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CHAPTER 1: Introduction
1.1 Synopsis

The overarching goal of this thesis is to develop focused ultrasound (FUS) therapy and imaging methods to
enhance the application, guidance, and monitoring of FUS therapies that use acoustically active particles. FUS is a
noninvasive method to focus energy into the body that is being explored for a variety of healthcare applications that
are either FDA-approved or undergoing clinical trials. Thermal ablation with FUS is being used to treat bone
metastasis [1], essential tremor [2], Parkinson’s disease [3], and prostate cancer [4]. Outside of these FDA approved
applications, FUS is extensively used to deliver drugs after opening blood-brain barrier (BBB), both in humans and
in animal model in research setting [5]-[7]. Literature also notes clinical trials that use FUS for treatment of breast
cancer [8]-[10]. A challenge common to all applications of FUS is the process of guiding and monitoring therapy
while avoiding off-target effects. This thesis develops ultrasound-based approaches to improve this process.

One of the main challenges with focused ultrasound therapy is focusing energy into the body while avoiding
off-target effects, such as unintended tissue heating [10]. Such off-target heating has been reported in literature for
FUS ablation clinical trials where in clinical trials of breast cancer treatment, off-target effects such as skin burns
were reported [11], [12], due to long treatment duration (>30 mins) at over 1000W/cm?2. In clinical trial of
thalamotomies [13], new skull lesions appeared three months after FUS treatment due to off-target heat deposition.
Such off-target heating is undesirable and can add to patients’ recovery time. By combining pressure sensitive
acoustically active particles, such as phase shift nanodroplets (PSNDs) with FUS, we can reduce off-target heating
by increasing acoustic absorption only at the focus and sparing tissues in that are in the FUS beam path but not at
the FUS focus [14], [15]. In this thesis, | combine PSNDs with multiple focus ablation patterns to increase ablation
efficiency and ablation volume while maintaining only a 3.5°C temperature rise at surface. At the same pressure and
energy, the surface heating was comparable, and no ablation was seen in scenarios where PSNDs were not employed.

Another fundamental challenge of focused ultrasound treatment is that of targeting and monitoring, which is
typically performed under MRI guidance. MRI is the gold standard for image guidance with FUS due to its ability
to provide anatomical guidance and direct monitoring of temperature in real-time. Because MRI can be costly and
limit accessibility, methods to target and monitor FUS treatments outside of the MR environment are desirable [16],
[17]. By incorporating ultrasound imaging (or more generally the reception of ultrasound signals), we can create
image guidance and monitoring methods that complement and enhance FUS therapies. In this thesis, | developed
methods where | registered ultrasound imaging transducer and focused ultrasound transducer to open blood-brain
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barrier (BBB). To open BBB, | use the same acoustically active particles, microbubbles (MBs), to transcranially
image rat brain vasculature and open BBB wherein the transcranial image of rat brain vasculature was used to guide
FUS therapy. | also used the same imaging transducer to passively record acoustic activity during FUS procedures
to monitor any tissue related damages.

The methods discussed in this thesis are overall aimed to enhance focused ultrasound therapy outcomes at the
focus, while reducing off-target tissue heating. Methods discussed in this thesis combine acoustically active particles
to bridge the gap between focused ultrasound and imaging ultrasound such that ultrasound imaging can be used for
targeting focused ultrasound and can be used for delineating effects of change in blood flow due to external

stimulations. The objectives of the methods discussed in this thesis are covered in later chapters and are as follows:

Chapter 2: In chapter 2, I go into details about methods that have been developed to enhance ablation and make
ultrasound guided focused ultrasound experiment in in-vivo possible. I talk about methods that helped in registering
focused ultrasound transducer with imaging transducer and methods that were used to monitor acoustic emissions

generated during FUS treatment.

Chapter 3: Improving the Heating Efficiency of High Intensity Focused Ultrasound Ablation Through the Use of
Phase Change Nanodroplets and Multi-focus Sonication. We developed methods to incorporate phase shift
nanodroplets (PSNDs), which are acoustically active particles, that only enhance heating only in the focal regions
all the while sparing pre-focal regions. We also combined PSNDs with multiple foci FUS ablation patterns that

increased ablation volume at the focus but did not result in ablation pre-focally.

Chapter 4: Using Passively Detected Acoustic Signals to Characterize Ultrasound Gated Nanoparticles. We
developed methods where we characterized the responses of acoustically active nanoparticles using passive
detection of receive signals on imaging ultrasound elements. We used ultrasound gated nanoparticles that release
drugs upon FUS sonication. Additionally, we used ultrasound imaging transducer to record cavitation activity to
monitor FUS procedures. Hence, we developed an all-ultrasound system that could sonicate ultrasound gated

particles and record emissions which could indicative of any harmful FUS activity.

Chapter 5: Combining power Doppler ultrasound imaging and fast frame rate passive acoustic mapping algorithm.

2



We used microbubbles (MBs),

an acoustically active particle,

for both ultrasound imaging and

Surgery

FUS to image and open BBB

using ultrasound  guidance. Chemotherapy

Methods developed in this

Hormonal therapy
chapter could map and monitor

cavitation activity during steered Radiation therapy

© 66 O
D ® 6

FUS sonication of MBs flowing Biological therapy

in a cellulose tube in presence

and absence  of  skull.
Figure 1.1: Different modalities that are currently used for treatment of
Additionally, we could target cancer are either invasive or have substantial off target effects.

brain regions within 1.1mm

accuracy using ultrasound imaging to open blood brain barrier by pairing MBs with FUS in rats. Overall,
developments in this chapter allowed us to use ultrasound images, rather than MRI images, to safely open blood
brain barrier. Passive acoustic map and cavitation monitoring was used to inform us of any vasculature damage in

brain.

Chapter 6: Use power Doppler ultrasound imaging to map blood flow activity in the rodent brain at varied
stimulatory frequencies. We combined MBs with ultrasound imaging to develop methods that could measure
changes in blood flow in response to external stimulation. Methods developed in this chapter could potentially be
combined with FUS neuromodulation procedures to develop an all-ultrasound method to perform and study the
effects of neuromodulation.

1.2 Significance

Current treatment of soft tissue diseases such as breast cancer or liver cancer often involve invasive procedures
such as surgery or ionizing procedures such as radiotherapy (Fig 1.1). In a recent review [18], authors evaluated the
risk of surgical site infection after breast cancer surgery. The researchers found that about 13.07% of patients had
surgical site infection after breast cancer surgery. A second study evaluated the risks of radiation and found that

radiation dosage can impact the heart and cause secondary malignancies in lungs [19]. Recent advancements in FUS
3



treatments have made it an attractive option as it is completely non-invasive and non-ionizing and can target deep
tissues precisely, like the red focal spot in Fig 1.2 [20]. FUS can be applied to either cause destruction of tissues
and vessels via thermal deposition of energy (e.g. tissue necrosis or thermal ablation) or can be used non-
destructively to modulate neurons and deliver drugs [11], [21]-[23]. When focused ultrasound is used for eliciting
destructive effects in tissues, it is often termed as high intensity focused ultrasound (HIFU). HIFU has been FDA
approved for treatment of uterine fibroids [24] and pain management for bone metastasis [25] and has been used in

clinical trials for treating liver cancer [8], [26], [27], and breast cancer [9].

FUS has also been implemented to ablate brain
tissues to provide symptom relief in essential tremor

patients [28]. The standard treatment options for treating

essential tremor are radiofrequency lesioning, deep brain

=‘:0" stimulation, and gamma knife surgery [29]. In

'0 : “‘ \’ radiofrequency lesioning, a probe is inserted into the

'I : i‘ ’;‘ brain to burn neurons in the desired area which makes

:‘ E ‘;‘ ’0‘ this procedure very invasive. Similarly, deep brain
I - ‘; “ stimulation entails inserting one or more electrodes in the

brain making it a highly invasive procedure. Gamma

knife radiation involves using ionizing radiation

Figure 1.2. Non-invasive targeting via FUS. transcranially to generate a permanent lesion in the brain.

Focused ultrasound can non-invasively target soft
tissues such as liver and can cause ablation by
converging non-ionizing ultrasound waves at the
desired regions.

Analogous to soft tissue ablation treatments, brain
ablation treatments are marred with ionizing and invasive

procedures and FUS can be implemented to avoid these

invasive procedures.

An important aspect of successful FUS treatment is avoiding pre-focal tissue damage, which usually occurs
during HIFU therapies where tissue in the beam path may experience secondary degree burns [11] or can induce
skull heating [30], [31]. Another key to successful FUS treatment is accurate targeting, which is provided usually
by MRI. Collectively, off-target heating, and MRI targeting fundamentally limits a wide-scale adoption of FUS.

Hence, improvements in methods to reduce heating of the tissue in beam path while making FUS more portable are



Complication Time(min) HIFU params

Gianfelice (2003) 0.1-8.8cm?3 Skin burn (2) 35-133 80-271 W

Khiat(2006) 0.1-11.2cm3| - - -

Furusawa(2006) 0.5-2.5cm3 Skin burn(1) 76-131 -

Wu(2006) 3.1cm Skin burn (4) 45-150 5000 - 15000
W/cm?

Merckel(2016) 2 cm Pain of score 4 12-75 50-100W

Table 1.1: Clinical trials of breast cancer. Various clinical trials have used HIFU for ablating breast
cancer but using high powers for over 2 hours have resulted in pre-focal complications such as skin
burns and pain.

needed. The objective of this work is to overcome these limitations and perform successful FUS treatments without
causing any unintended heating at an off-target location by using an all-ultrasound guided system that can target and

monitor FUS treatments.

121 FDA-approved FUS applications
Currently in the United States, FUS is FDA approved for uterine fibroid treatment and essential tremor

treatment. Uterine fibroid is one of the most common benign tumors in women of childbearing age. The first clinical
trial of MRI guided FUS (MRgFUS) treatment of uterine fibroid treatment ablated a small volume of fibroid and
used MR thermometry to evaluate the temperature rise which was followed by surgery and then histological
evaluation of the damaged tissue [32]. The study showed a good correlation between thermally coagulated tissue
volume and the non-enhanced tissue volume in post-treatment contrast enhanced scan. In studies conducted after
this initial study[33], treatment were completed without removing the fibroid and showed that the treatment can be
performed on an out-patient basis. Patients observed symptomatic relief and results were significantly better in
fibroids that received larger coagulated tissue volume[33]. Eventually, HIFU treatment of uterine fibroid was FDA
approved in 2004. Following the approval, a retrospective study [34]comparing uterine-sparing surgery and
ultrasound-guided high intensity focused ultrasound (USgFUS) ablation of fibroids in 245 women from 2007 to
2015 found that 95.9% of patients undergoing USgFUS saw symptomatic relief compared to 89.1% of patients

undergoing uterine-sparing surgery. USgFUS group saw statistically significant symptom relief and lower
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recurrence rate (p<0.05) than uterine-sparing surgery, confirming long-term clinical outcomes of USgFUS may be
better than surgery.

