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a sought-after goal. However, current methods suffer from severe limitations and lack quantitation.
Recently, our group demonstrated the combination of photoacoustic imaging and Doppler
ultrasound to measure oxygen flux and metabolic rate of oxygen consumption. Multi-wavelength
photoacoustic imaging is capable of estimating blood oxygen saturation. Paired with the ability of
Doppler ultrasound to image blood flow, the combined techniques offer considerable potential for
oxygen metabolism estimation of tissues and organs such as the brain. However, our recent work
was limited to a mechanically-scanned single-element transducer. Additional work should extend
contributions in this thesis to imaging blood flows in combination with photacoustic imaging using
a high-frequency array transducer. This may enable much faster image acquisitions and more

accurate oxygen flux estimates.
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