Focused ultrasound also received an FDA approval in 2016 for treatment of essential tremor, a disorder of
thalamus resulting in an involuntary and rhythmic shaking. FUS allows accurate and spatially controlled energy
deposition in the ventral intermediate nucleus of the thalamus for ET treatment. The first line of treatment for ET is
pharmacotherapy but approximately 50% of people with ET experience recurrent tremor and cannot control tremor
with medication, or have medication induced side-effect [35]. Patients with recurrent or uncontrollable tremor
decide to undergo invasive procedures such as deep brain stimulation [36] or ionizing Gamma Knife (GK)
radiosurgery [37]. The adverse effects induced by DBS during implantation [38] or by radiation due to GK can be
mitigated by combining technical advantages of MRI and FUS where MRI can non-invasively guide non-ionizing.
FUS treatment and give real-time feedback. Studies have shown that MR guided FUS thalamotomy was effective
for ET treatment [28], [39], [40], especially when medications failed to work [41]. Patients saw an improvement in
mean hand-tremor score by 55% at 6 months and the improved was durable at 1 year (53%) and at 2 years (56%)
[39]. In one recent study [41], authors evaluated improvement in tremor in clinical outcomes of MRgFUS
thalamotomies at 1 year post-treatment. Researchers found that up to 73.6% of patients had minimal or no disability

due to tremor after MRgFUS thalamotomy and improvement sustained throughout the 12-month follow-up.

1.2.2  Next generation uses of FUS: moving beyond ablation

In research, the implementation of FUS spans beyond ablation and can be combined with different
acoustically sensitive and thermal sensitive particles to deliver drugs to tumor regions in soft tissues and to open
BBB. The sections below discuss some capabilities of FUS in combination with MBs and nanoparticles for

treatment of cancer and brain malignancies.

1.2.2.1 Ultrasound-targeted microbubble destruction (UTMD) for cancer therapies

Aside from soft tissue ablation and thalamotomy, FUS can contribute towards treating malignancies of
brain and soft tissues without requiring ablation by combining FUS with MBs wherein it destroys MBs for the
purposes of targeted drug delivery. The advantage of this method is that it can cause delivery of drugs encapsulated
in MBs and thereby release locally upon FUS application. By releasing the drugs locally, it improves the safety

margin of drugs with many side effects. In literature, there are several examples of UTMD. For instance, ultrasound
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targeted delivery of miR-133a-MBs was able to cause tumor regression in breast cancer treatment in-vivo [42]. In
other pre-clinical settings, UTMD has been investigated for liver tumors in an orthotopic animal model by locally
releasing the drug after ultrasound application. A study by Kang et al. [43] loaded MBs with docetaxel (Dox-MBs)
and showed that UTMD with Dox-MBs inhibited growth of liver tumors. Additionally, it decreased proliferation
and promoted apoptosis. When compared with the untreated control group, the mean survival time in group that was
administered Dox-MBs+ultrasound increased from 23.6 to 36.8 days. In another study [44] that used Dox-MBs in
rat liver cancer model, researchers compared plasma Dox concentration, drug levels in myocardium and tumor, and
tumor growth in groups that were administered Dox-MBs+ultrasound vs group that was administered free Dox. The
group that was administered Dox-MBs+ultrasound showed low drug levels in myocardium, high drug levels in
tumor and inhibited tumor growth compared to group that was delivered just free Dox, supporting local delivery of
drugs. In a third study, researchers showed that Doxorubicin can be delivered to a treatment site after sonication of
Doxorubicin-liposome containing MBs in an in-vitro setting [45]. Seeing the effects of unfocused ultrasound on
tumor regression, FUS community was quick to evaluate effects of UTMD+FUS in animal models where in one
study, researchers compared tumor growth inhibition rates in a mice glioma model. Mice were either treated with
radiotherapy (RT), UTMD elicited by FUS sonication after MBs injection or no treatment at all. UTMD and RT
groups saw significant reduction tumor growth rates when compared with control [46] . In a separate study [47],
researchers designed liposomal nanoparticles, called membrane fusogenic liposomes (MFLs) which are
biocompatible with enhanced permeability and retention effect (EPR) effect that can be tailored to fit desired
characteristics. With such liposomes, drug dosage can be tailored to prevent any major side effects. In their study,
researchers used combination of FUS with MFLs containing Dox and evaluated its efficacy in treating cancer in a
xenograft mouse model. The researchers compared the effects of MFLs in treatment groups where mice were treated
with no FUS, FUS+MBs, and Dox-MFLs+MBs+FUS. The group that was treated with Dox-MFLs+MBs+FUS had
significant inhibition of tumor growth and delivered Dox to the tumor site efficiently without any side effects. Thus,

their research show that MFLs can fuse within the cell membrane and can deliver Dox intracellularly.

1.2.2.2 Ultrasound sensitive nanoparticles for cancer treatment
While UTMD is an attractive therapy option, it is fundamentally limiting due to short circulations times in
the blood which affects accumulation and retention of MBs in the tumor. Tumor microenvironment usually secretes

vascular endothelial growth factor and the cells encompassing the tumor microenvironment have wider and
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abnormal intercellular junctions than normal vessels. Such abnormal organization and structures within the tumor
vasculature give rise to tortuous and leaky vessels as opposed to heterogeneous vessels in normal tissues. Having
leaky vasculature and heterogeneous vessels fundamentally limits retention of microbubbles due to short circulation
time. In response to these limitations, researchers have developed nanoparticles that can release drugs after being
sonicated at threshold pressure which can circulate for hours. One such example is a stimuli-responsive particles
that are nanometer in size and have longer circulation time for enhanced extravasation and retention in the leaky
vasculature of the tumor thereby improving the EPR effect. In the last decade, such drug-loaded nano-scaled
microbubble precursors have been fabricated and shown to effectively accumulate in tumor and can convert into
MBs in situ after FUS sonication and MBs under FUS behave non-linearly thereby enhancing FUS therapy outcomes
[48]. In one such study [49] where paclitaxel encapsulated in nanodroplets was injected and sonicated via FUS in
mice bearing ovarian carcinoma tumors, the sonicated tumor saw effective regression and in one mouse the tumor
resolved after four treatments. Similar sensitization to the tumor was seen in a pancreatic tumor model in mice.
These studies paved path for additional nanoparticles and liposomes that could be sensitive to ultrasound.

Another example of liposome is thermally sensitive liposomes which are nanometer in size and release
drugs upon FUS application. In one study [50], researchers developed one such temperature-sensitive liposomes
with enhanced stability in circulation. The liposome consisted of Dox and only released Dox when FUS was applied
to the liposome during a hyperthermia treatment. The efficacy of this liposome was tested in a synegeneic murine
breast cancer model wherein the tumor was sonicated 5 min prior to administration of this liposome and 20 mins
post administration. A single dose of these liposomes in conjunction with FUS suppressed tumor growth.
Furthermore, when researchers treated mice twice per week over a 28 day period, they could no longer detect tumor
cells and tumor intersititium. Tumor could not be detected 8 months post treatment. Systemic toxicity markers such
as cardiac hypertrophy, weight loss, hair loss, and leukopenia were not present post 28 day. In later work [51],
researchers from a different institution were able to harness the advantages of two photon microscopy (2PM) to
image the release of DOX from such thermosensitive liposomes (LTSL-DOX). Researchers were successful in
combining 2PM with FUS and hyperthermia to image the release of LTSL-DOX in real time by using 30s
FUS+hyperthermia bursts to 42°C. Being able to visualize drug release in real-time will help in translating the

efficacy of these liposomes clinically.



1.2.2.3 Ultrasound sensitive particles for brain application

Many malignancies of the brain remain challenging to treat due to the blood brain barrier (BBB). BBB
presents as a hindrance because it prevents therapeutic molecules from entering the brain and delays treatment of
diseases such brain tumor [7], Parkinson’s disease [52] and Alzheimer’s [53]. FUS, in clinical trials, has been used
to open blood brain barrier [5] to deliver chemotherapeutics [6] and has been used for treating essential tremor in
patients with Parkinson’s disease [54]. Acoustically active particles have also benefited the neuromodulation
community. Acoustically active particles, such as microbubbles (MBs), in combination with FUS can stimulate
desired regions in brain more effectively and require less pressures to open BBB to allow drugs in, which would
have otherwise been impenetrable [23], [55]. FUS mediated BBB opening in conjunctions with MBs has enabled
researchers to deliver neurturin for treatment of Parkinson’s disease in an in-vivo setting [56], study
neuromodulatory effects in-vivo after delivering GABA after BBB opening [23], and study BOLD effects in rats
following BBB opening [57]. BBB opening has been especially monumental for treating glioblastoma and in last
decade has seen an immense rise in chemotherapeutic drug delivery to glioblastoma after BBB opening. For
instance, in one study, a 400 kHz focused ultrasound transducer was used to disrupt BBB in glioma cells implanted
Sprague-Dawley rats. After BBB opening, researchers delivered chemotherapeutic agent, used to treat brain tumors,
to glioblastomas. After analyzing tumor progression via MRI, researchers found that BBB significantly enhanced
the uptake of BCNU, the chemotherapeutic agent, by the tumor without any hemorrhaging. Chemotherapeutic
administration after BBB opening improved animal survival rates among the animals that underwent the treatment
vs the control [58]. In another very recent study [59], researchers investigated the effects of BBB opening and
etoposide administration after BBB opening in a murine glioma model in mice. After confirming safe and successful
BBB opening with FUS, the researchers injected etoposide and found that combined treatment of FUS+BBB
opening + etoposide decreased tumor size by 45%. Furthermore, it prolonged median overall survival rate by 6% in
groups that underwent the treatment. In June of 2021, first patient was treated for glioblastoma with FUS.

Another class of acoustically active particles, called ultrasound gated nanoparticles (NPs), have recently
gained prominence. The fabrication of nanoparticles is done such that it can cross blood brain barrier without
needing to open blood brain barrier. This is suitable for FUS applications of neuromodulation such as stimulation
or inhibition of certain parts of the brain whose function maybe compromised due to BBB opening [23]. These
nanoparticles are loaded with drugs such as propofol and pentobarbital and only release these drugs when sonicated

at a threshold pressure. In one study, researchers sonicated these nanoparticles in an in-vivo setting and released
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pentobarbital to deliver local anesthesia [60]. In another study, sonication of these nanoparticles released propofol
which was effective in silencing seizures in rats and delivered anesthesia upon FUS sonication of nanoparticles [22],
[60]. After delivering propofol, researchers confirmed no BBB opening and performed T2* imaging to show no

vascular damage induced due to FUS.

1.3 Overarching challenges for FUS therapy

1.3.1  Challenges with FUS ablation

When focused ultrasound propagates through the tissue, there is a loss of energy in the beam due to
attenuation caused by scattering and absorption of sound in the tissue. The absorption of ultrasound energy into the
tissue can cause local tissue temperature rise but requires over 1000 W/cm? of energy to selectively destruct normal
kidney and tumors [61], [62]. Many studies showed the feasibility of coagulating majority of the tumor tissue [10],
[63]-[65]. In one study [66], researchers showed that they could coagulate 97+4% of microscopic tumors with
minimal side effects. However, only 54% of the patients were able to achieve complete necrosis. In a randomized
trial of HIFU for patients with breast cancer, scientists showed that breast cancer cells underwent coagulative
necrosis [11]. However, it came at a cost of skin toxicity in the form of skin burns (17%), local pain or discomfort
(67%) , and tenderness (17%). Hence, in order to achieve ablation, longer treatment times are needed which can
carry risk of greater adverse effects (table 1.1) [67].

To overcome the issue of long treatment time, microbubbles can be used. Microbubbles are micron sized
spherical cavities that are filled with gas with phospholipids as a coating layer to stabilize the microbubbles for
medical purposes [68]. Microbubbles enhance acoustic absorption and as a result need lower powers to elicit the
same ablation effects. In one study [67], ex-vivo tissues were treated with and without microbubbles at varying HIFU
focal intensities. Researchers observed that at HIFU intensity of 2316 W/cm?, the lesion volume saw a twofold
increase in presence of microbubbles when compared to in absence of microbubbles. The peak temperature reached
during microbubble assisted HIFU was 16°C. In another study, when goat livers were ablated with HIFU in presence
and absence of microbubbles, the ablated volume measured at the end of HIFU pulses more than doubled in presence
of microbubbles than in absence (33.5£12.4 mm?/s vs 14.5+4.2 mm?/s) [69]. In a similar study, when rabbit livers
were sonicated with HIFU for 60s at ISPTA of 400W/cm? with either Levovist microbubbles or saline, researchers
observed larger HIFU induced lesion in animals given Levovist than saline (371+£104 mm?3 vs 16671 mm?3).

Moreover, the temperature rise 60s after the exposure was greater in presence of microbubbles than in saline
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(20.3£3.5°C vs 13.2+3.8°C). Hence, these literature studies show that microbubbles can be used to enhance HIFU
ablation outcomes. However, high concentrations of MBs can attenuate acoustic penetration into deeper tissues.
Finally, they are too large to extravasate into vascular space and remain localized within the blood vessels [70], [71]
and have a short circulation half-life [72].

For ablative procedures in brain such as thalamotomies, presence of the skull is an opportunity of excessive
heat deposition as both reflection and attenuation coefficients of the skull surface are high. In response to these
limitations, researchers designed a large hemispherical array for a human head which surrounded the top of the head
and distributed energy over a large area of the skull surface [31]. To test the efficacy of their transducer in producing
lesions, they first inserted a gel layer simulating the skin underneath the skull and in second iteration of the
experiment, they used thigh muscle from a sacrificed New Zealand white rabbit. The study confirmed that this
hemispherical array could focus through the human skull by creating three lesions through the skull in rabbit tissue.
The rabbit skull tissue was heated for 8s, 10s, and 12s. The lesions created were found to be reproducible but the
changes in skull surface temperature ranged from 12.4°C to 18.6°C. Adding human body temperature to changes in
temperature, one can quickly reach temperatures that can cause thermal damage [73]. The researchers suggested
that active cooling method can mitigate such rises in temperature at the skull. Taking these suggestions [74],
researchers at another institution set to perform transcranial MRgFUS using ExAblate FUS system in ex-vivo human
skulls filled with tissue mimicking phantom material. They heated the phantom for 120s during sonication and used
active cooling at the scalp while performing FUS treatment. In their setup researchers used a hemispheric array
operating at 220kHz and performed multiple sonications while collecting MR thermometry data. The highest peak
temperature of 10.2+1°C was reached when researchers sonicated at 4 locations. This was a significant improvement
from prior studies where the temperatures elevated to up to 18.6°C in only 12s. In another pre-clinical study in
primates [75], the researchers underscored the importance of cooling the skin by having degassed water circulate
between array and the surface of the skin. After cooling the skin to approximately 12°C, the skull surface temperature
was reduced to 16-18°C and led to a maximum increase of 12°C during sonication. Thus, the skull temperature rose
to only 25°C. However, researchers still observed some overheating at the brain surface and postmortem evaluation
revealed several spots of thermally coagulated tissues outer brain surface which were not the target tissues.

After ExAblate received FDA approval for treating essential tremor, they implemented active cooling techniques
and performed successful treatments in patients [29], [75], [76]. In one human study [13], however, researchers

found that in 7/30 patients, multiple new skull lesions were present 3 months post treatment. These patients with
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skull lesions were treated with 25.8kJ of energy whereas patients with no skull lesions were treated with 15.5 kJ.
Such off-target skull heating, due to high energy deposition required to cause ablation, still presents challenges and

can add to patients’ recovery time.

1.3.2  Image guidance challenges with HIFU ablation

Accurate targeting of desired regions is one of the most important aspects for successful FUS delivery.
Until the early 1990s, visualization and targeting of the FUS target tissue and FUS induced lesions happened only
via ultrasound guidance [77]. By the late 1990s, however, MR guidance of FUS treatment was demonstrated by
some groups [78]. Because MRI provides excellent tissue contrast, this makes it a preferred option for tumor
detection [79] . It also offers two other benefits: temperature monitoring and tissue coagulation detection. In a
retrospective study, researchers found that the first study to show the advantages of MRI-guided FUS happened in
University of Arizona where an MRI compatible focused ultrasound was manufactured in-house [80] . These studies
progressed to animal experiments and were first reported at the International Conference in Hyperthermic Oncology
in 1992 and later was published in a paper [81] in 1993. Soon after this paper, many animal experiments were under
way and a first commercial MRIgFUS, Exablate 2000, was FDA approved for uterine fibroid treatment and first
treatment was performed in 2001 [76]. For breast cancer ablation applications. MRIgFUS was first used for the
treatment of breast fibroadenoma [82]. It was shown in this study that benign tumors can be treated safely and
effectively, and the effects of the treatment can be visualized using MRIgFUS [82], thereby expanding the
application of MRIgFUS for breast cancer treatment. With addition of MRI guidance, precise focusing of focused
ultrasound could be achieved non-invasively. Soon after a clinical prototype array guided by MRI was developed
by InSightec and its feasibility was tested in in-vivo rabbit brain through ex-vivo human skulls [83]. Additional non-
human primate experiments were conducted to test skull heating and other features of this MRgFUS system [75].
Furthermore, this system was tested in three brain tumor patients that saw sharp focusing with an acceptable brain
surface temperature [84] . Commercial systems continue to use MRI for targeting for essential tremor applications
and are being used to target and open BBB using FUS in animals[23], [85]-[87] and in humans in fig 1.4 [5] to treat
amyotrophic lateral sclerosis and Alzheimer’s Disease non-invasively [53]. Thus, MRI’s capability of providing
excellent tissue contrast and temperature monitoring continue to make it a preferred option for guiding and
visualizing FUS targets. In next section below, some common methods that visualize FUS focus and monitor FUS

treatment using MRI will be covered in detail.
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1.3.21 MR thermometry

FUS thermal therapies can either be low-temperature hyperthermia where temperatures in the range from
43°C-45°C are applied for tens of minutes to kill cancer cells or it can be high temperature thermal ablation in the
range of 50°C-80°C which can result in tissue necrosis. MRI can provide real time temperature mapping in order to
give users more control over the treatment outcome. The regions with the highest temperature change comprises of
the FUS focus. These temperature maps can, then, be used to quantify tissue damage based on the Arrhenius-damage
integral which quantifies damage using temperature and time and reports it as an equivalent heating time at 43°C.
In order to create an accurate temperature map, users must be aware of MR parameters that are sensitive to
temperature such as the proton resonance frequency (PRF), the diffusion coefficient (D), T1 and T2 relaxation times,
magnetization transfer, and proton density. Discussing dependencies of all MR parameters is out of scope of this
thesis but describing PRF method of creating temperature map is prudent considering it is part of chapter 3 of thesis.
Hindman in 1966 observed that the PRF was sensitive to temperatures [88]. The local magnetic field B,,. determines

the resonance frequency of a nucleus in a molecule. The magnetic field (B,) at the nucleus can be written as

Bioc = By — Bos = (1 = 5)B, ... (1.1)
where s is the shielding or screening constant and is dependent on the chemical environment. Due to the presence
of nuclear shielding, the resonance frequency becomes
w=yB,(1—-5)..(1.2)
In above equation, y is the gyromagnetic ration. As the temperature increases, hydrogen bond in water stretch, bend,
and break [88]. This results in more electron screening and thus a lower local magnetic field B, as inferred from
equation 1.1 and lower PRF. The average electron screening constant is temperature dependent such that
sp(T) = aT ...(1.3)

where the relationship between electron screening constant and temperature varies linearly by a, which is the PRF
change coefficient. This value of -1.03+0.002 x 108/ °C covers temperatures ranging from -15°C to 100°C [88]. The
change in resonance frequency can be used to create temperature maps by employing gradient-recalled echo imaging
sequence [89]. The change in resonance frequency leads, which is temperature dependent, changes the phase of the
image and by measuring the phase difference between a baseline image and hyperthermia image, a change in

temperature can be calculated using equation 1.4 as follows:
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In equation 4, ¢(T) is phase of current image (or image after FUS turned on), ¢ (T,) is the phase of baseline image
(or image before FUS turned on), and TE is the echo time. TE can be improved such that phase contrast-to-noise

ratio is increased resulting in greater temperature accuracy [90].

1.3.2.2 MR acoustic radiation force imaging (MR ARFI)

MR ARFI can localize FUS focus by measuring the displacement that occurs in tissue in response to FUS.
Analogous to soft tissue applications such as cancer, localizing the focus for FUS brain applications such as
neuromodulation is also of utmost importance. In the past, MR thermometry has been used to localize the focus for
ablative procedures but these procedures were marred with off-target heating in the near and far field of the
transducer [13], [91]. Thus, using temperature rises to localize FUS beam in the brain may not be desirable. MR
ARFI, however, can localize acoustic focus by measuring displacement in response to short ultrasound excitation.
In MR-ARFI, motion encoding gradients can be used to encode tissue displacement by, again, using the phase of

MR image [92]. Since the acoustic radiation force is proportional to the acoustic intensity of ultrasound beam [93],

al
Froq & % (1.5)

where a is the absorption of the medium, | is the spatial peak average intensity of the ultrasound pulse, and c is the
speed of the sound in medium, monitoring displacement via MR-ARFI can provide a non-invasive tool with two
uses of localizing the FUS focus and calibrating the beam intensity. In order to calculate the displacement, high
strength motion encoding gradients (MEG) are used which are applied in the same direction as the displacement.
Since the tissue is displaced in the same direction as that of MEG, it will undergo a different magnetic field compared
to rest of the tissue position. This will result in a different phase in the area undergoing displacement when compared
to non-displaced areas. The resulting phase maps can be converted to displacement using equation 1.6 as follows
[93]:

Ad

Ax = ——.
x 2yGd

. (1.6)

where Ax is the total displacements, A¢ is change in the phases, G is the known MEG strength, and d is the MEG
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duration. MR ARFI displacements have been used in small animal in-vivo studies [94], ex-vivo human cadavers [94]
and in non-human primates [93]. Overall, MR-ARFI is an attractive tool to localize the FUS focus for brain
applications as it can use small FUS bursts to localize the focus without the deleterious effects of skull heating which
is otherwise present in ablative therapies of brain such as thalamotomies.

While MRI is non-invasive, non-ionizing, and preferred option for FUS guidance, it can quickly become very
expensive where one MRgFUS procedure can cost upwards of $20,000 [95], [96] and will limit the number of people
who would want to undergo MRgFUS procedures. Imaging solutions that can provide cost effective targeting can

make FUS more accessible and portable.

1.4 Proposed solutions to overarching challenges with FUS

By pairing FUS with acoustically active particles and by combining it with ultrasound imaging, an all-
ultrasound system can be created. Such an all-ultrasound system can enhance ablation and remove the barrier for
accessibility by increasing the chances of FUS adoption. In sections below, I talk specifically about how acoustically

active particles in combination with FUS and ultrasound imaging can improve FUS adoption.

1.4.1  FUS procedures in conjunction with acoustically active particles can improve ablation efficiency

and mitigate off-target heating

Locoregional therapy is the process of directly treating the tissue with the goal of improving prognosis. For
soft tissues diseases such as liver and breast cancers, surgery is the most common locoregional therapy. In cases
where surgery is not recommended, locoregional ablative therapies are effective to prolong life and manage pain.
Many such locoregional therapies for liver cancer, specifically hepatocellular carcinoma, include radiofrequency
ablation or transcatheter arterial chemoembolization [97]-[101]. For breast cancer treatment, ablative options such
as cryoablation [102], radiofrequency ablation [103], [104], and microwave ablation [105] have been explored.
Although these methods are effective, they are invasive. HIFU is a non-invasive ablation option that can focus waves

of high pressure at the desired regions to ablate tissues non-invasively. As covered in previous sections, FUS has
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Figure 1.3: PSNDs cause more focal heating and less surface heating. Moyer et al [75] showed that by
using phase shift nanodroplets, heating at the surface can be minimized whereas heating at the target
location can be maximized thereby reducing any off-target heating.

been shown to cause substantial ablative outcomes at high pressures and energies which have resulted in off-target
effects such as skin burns and skull injuries [11], [12]. When paired with acoustically active particles, FUS can be
employed at relatively lower pressures as it would need less pressures and energies to cause desired effects and
consequently result in reduced pre-focal effects [106], [107]. However, if we combine HIFU with acoustically
active particles such as microbubbles, we can accelerate heating and improve heating rate and efficiency. However,
uses of microbubbles in a clinical setting presents challenges. MBs tend to induce off-target heating, primarily in
the near field [14] because they amplify heating regardless of their location. Additionally, high concentrations of
MBs can attenuate acoustic penetration into deeper tissues. Finally, they are too large to extravasate into vascular
space and remain localized within the blood vessels [70], [71] and have a short circulation half-life [72].
Phase-shift nanodroplets (PSNDs) can serve as a better ablative agent. PSNDs are nanometer-sized liquid
particles that can be intravenously injected. They undergo a phase shift from liquid to gas and can convert in MBs
when sonicated above a threshold pressure [108]. After the conversion, MBs can be exploited to accelerate heat.
Because PSNDs only convert in regions where pressure thresholds are met, they amplify heating only in the focal
region and limit pre-focal heating as shown in Fig 1.3. Precise focal ablation using phase-shift nanodroplets [109]

have proven to mitigate many off-target heating in tissue mimicking phantom and in rat liver [110]. In one study,
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Figure 1.4: BBB opening in clinical trial using MRgFUS. Abaraho et al [5] used functional
MRI to localize hand motor region in humans and opened blood brain barrier in 2 ALS
patients above in the hand motor regions.

researchers observed a temperature rise of 130% and an ablation volume 30 times greater with PSNDs vs without
PSNDs in the rat liver [111]. Moreover, the circulation time of PSNDs is substantially longer than that of
microbubbles [106]. This provides enhanced permeability and retention of PSNDs in heterogeneous and leaky
vasculature of tumors. While PSNDs can mitigate off-target heating, its potential to improve ablation efficiency
needs further testing. In chapter 3 of my thesis, | present a study that combined PSNDs with multi-focal ablation

patterns to improve ablation efficiency and mitigate off-target heating.

1.42  FUS in conjunction with MBs can opening blood brain barrier at lower pressures

The tight junctions between endothelial cells on the vessels in the brain form the blood brain barrier (BBB)
which help maintain brain homeostasis. While BBB prevents the entry of potentially harmful substances, it also
limits intracerebral delivery of almost all pharmaceuticals developed to treat various neurological diseases. Several
promising strategies have been proposed that harness active transport systems but these techniques have limited
carrying capacity and required to be tailor made [112], [113]. Opening of BBB can facilitate drug transportation.
Among several ways to deliver drug across BBB [114], one of the most popular ways is to use FUS in conjunction

with microbubbles. FUS when combined with microbubbles, can open BBB in a transient, non-invasive and safe
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manner [5], [23], [56], [86], [114]-[116]. The feasibility of using microbubbles to open BBB was shown in 2001
where researchers show that pressures of less than 1MPa can safely open BBB in rabbits without damage after
administration of MBs but in absence of MBs, it can take upwards of 4MPa to open BBB [55] . Yet another study
showed the feasibility of opening BBB with microbubbles where researchers showed significant quantitative
differences in retention of Gadolinium at 60 and 90 mins in pigs treated with ultrasound + MBs compared with
ultrasound alone to open BBB [117]. Since then, BBB opening has been performed by various groups to deliver
drugs for Alzheimer’s and Parkinson’s disease [56], to study immune responses of glioblastoma after BBB opening
[118], to deliver chemotherapy drugs [6], and to study somatosensory responses after BBB opening [87]. These
animals studies paved path for blood brain barrier opening in humans [5] to treat Alzheimer’s Disease non-invasively

with focused ultrasound [53]. In chapter 5, | present my work on combining FUS with MBs to open BBB.

1.4.3  FUS in conjunction with nanoparticles can allow for drug delivery without opening the blood brain

barrier in small animals

One of the primary ways of delivering drugs via FUS is facilitated by FUS induced BBB opening. However,
drug delivery can also be achieved by sonicating nanoparticles that release drugs upon FUS interaction. The released
drugs can then cross blood brain barrier. In prior studies, researchers showed the feasibility of releasing propofol
from an ultrasound gated nanoparticles at MI>1 [22], [119]. They also showed that the release of propofol from
these particles could silence the seizures in an acute seizure rat model [22], [119]. In yet another study, researchers
released Pentobarbital after phase shifting Pentobarbital loaded nanodroplets upon FUS sonication [60]. The
pentobarbital release acted as an anesthetic which were detected through behavioral changes and contralateral motor

deficits. In chapter 4, | present my study that examines acoustic responses when propofol particles are sonicated.
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Figure 1.5: Ablating soft tissues using USgFUS. The focus of the FUS transducer is in the
plane of imaging transducer. Reprinted from Real-time visualization of high-intensity focused
ultrasound treatment using ultrasound imaging, 27, Shahram Vaezy, Xuegong Shi, Roy W
Martin, Emil Chi, Peter I Nelson, Michael R Bailey, Lawrence A Crum, 33-42., Copyright
(2001), with permission from Elsevier

1.4.4  Targeting and visualizing therapy using ultrasound

1.4.4.1 Ultrasound uses to monitor temperature change

Ultrasound can be used in FUS procedures to monitor temperature changes. Ultrasound thermography
[120]-[122] and back scatter energy[123], [124] can monitor temperature rise in tissues due to FUS absorption at
both therapeutic and sub-therapeutic levels. These methods work well for only moderate changes in temperature
and fail at high temperatures. High frame rate imaging demonstrated that there are significant decorrelations in the
echo data from the focus location at high temperatures due to the transient events which are consistent with
vaporization of liquid into gas [125], [126]. Detection of these transient events can be a reliable indicator of thermal
lesion formation for exposure durations > 100ms.
1.4.4.2 Ultrasound imaging can also help with pretreatment planning.

Pretreatment planning for hyperthermia caused due to FUS, traditionally, entailed using acoustic and
thermal simulation. Recently, an image-based algorithm has been proposed where refocusing of FUS array is done
in the presence of strong scattering targets. Ultrasound images of the target regions included Plexiglas to simulate
the ribs to define rib locations in HIFU path. After experimental validation of the algorithm, authors showed that

the focusing gain at the target can be improved while minimizing the exposure to the ribs [127]-[129]. In yet another
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study [130], researchers used manual segmentation algorithms to identify tissue types based on known anatomy.
The segmentation algorithm modelled the temperature evolution and thermal dose accumulation during HIFU
treatment. Ultrasound images, additionally, can be essential to finding the focus of the FUS transducer. Research
literature notes several applications of ultrasound guided FUS (USgFUS) procedures, such as in Fig 1.5, that provide
image guidance and monitoring of FUS procedures in soft tissues. For example, one of the most common USgFUS

procedures involve the use of B-Mode imaging to visualize and treat hepatocellular carcinoma [27].

1.4.4.3 Ultrasound can be used to map acoustic signals originating during FUS induced microbubbles
assisted BBB opening.

Therapeutic ultrasound, as mentioned in above sections, is a promising tool for non-invasive
surgery/ablation of tumor or drug delivery in brain via neuromodulation or blood brain barrier opening. The
underlying mechanisms of ablation and neuromodulation are either thermal which arise from viscous absorption of
therapeutic pulse or mechanical which arise from sustained or unstable oscillations of microbubbles giving rise to
stable or inertial cavitation. While stable cavitation by itself can cause certain bioeffects such as reversible opening
of blood brain barrier, inertial cavitation can cause harmful bioeffects such as hemorrhaging of the vessels. In tumor
ablation, damaging of the vessels is desirable. However, for brain applications, hemorrhaging can introduce
complications and is an undesirable outcome of FUS treatment. Thus, it is crucial to monitor and map the extent of
treatment for brain applications. Current treatment monitoring tools include B-Mode ultrasound and magnetic
resonance imaging (MRI). B-Mode ultrasound, although cost effective, will give no information about inertial
cavitation. MRI is very costly and can only inform us of thermal changes. Passive acoustic mapping (PAM) is an
all-ultrasound method that can enable mapping sources that generate non-linear acoustic emissions[131]. PAM is
sensitive to monitoring both stable and inertial cavitation and can spatially locate the sources of acoustic emissions.
It is now increasingly being adopted to monitor safe opening of BBB in animals [132], [133]. In chapter 5, | use

PAM to monitor tissue damage during FUS mediated BBB opening procedure.

1.4.4.4 Ultrasound imaging for brain applications

When it comes to brain applications, such as BBB opening, visualizations of treatment zones via B-Mode
is not feasible due to attenuation of ultrasound waves in the presence of the skull [134]. Ultrasound imaging to guide

FUS for brain applications have been used so far only in animal models where to accurately place the FUS focus in
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the desired regions of the brain, some researchers have used a cross grid on the mouse skin of the skull which is
visible in B-Mode image of the imaging transducer co-axially aligned to a single element FUS transducer [116].
The procedure was successful, with targeting accuracy within 2mm. In another study[135], researchers targeted
hippocampus within 0.5mm of the actual FUS focus with a single-element FUS transducer to open BBB in mice by
using a similar cross-grid system with anatomical landmarks as guidance. Researchers, however, noted that sutures
were not visible for all kinds of mice. Use of ultrasound imaging to guide FUS focus in brain has not been
demonstrated in human applications yet. However, transcranial Doppler (TCD) ultrasonography is in practice since
the 1980s. TCD is a non-invasive method to assess critical conditions including vasospasm in subarachnoid
hemorrhage, traumatic brain injury, acute ischemic stroke, and brain stem death [136]. It also helps in investigating
the cerebrovascular systems. TCD uses low-frequency (< 2MHz) transducer and measures cerebral blood flow
velocity through insonating the basal cerebral arteries through relative thin bone windows on the scalp. TCD can be
combined with color flow and power Doppler in clinical systems to give more information about intracranial arteries,
specifically their diameter, velocity, and relationship with adjacent structures [136]. However, the blood flow
information is restricted to big main vessels. In the last decade, power Doppler imaging has evolved tremendously
with continued efforts in making it transcranial. Power Doppler is different from color Doppler as it only provides
an intensity image of the vessels with no information about velocity or flow direction of blood in vessel. The physics
behind power Doppler and color Doppler is presented in methods section.

One of the first efforts on improving sensitivity using power Doppler was published in 2010 where a
combination of high frame rate imaging with microbubbles at 15MHz coupled with singular value decomposition
(SVD) filtering revealed smaller vasculature in craniotomized rat [137]. The sensitivity improved for up to 25 times
when compared to conventional methods [137]. Not only were researchers able to improve sensitivity, but they
were also able to create velocity maps in very small vessels, which was not possible with conventional ultrasound
imaging algorithms. This research paved the path for functional ultrasound imaging where researchers used high
frame rate imaging at 15 MHz and coupled it with MBs to map activation of barrel cortex in craniotomized rats
when rats’ whiskers were stimulated [138]. Additional experiments in rats were then performed where their hindpaw
was stimulated and activation was seen in sensory motor cortex regions of the rat brain [139]. This study was
different from the prior one wherein the activations were also seen transcranially. This showed the robustness of
functional ultrasound technique even in the presence of highly attenuating object such as skull. The technology
improved to image 3D functional ultrasound in mice and rats [140]-[142] to give a wholesome information about
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regions undergoing activations in response to various stimulations. Finally, feasibility of transcranial functional
ultrasound through a neonatal brain was recently reported using a 6MHz probe [143], [144]. While SVD filtering
method presents an excellent clutter rejection method, images created after SVD filtering were still limited by
diffraction limit imposed to us by the ultrasound imaging transducer. This may present problems when trying to
image at lower frequencies through the thicker skulls of humans. In order to overcome diffraction limit, researchers
developed ultrasound localization microscopy (ULM) [145]. The acquisition for ultralocalization microscopy
worked similarly as acquisitions for functional ultrasound but the treatment of data was different where in ULM
researchers used SVD filtered image to track MBs from one frame to next frame. After tracking, localization
methods such as radial symmetry or weighted average method is used to localize the MBs with sub-wavelength
precision, thereby overcoming issues of diffraction limit [146]. In chapter 5, | use power Doppler imaging to guide
my FUS transducer to open BBB and in chapter 6, | use power Doppler imaging to study functional response to
external stimulation in rats. Using power Doppler images, | also create super resolution images of craniotomized rat
brain.

1.5 Innovation
Focused ultrasound is a very attractive technology that causes ablation in soft tissues and cause blood brain

barrier opening and local delivery of anesthesia in brain non-invasively while being non-ionizing. FUS allows
targeting spatially precise areas in soft tissues and in the brain with millimeter scale focal area. To effectively use
FUS, it is important to mitigate the off-target effects that occur due to needing excessive pressures to cause a
clinically relevant outcome. Additionally, it is important to aim the FUS transducer accurately
The goal of this work is to overcome off-target heating during FUS ablation procedures and combine it
with ultrasound imaging to make the FUS treatment more affordable. We achieved this by combining PSNDs with
multi-focal ablation patterns to increase ablation efficiency and volume which can overall benefit breast cancer
treatment option. We also developed methods to combine FUS transducer and imaging transducer to create an all-
ultrasound method that can target and receive passive signals which could be indicative of tissue damage. We
achieved this by using passive receive signals to monitor and characterize echoes that were produced when
ultrasound gated nanoparticles released propofol upon FUS application.
We developed additional methods that combined power Doppler ultrasound imaging and fast frame rate passive
acoustic mapping algorithm to accurately target brain regions and map and monitor cavitation activity during steered
FUS sonication of MBs in an in-vitro and in-vivo setting to open BBB. We, finally, used power Doppler ultrasound

imaging to map blood flow activity in the rodent brain at varied stimulatory frequencies. This gave us information
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about how blood flow in the rodent brain changed in response to external stimulation and could potentially be
combined with FUS transducer to study effects of neuromodulation at high spatio-temporal resolution.

1.6 Chapter breakdown

Chapter 1 goes into details of applications of microbubbles (MBs) and nanoparticles (NPs) in FUS. It also talks
about current imaging methods that are used for targeting desired regions in the brain.

Chapter 2 goes into detail about relevant prior research and developmental work that has been integral for my
thesis and later chapters.

Chapter 3 appears in its entirety as: A. Singh, A. G. Nyankima, M. A. Phipps, V. Chaplin, P. A. Dayton, and C.
F. Caskey, “Improving the heating efficiency of high intensity focused ultrasound ablation through the use of phase
change nanodroplets and multifocus sonication,” Phys. Med. Biol., May 2020. It presents my original work that
combined multi-focal HIFU with PSNDs in tissue like static phantoms to aid in greater volumetric ablation.

Chapter 4 appears in its entirety as: A. Singh et al., “Using Passively Detected Acoustic Signals to Characterize
Ultrasound Gated Nanoparticles,” in 2021 IEEE International Ultrasonics Symposium (1US), 2021, pp. 1-4. It
presents my original works where | use passive receive signals to characterize phase change of nanoparticles from
liquid to gas.

Chapter 5 presents my work where | developed spectral value decomposition method (SVD) for applications of
steering our FUS transducer sonicating at a desired location in the cellulose tube with MBs flowing. It also presents
further developments on passive acoustic mapping where the echoes generated via MBs upon FUS sonication was
passively recorded using 128 element imaging transducers. The passively recorded signal was beamformed to
reconstruct passive acoustic map which informed us of regions undergoing cavitation effects under FUS application.
I applied developments from chapter 5 in an in-vivo setting to open BBB and point registered power Doppler image
with MRI BBB opened image to overlay BBB opened area over the PAM maps and used registered data to calculate
targeting error vector. The manuscript resulting from this chapter is under review at Scientific Reports.

Chapter 6 describes a second use of power Doppler imaging in measuring blood flow changes in rat brain in
response to external stimuli in rat. The manuscript resulting from this chapter is under preparation for submission.

Chapter 7 covers my conclusions of all my results and propose future directions of my projects.
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CHAPTER 2: Ultrasound physics and its interaction with tissues and particles

FUS, in absence of acoustically active particles need high pressures and powers to cause clinically effective
outcome [55]. In doing so, it can introduce pre-focal heating and skin heating [11]. One way to mitigate this is to
use acoustically active particles that can enhance acoustic absorption only at the focus at low powers [107].
Combining acoustically active particles with desired pressure fields, we can enhance ablation efficiency. With this
in mind, | start this chapter by delving into ultrasound acoustic physics for therapies. Solving the equation of pressure
wave in frequency domain using Green’s theorem, Lord Rayleigh and Arnold Sommerfeld derived Rayleigh-
Sommerfeld pressure equation that can predict pressure field in the desired region provided we know the surface
velocity near the boundary of the transducer. With the correct pressure field, the ultrasound would converge at the
desired region with the highest pressure at the focus of the ultrasound. Rayleigh-Sommerfeld equation has been used
throughout this dissertation to create desired beam patterns by changing the phase and amplitude of the elements of
the transducer [147].

While predicting correct pressure fields is vital, targeting pressure fields at a desired region such that ultrasound
is focused on that region is also of utmost important. In this chapter we present methods wherein we used ultrasound
power Doppler image [139], reconstructed from ultrasound imaging array registered to our FUS transducer, to steer
our FUS transducer at desired regions. Collectively, these methods can target and perform FUS procedures using an
all-ultrasound system.

While accurate imaging and targeting is one of the biggest challenges in fabricating an all ultrasound system, it
is also important to develop methods that can monitor echoes that arise from FUS interaction with acoustically active
particles as these echoes may contain information about tissue damage [132], [148]-[153]. When FUS interacts with
acoustically active particles such as MBs, it can result in contraction and expansion of MBs. When MBs can maintain
its size during contraction and expansion, it produces stable cavitation and promotes transient activities such as BBB
opening [154], [155]. Stable cavitation echoes contain harmonics and ultra-harmonics of fundamental FUS
frequency [149], [150], [156]. However, at high pressures, MBs can violently collapse and destroy vessels they are
in, and result in inertial cavitation signal which is usually indicative of permanent tissue damage [132], [157]-[159].
Inertial cavitation echoes contain wideband signal, which are frequencies other than harmonics and ultra-harmonics.

Destruction of tissue maybe an ideal outcome for soft tissue cancer ablation therapies, but it can lead to damage of
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the nervous system if these echoes are not monitored. In this thesis we present passive acoustic mapping as a method
that can create spatial maps of regions undergoing cavitation during FUS procedures using passive receive signals
recorded in an imaging transducer acquired at high frame rate during FUS procedures [116], [131], [148], [160]—
[162].

2.1 Fundamental physics of FUS

FUS was first shown to be an effective treatment modality in 1950s when Fry et al. showed that FUS caused
damage to tissues in-vivo via thermal ablation [163]. Following an initial report on FUS’s influence on tissues by
Fry et al, researchers quickly adopted FUS for thermal therapies starting in the 1980s [77]. FUS works by converging
acoustic waves to a desired region with. Acoustic waves in ultrasound are generated by vibrations from piezoelectric
transducer which is coupled to the skin via gel or water and can be derived by combining differential equations that

describe conservation of momentum, conservation of mass, and the relationship between pressures and density as

follows:
du 1 dp
—=—-———.. (21
Jat pPo 0x @1
dp Ju

E = —poa (22)
p=cip.. (2.3)
where u is the particle velocity, p is pressure, p is the density, p, is the ambient density, and c, is the speed of

sound.

All three equations can be combined to yield wave equation in a homogeneous as follows:
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=0 ..(24)

A one-dimensional solution to equation 4 can be written as follows:
p(x,t) = po sin(wt — kx) ... (2.5)
where w is the angular frequency, k is the wavenumber, and p, is the ambient pressure.
The pressure waves in equation 5 undergo alternating phases of compression and rarefaction as they propagate
through a medium. In the case of compression, molecules are forced together which results in the increase of the

density of the medium. In the case of rarefaction, molecules are spaced apart to allow for expansion, thereby causing
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a reduction in density of the medium.

2.2 Creating desired pressure field patterns

Acoustic waves in ultrasound are usually generated by vibrations from piezoelectric transducer which is coupled
to the skin via gel or water. At low pressures the relationship between pressure in the medium is linearly proportional
to the voltage that drives piezo elements. It, however, becomes increasingly non-linear as the pressure is high. Wave
equation in a homogeneous medium can be modelled by:

19?%p
0

Taking Fourier transform of time domain pressure wave equation 2.6 will yield Helmholtz equation for P(x, w) as

2 wz
VP-—P=0.. (27)
0

Calculation of pressure disturbance P at any observation in space can be solved by applying green’s theorem which

states that if P(x, w) and G (x, w)are any two disturbances in volume V then:

(PV2G — GV2P) dV = P——G P ds . (2.8)
)

Within the volume, the disturbance G satisfies the Helmholtz equation and equation 2.8 will reduce to:

ﬂ ——G—P)ds—O . (29)

Applying appropriate Kirchoff boundary conditions and Sommerfeld radiation conditions,

P(x,w) = _Us1 -— —P—)ds .. (2.10)

In order to solve equation 2.10, an appropriate Green’s function needs to be determined. Lord Rayleigh and Arnold

Sommerfeld developed a method to solve and proposed the following green’s function:

Clx, ) = =P Ukto1) —eXp(ﬁ";’D - (2.11)

To1 To1
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Figure 2.1: Creation of desired pressure beam pattern. Desired pressure fields that can be

created using equation 12. Equation 12 can be used to set amplitude and phases of a phased
array to create multi-focus pressure fields.

This enabled them to solve equation 5 and come up with acoustic pressure inside the boundary as:
w expjw 71,
P(x, ) =jp—ﬂMu(x', w). A’ ... (212)
2 To1

where the integral was taken over the surface boundary. u(x’, w) represents the surface velocity of the vibrating
transducer at the boundary and n is the surface normal vector. Equation 2.12 is called as Rayleigh-Sommerfeld
equation, and this formed the basis of my experimental design in chapters ahead.

In time domain, complex pressure at a point in acoustic field yields the following Rayleigh-Sommerfeld

equation[164]:

]pck e(_jk|r_r’|)
f u(r') ——ds' ...(2.13)
S

p(r) = 27 |[r —7r']

where j = +v—1, p is the density, c is the speed of sound, k is the wavenumber, S’ is the surface of the source, u is
the normal velocity of the source surface, and r and ' are the observation and source points, respectively.
If a phased array transducer that has N number of elements, pressure at M control points at position r = r,, where

m = 1,2, ... M can be written as
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If we let

(=Jk|rm=7n D
H(m,n) = ]kaZf ¢ ds’ ... (2.15)
Sr

_rnll

then we can represent equation 2.13 in matrix form where:
Hu=1p..(2.14)

where u = [ug, Uy, .. uy Jfand p = [p(r), p(12), ... p(ry )]*

One can use equation 2.14 can help solve for amplitude and phase of N transducer elements that can generate desired
pressure at M control points. When M<N, H has full rank and minimum-norm solution of the matrix in equation
2.14 can be solved by:

i =HYHH"Y) p..(2.15)
where H*t is the conjugate transpose of H.
Combining equation 2.14 and 2.15, we can solve for &, which determines amplitude and phases of the transducer to
form a particular pressure field in Fig 2.1. This is especially important for creating accurate pressure fields to

sonicate at the desired regions for neuromodulation or to enhance ablation.
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Transcranial B-Mode image Transcranial SVD filtered image

Figure 2.2: SVD filtering can reveal vasculature via transcranial ultrasound imaging at
9MHz: Transcranial B-Mode image of the rat brain reveals the outline of the skull. There is
not much signal from inside the brain. SVD filtering can reveal vasculature inside the brain
and can help with ultrasound image guidance for FUS applications.

2.3 Creating an all-ultrasound system for imaging and targeting
2.3.1  Principles of power Doppler imaging and ultralocalization microscopy
When ultrasound passes through a blood vessel, a small part of the energy is backscattered by red blood
cells. Ultrasound probe can record these echoes. Using the principles of Doppler Ultrasound imaging, one can detect
the motion of these RBC’s by repeatedly pulsing ultrasound and studying the temporal variations of the successive
backscattered signals. These signals would otherwise not be present in a B-Mode image. Signal at pixel position
(x,y) can be denoted as z(x, y,t;), where i = 1 ... N are the successive pulse emissions, y is the depth axis, and x
is the axis along the probe array. Here complex signal z is obtained after 1Q demodulation and beamforming steps
[134], [138].
After the acquisition:
e signal matrix z(x, y, t;) is reshaped into a 2-D matrix z(x * y, t).
e Matrix z(x = y,t) is decomposed into its singular values. Its singular values, and left and right singular
vectors are obtained after decomposition.
e [U,S,V]=svd(z);
e Highest singular values, which represent slow moving tissue signals, are set to zeros such that signals only
from moving tissues or RBCs are left.

e Cutoff=10;
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S_new(1:cutoff)=0;

A new matrix is the formed using new singular values.

zp=U*S_new*V;

zg=reshape(z_new,[length(x),length(y),length(t)]);

This z; matrix is now a SVD filtered matrix such that it only contains information from moving RBC in figure
2.2. The filtered signal (which consists of signal from blood and noise) is denoted as z¢(x, y, t;). Parameters that are
commonly extracted and displayed from the filtered signal is: the axial blood velocity at each pixel or the mean
intensity of the Doppler signal at each pixel. The former creates a color Doppler image, and the latter creates power
Doppler image.

2.3.1.1 Color Doppler
While the mean intensity image shows smaller blood vessels, it gives no information about blood flow velocity

and direction. In order to accurately calculate blood flow velocity, we need to employ color Doppler. Color Doppler
works on the Doppler principle [165] which exploits the difference between the frequency of reflected ultrasound
and transmitted ultrasound. This difference is directly proportional to the velocity of reflecting interface that is
relative to the ultrasound receiver and is a result of Doppler effect. The Doppler equation, which describes this
relationship can be written as follows:
AF = (Fp — Fy) = [(2F; X v)/c] cos6 ... (2.16)

where AF is the Doppler frequency shift, Fyis the frequency of sound that is reflected from a target, Fy is the
frequency of sound that is transmitted from the ultrasound transducer, v is velocity of target moving away from or
towards the transducer, c is speed of sound in the medium, and 8 is the angle between the axis of flow and incident
ultrasound beam. The velocities are color coded such that flow that travels away from transducer, which has a

negative Doppler shift, is depicted in blue whereas the flow traveling towards the transducer is depicted in red.

2.3.1.2 Power Doppler
Power doppler mode was created after color doppler mode in order to better detect small blood vessels. The

reason why power doppler is chosen over color doppler is because color doppler is sensitive to aliasing and noise
whereas estimation of signal intensity is more robust to noise and relatively insensitive to aliasing. Hence, power
doppler is more suited for various applications, in particular to identify small vessels. Power Doppler, although gives
no information about blood velocity, it does give information about the blood volume within the pixel [134], [138],

[142]. The goal of this aim is to follow the hemodynamics in very small cerebral vessels, which can be done via
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Doppler imaging. The mean intensity I displayed in the power Doppler mode can be calculated as:

N
1
I(x,y) = Nz lze (x, v, t)|? ... (2.17)
i=1

In order to increase sensitivity of the estimation of I, we must increase N and/or reduce the effect of the noise on

ze(x,y,t;). The uDoppler sequence designed by Mace et al is aimed at increasing the sensitivity.

2.3.2  Ultrasound Localization Microscopy

After obtaining power Doppler images, specifically after injecting MBs, we can reconstruct the tracks
where MBs were present to an ultrasound localized image which has better resolution that ultrasound imaging
transducer’s resolution. Images obtained after creating tracks overcomes the diffraction limit posed onto them by
ultrasound imaging transducer. To create a successful super resolution image, two most important steps should be
carried out. The first is localizing MBs in every power Doppler image. One of the most popular ways to localize
image is to use weighted average algorithm [146]. Let us assume that after applying an SVD filter to an image, we
have an image of microbubble that is composed of a grid of [N;,Nx] pixels. To get the position of the centroid of the
MB, we interpolate to upsample image of the grid by a resolution factor, res. Following upsampling, the grid is now
of the size [res * N, res * Nx]. The interpolated intensity lsr can now be expressed as:

oG = Y el —kj = k) . (217)
(kikj)ezq

where (i,j) belongs to interpolated space Zs and (kik;) belongs to original space Zg. The function @;,,, is called as a
synthesis function which satisfies interpolation properties. If we have centered our subset space Zx on a maximum

known value Iy at z«, the centroid of microbubble (z¢,xc) in the interpolated image can be presented as:

B hwa)
=1 =i
Zp = Zgp + 7 i ..(2.18)
TR (%)
=121 j=-131
& B
B 1w )
Xe = Xgp + |3°—Z| |’22| ..(2.19)
RPN Y)
i==151 j==15

with w, (i,j) = i; w,(i,j) = j representing weights applied, f, and f,, = Full width half max of the intensity profile

in z and x direction respectively. The values (z., xq) = {1(z,x)>1(1,j),V (1.j)}.
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Now that we have localized MBs, it is important to track them from one frame to another. To track these MBs, we
implemented Kuhn-Mukres algorithm [146] where for each particle, we computed the squared distance to all of the
particles in the next frame. We were, then, able to find the optimal pairing of particles from one frame to another by

minimizing the total squared distance.

a) Points used to calculate the rotation and translation b)  Points used to test transformation
matrix
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Figure 2.3: Registering imaging transducer to FUS transducer. a) Imaging coordinates in
blue circles were registered to FUS coordinates in red circle. These points were used to solve
for equation 1 to yield R (rotation matrix) and t (translation matrix). The FRE was 0.18mm.
The R and t values obtained were applied to blue circular points to yield black star points.
The values of R and t were used to then transform other imaging coordinates into FUS
coordinates. ¢) Another 7 non-fiducial imaging points were then registered to FUS
coordinates. The TRE for this registration was 0.59 + 0.26mm.

2.3.3  Registering imaging transducer with FUS transducer

Registering imaging transducer with FUS transducer can enable steering FUS transducer with the help of
imaging transducer. Imaging transducer-based coordinate system in Fig 2.3a can be registered to FUS based
coordinate system using a point-based registration between two set of points in imaging transducer space (xi for i =
1 to N) and FUS transducer space (yi = 1 to N). A translation matrix t, and a rotation matrix R are needed to align
points in imaging space with corresponding points in FUS space [166]. Since there are existing errors in these
measured location, application of rotation and translation matrix will lead to points that may not be perfectly aligned
. Inorder to find t and R, we must minimize the root mean square distance between these set of points. This distance,

referred to as fiducial registration error (FRE) can be calculated as:
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FRE? = lZ|1rex-+t—y-|2 (2.20)
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=1

The optimal translation can be found by:

t= y—R% .. (2.21)

where the bar represents a mean from | = 1 to N. To find the most optimal rotation matrix, number of algorithms
have been developed. In addition to FRE, one other error is of interest to us. This error is called target registration
error, and this measures the error between registering two non-fiducial points in two spaces in Fig 2.3b. The smaller

the TRE, the more accurate our registration was. TREs for in-vivo studies are usually within 3mm.

2.4 Monitoring echoes using passive acoustic mapping

Passive Acoustic Mapping was proposed by Gyongy in 2010 [160] to monitor bubble activity that can arise
during HIFU therapy. By doing this, one can record passive acoustic signals originating from focus in a pre-defined
region and create an intensity map. This helps in mapping acoustic activity that is generated by recording pressure
fields generated by High Intensity Focused Ultrasound transducer. In order to acquire signals correctly, source
strength must be calculated correctly. Newton’s second law of motion states that the net force on a volume equals
to acceleration times mass of the particles. This can provide us with an expression for the pressure fields relative to
the particle velocity in the medium. If we neglect viscous stress, the linearized equation of momentum is expressed
as:

M _ oy @222)
Pogy = —Vp - (2

where p, is the density of the medium, u is the vector velocity field and p is the pressure field. Velocity consists of
rotational and an irrotational part. Since the rotational part is independent of time, the velocity field is completely
characterized by its irrotational part. This irrotational part is called ‘velocity potential’ @. Hence:

u= Vo .. (2.23)
We can combine equations 2.22 and 2.23 to deduce an expression of induced excess pressure and the velocity

potential:
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P=Po= —Pog - (2.24)
A simple source that oscillates, the velocity potential is expressed as @ = @(r, t) where r is the distance from the
interested simple source and t is the time variable. Velocity potential is related to rate of volume flow m(t) from
the center of the source through:

m(t)
0= —m (225)

If a sound wave has travelled a distance r, with a speed of sound c, the rate of volume outflow that has travelled the

same distance as the sound can be written as:

¢=- - (2.26)
Taking a derivative with respect to time will give:
. r
w0_ =g o
ot 4mr R

The rate of change of mass outflow for a simple source can be defined as

q = pom(t) .. (2.28)
Combining equations 2.26, 2.27 and 2.28 gives us a relationship between source strength (rate of change of mass
outflow from the source) and excess pressure as a result of source as strength:

.. (2.29
4ntr ( )

P—Do =
Hence for source located at r with source strength g, resulting pressure at location ' at time t will be:

[r =7
a(re-"2H)

4t|r — r'|

p(r',t) = (2.30)

Equation 2.30 allows us to solve for the inverse problem of calculating source strength using pressure waves that
are recorded by the sensors of ultrasound receive arrays in the presence of interfering signals. Equation 2.30 can be
used to estimate source strength at positions of interest nu back-propagating signals received by the array to those

position and coherently summing them. Hence, for position r, source strength can be written as:

|r; — 7

N
1
Gg(r,t) =Nz dmtlr; —r|p <ri,t+ ) (2.31)
i=1

Cc

where i is the index of element on the array, r; is the location of the ith element of the array, p is the pressure

recorded on each elements of the array and c is the speed of sound in the medium. The steps to making correct
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passive acoustic strength maps is as follows [167]:

Grid Definition — Defining the grid depends on the size of the HIFU focus. A 2-D area of interest is defined in front
of the receive array and area is organized into different voxels. The choice of size of voxel depends on the size of
resolution of the imaging array as well.

Recording the acoustic emissions — While performing HIFU treatment, acoustic emissions of linear and non-linear
in nature are produced. The emissions can be recorded by receive elements of the receive transducer. The RF data
available can then be used to create passive acoustic mapping.

Beamforming: Concept behind using beamforming uses signals recorded in the receive transducer and
applying techniques to for image from it. Using equation 2.31, source strength at any location r can be constructed
by back propagating the signal to location r. We can then coherently sum them for noise and interference rejection.
Depending on the region of interest, we can delay the RF signal obtained on the receive transducer and time shift it
accordingly. We can then sum signals over time and average it to reduce noise and suppress any interfering signals.
Estimating source energy — Source energy can be estimated using acoustic intensity. Source strength is directly
related to acoustic intensity as follows:

2 _Ir =1
o (=T
PoC (4m|r —7r')?poc

I(r,t) = (2.32)

where p, and c are the density and speed of sound of the medium respectively. Source energy, can then, be defined

as:

r—r
t0+Tq2<r’,t—| - |)dt

4mp,cC

Y(r) = f (2.33)

()

2.4.1  Beamforming techniques for Passive Acoustic Mapping

Beamforming algorithms for image reconstruction are categorized into data-adaptive or non-adaptive
algorithms based on how weights are applied to each element of receive transducer and how those weights are
calculated. The choice of beamforming solely depends on the requirements of the system and there needs to be a
compromise between spatial resolution and source energy estimation versus incurred computational cost and

complexity of the algorithm. In section 2.4, | will discuss one non-adaptive algorithm (Time Exposure Acoustics)
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and two data-adaptive algorithms (Capon Beamforming and Robust Capon Beamforming).

2.4.1.1 Time exposure Acoustics (TEA)

TEA was first introduced by Norton and Won [168] in 2003 as method to passively image underground
scatterers created by ambient seismic noise. This method computes an intensity map in arbitrary units. It does so

by calculating intensity of each pixel by using the following equation:

N N
06) = E(l ) G} - EQ GO . (234)
i=1 i=1

where E{-} denotes the statistical expectation operator, and i, (r) is defined as:

|T—Tn|

) .. (235)

U (r) = 4m|r — 1|y, <rn.

u, (1, t) being the signal recorded by sensor placed at position 7, after being filtered. For PAM equation 21 can

be written as [131], [160] :

1(r) _—ftm ZH (r,0)2 — ZH (r,0)2dt ... (2.36)

where H;(r,t) = a(d (r))pl (t + 4 (r)) with d; (r) denoting the distance between the distance between

the i**array to desired point r in the grid, p;(t) denoting the pressure signal detected by the it" element of the array
attime t and a(di (r)) denoting the spatial sensitivity term. The second term in equation 2.34 aims at removing
DC bias from image intensity. It does so by subtracting the variance of the received signals. Gyongy and
Coussious [160]did not use this term as it lowers the intensity at estimated location. Hence the intensity map

expression for PAM using TEA is reduced to as follows:
to+T
1) = —f (ZH o) de .. (237
In cartesian coordinates it can be written as:

IGr) = ftOJrT(ZH(x )2dt .. (238)
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which is proportional to equation 2.36 in cartesian coordinates:

w(r) = f“’”qz(—’;;'? dt .. (239)

to AT

where

N (4
Glx,t) = ;wiémdi(x)pl <t +T> .. (2.40)

The distance between any voxel at position (x, y, z)and sensor i at (x;, y; and z;) is represented by d; (x) =

\/(x —x)+—-y)?+(z—2)* ... (241

For TEA-PAM weights are predefined and are assigned as 1 for all elements. This makes TEA-PAM a
non-adaptive beamformer. Lack of any data-adaptive beamforming can lead to signal artifacts and inaccuracies. A
more common artifact called as tail-artifact is seen when using TEA-PAM in Fig 2.2. This happens due to
presence of multiple bubbles interacting with each other in the desired region. This results in false activity beyond

the actual source.

2.4.1.2 Data - Adaptive Beamformers
TEA-PAM algorithm introduces artifacts and limits spatial accuracy. This warranted an investigation into
beamformers that can be weighted optimally to give a spatially accurate beam maps. The two data adaptive

beamformers that will be discussed are Capon Beamforming[169] and Robust Capon Beamforming [162].

2.4.1.2.1 Capon Beamformer (CB)

CB or Minimum Variance Distortion less Response (MVDR) Beamformer was first introduced in 1969
[169] and it seeks to adapt the weights w by minimizing the variance of the array output. This allows the signal-of-
interest to remain undisturbed. The optimization problem can then be, described as follows for signals that are pre-
steered and amplitude compensated: D(x)p(x, t), and the steering vector corresponding to the direction of arrival
(DOA) of the signal of interest to be equal to the unity vector (a, = 1) due to pre-steering:

min,,w" D(x)R,(x)D(x)w subject to w"a, = 1.
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The rationale behind the formulation of the above optimization problem is as follows. Assuming the array output

at any point of time is:

r(t) = s(t)ay + Zsi(t)ai +v(t) ... (2.42)

where s(t) is the signal-of-interest arriving from DOA a,, s;(t) is the ith interfering signal arriving from DOA
a;, and v(t) is the noise of the system.
The output of the beamformer is:

y() = wir(t) ... (2.43)
The goal is to choose the weights so that the desired signal s(t) is preserved and the interfering signals and noise
are suppressed. In case of CB, one performance measure is the output signal-to-interference-plus-noise ratio

(SINR):

__ E(wTs®aol) 21w apl? 2w ap)?
SINR = = - =%
E(WT EsiOatv@)])  E(WwT Csi®aprv@)*) ~ wRisow

. (2.44)
where 62 = E{|s(t)|?} is the power of signal-of-interest, and R;,,, is the covariance matrix of the interfering
signals plus noise vector.
The ultimate goal of the beamformer is to maximize SINR while preserving the signal in the region of interest i.e
wTa, = 1. To achieve this, denominator needs to be minimized. Since the minimization of the variance of the
array output with respect to the interferences and noise is not possible, because signals and their origin is
unknown, following minimization of the variance of the output of the beamformer is proposed:

min, E{|y(t)|*} = min,,w" Rw = min,, (6Z|w"a,|?> + wTR;,,w)

= min,,(W'R;,w)

where R = | tt:”r(t)r(t)Tdt is the covariance matrix of the array output vector.

The solution to this constrained optimization problem is found analytically using the method of Lagrange
multipliers [161]:

_ DEOTR@GID() g
VB = aTD () 1R, (1) D (x) g

The PAM energy map based on CB is calculated as follows:
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4 1

Y(x) = oc alD(x)'R,(x)"1D(x)1a,

.. (2.45)

Since we can calculate weights based on data, the spatial resolution of PAM will be improved, allowing better

localization of sources of acoustic activity. However, in order to achieve optimized calculation of w,g , the

nominal steering vector a, must be accurately estimated. But this value, in CB, is fixed. Even a small array

sensitivity might cause divergence of actual steering vector a,. Such misalignment can lead to significant

degradation of the PAM-CB performance, which in some case is even worse than the non-adaptive beamformer

TEA [161].
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Figure 2.4: Comparison of TEA-PAM with RCB-PAM. TEA-PAM shows a tail-artifact
after from 40-45mm. The data adaptive beamformers, RCB-PAM, can remove the “tail”
artifact present in TEA-PAM and can help with improving axial resolution of the PAM.

2.4.1.2.2 Robust Capon Beamforming (RCB)

When ultrasound is used in clinical and experimental conditions, it is expected that array variabilities exist

related to sensor’s relative positions and gain. There may be varying speed of wave propagation in inhomogeneous
media. Hence, adopting beamforming technique for PAM which can be flexible to such conditions is necessary. A

natural extension of CB is Robust Capon Beamforming [161], [162]. It re-formulates the problem allowing the

steering vector to vary within an ellipsoidal region and hence compensate for array imperfections.

Assuming a nominal steering vector @ = 1, we now need to estimate the actual steering vector a. This is the goal of

our next optimization problem, which is formulated as:
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min,a’” (D(x)R,(x)D(x)) " a subjectto |la —al||* < €

This constraint imposed here accounts for the region of uncertainty, where a can vary and & is the parameter
of uncertainty which allows the region to expand or shrink. The correct value for &£ will depend on the experimental
conditions and it usually involves a compromise between tolerance to steering vector mismatches and interference
suppression capability.
To solve the steering vector of the signal-of-interest, we can use Lagrange multiplier methodology [162]:

ay,=a-u(l+An"Ua

Where the columns in U contain eigenvectors of D(x) R, (x) D(x), the diagonal elements of I are the corresponding
eigenvalues, and A is the calculated Lagrange multiplier. The energy near the region of interest is calculated
according to the following equation [170]:

4 ||aP? 1
poc N aUT(A2I + 2A-'T 4+ I?)-1U*a

.. (2.46)

RCB-PAM has been evaluated with microbubble imaging and it has significantly improved the localization of
the recorded acoustic activity in Fig 2.4.

2.5 Summary

FUS, by itself, poses limitation that can prevent its widescale adoption. By incorporating acoustically active
particles, we can enhance FUS therapy outcomes and make FUS more accessible. This chapter present methods
which were used to create desired pressure field patterns to increase ablation efficiency in chapters 3 and to target
precisely after registration in chapter 5. It is also important to accurately target FUS in the desired regions. Methods
presented in this thesis use power Doppler imaging, which is capable of delineating brain vasculature, to target FUS
transducer at a desired region in chapters 5 and 6. Finally, we present methods that can simultaneously record
emissions generated from FUS interaction with acoustically active particles to inform us of regions undergoing
cavitation in chapters 4 and 5. Overall, we present methods that can enhance FUS therapy outcomes all the while

making it more accessible by combining FUS with acoustically active particles.
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CHAPTER 3: Improving the Heating Efficiency of High Intensity Focused Ultrasound Ablation
Through the Use of Phase Change Nanodroplets and Multi-focus Sonication?

3.1 Introduction:

Locoregional therapy, a process to directly treat a diseased region of the body, is performed with the goal of
improving prognosis. While surgical removal is the most common locoregional procedure, there is a constant push
to make these procedures less invasive, which helps reduce morbidity, cost, and the need for hospitalization [171] .
There has been a significant innovation in the past decade to improve locoregional treatment of cancers of soft
tissues, such as the liver and breast. Hepatocellular carcinoma (HCC) is one of the most common malignancies of
the liver [172] [173], and although surgery is potentially curative treatment for HCC, it is contraindicated in cases
where a single lesion <5¢cm in diameter exists or fewer than 3 lesions with diameters <3 cm [174]. In few cases
where resection is not recommended and locoregional ablative therapies, such as radiofrequency ablation (RFA) or
transcatheter arterial chemoembolization (TACE), are performed to prolong life and manage pain [97]-[101]. In the
breast, researchers have explored alternative treatments like cryoablation [102] where they create an ice-ball near
the tumor to engulf the tumor using argon based cryoprobe. Other ablation methods include radiofrequency ablation
[104] and microwave ablation [105]. RFA and TACE, that are effective as a local ablative therapy, are invasive

procedures, and an extracorporeal method that could achieve comparable outcomes would be desirable.

The work described in this chapter is part of first author publication: A. Singh, A. G. Nyankima, M. A. Phipps, V.
Chaplin, P. A. Dayton, and C. F. Caskey, “Improving the heating efficiency of high intensity focused ultrasound
ablation through the use of phase change nanodroplets and multifocus sonication,” Phys. Med. Biol., May 2020, doi:
10.1088/1361-6560/ab9559. © Institute of Physics and Engineering in Medicine Reproduced with permission. All

rights reserved
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Natural focus 2 foci 4foci 5 mm diameter circle
Activation Power (in W) 100 200 200 100
Heating power (in W) 80 80 80 80
Total time of sonication (in s) 48 48 48 48
Total energy delivered (in J) 3840 3840 3840 3840
Number of observations 8 8 8 8

Table 3.1: Egg-white acrylamide phantoms with and without PSNDs were subjected to 4
different treatment options in the table above. There were in a total of 32 observations, 8 in each
group where 4 observations in each group was carried out on phantoms with PSNDs and 4
observations were carried out on phantoms without PSNDs.

High Intensity Focused Ultrasound (HIFU) is being increasingly explored as an ablation option as it can
focus sound waves of high pressures and intensity at an intended target to ablate non-invasively. In one clinical trial
where researchers sought to treat liver and kidney tumors, [175], all liver tumors (100%) and a majority of kidney
tumors (67%) were successfully ablated based on radiological or histological assessment after HIFU treatment.
However, side effects in the form of skin toxicity and blisters in the region of ablation were observed. In a more
recent hepatocellular carcinoma clinical trial by Zhang et al.,[176] researchers explored the efficacy of HIFU in
causing necrosis while assessing its effects on adjacent blood vessels. The average tumor size in 39 patients (42
tumors in total) undergoing ablation was of 7.4+4.3 cm in its greatest dimension. At power levels of 160-250W at
0.8 MHz, the researchers were able to ablate 21/42 completed with rest more than 50% ablated. The side effects of
the treatment included mild local pain and mild skin burn. One patient had skin blisters and another patient had skin
burns and blisters. Similar results were in a primary and metastatic liver tumor trial by Leslie et al., [177] where
researchers treated 31 patients with HIFU. 39% of patients suffered with superficial skin burns and one patient
suffered with moderate skin burn. Similar outcomes are also seen when HIFU is used for breast cancer ablation in
clinical trials [9], [11], [12], [66]. Some of these clinical trials reported an ablation volume of around 8cm? at power

levels between 80-271 W for 35-133 minutes but ablation came at a cost of off-target heating.

Hence, despite the promise of HIFU technology for non-surgical ablation, off-target heating remains a
major concern. The ability to reduce off-target heating while maintaining HIFU’s ability to provide non-invasive
volumetric ablation would increase HIFU’s adoption for soft tissue ablation procedures.

One approach to improving heating is to use acoustically active particles that can accelerate heating due to

ultrasound absorption. Microbubbles is one such acoustically active particle than can increase volumetric ablation
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[107] and subsequently decrease therapy duration[178]. Microbubble oscillations induce local heating through
viscous losses in the surrounding medium [179], produce local shock waves, which can aid in tissue ablation and
cause mechanical stress at cellular level. In literature, researchers have used Levovist, a clinically approved contrast
agent, to accelerated heating, [180], [181]. In one study specifically [182], researchers reported nearly a double
volumetric ablation in rabbit liver which was injected with 7mL of Levovist (371+104 mm?3) vs rabbit liver that was
only injected with saline (16671 mm?3). However, the use of microbubbles in a clinical setting to aid tumor ablation
tend to induce off-target heating, primarily in the near field [107]. This is because microbubbles amplify thermal
energy deposition regardless of their location. Moreover, not only do microbubbles have a short circulation half-
life [72], high concentrations of microbubbles can attenuate acoustic penetration into deeper tissues. Furthermore,
microbubbles are too large extravasate from the vascular space, and remain localized within blood vessels, [70],
[71].

Prior data suggests that phase-shift nanodroplets (PSNDs) might serve as an improved alternative agent to
microbubbles for enhancing HIFU thermal deposition. PSNDs, which are nanometer-sized liquid particles, can
undergo phase shift and convert to microbubbles when sonicated above a threshold pressure. This threshold pressure
can be tailored depending on the PSND composition [108]. Because PSNDs only convert to microbubbles in regions
of the pressure field above a threshold, they amplify heat only in the focal region, thereby mitigating or reducing
any off-target heating. Moyer et al. observed a temperature rise of 130% and an ablation volume 30 times greater
with PSNDs vs without PSNDs in the rat liver [111] in response to HIFU treatment. Finally, the stability and
circulation time of certain PSND formulations were found to be substantially longer than that of microbubbles [106].
PSNDs in combination with HIFU can overcome challenges of volumetric ablation efficiency posed on to use due
to small focal region of HIFU’s ellipsoidal focus which is on the order of 1-3mm. Clinical systems typically steer a
single focus in a circular or spiral pattern to generate a larger focal volume with larger spirals resulting in increased
overall heating efficiency[24], [183]. Another approach to improve heating is to use multi-focal heating pattern.
Multi-focal heating patterns avoid high intensity levels that can develop due to high focal intensity levels when
treating large tumors using ‘point by point sonication’ method. Ebbini et al [164] showed that by using multi-focus
treatment approach, one can precisely control the intensity levels at each of the control points in the treatment
volume. This is especially useful for mild hyperthermia setting where using multiple concurrent foci can provide
the benefit of reducing acoustic pressure near the focal region and providing better control over treatment volume

[184], [185]. In one study [184] researchers showed that multi-focus ablation resulted in a significant reduction
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Figure 3.1: DDFP-DFB nanodroplet size distribution. Majority of nanodroplets were
200nm in diameter.

(67%) in peak acoustic pressures in simulation and hydrophone measurements as compared to single focus. While
multi-focal heating provides better spatial coverage, it can lower overall energy efficiency of the region and can
contribute to concentrate pre-focal heating. PSNDs pair well with multi-focal heating methods because they amplify
thermal effects only in the focal region, keeping off-target regions safe. In this study, we explored how pairing beam
focusing patterns with PSNDs increased volumetric ablation and improved ablation efficiency.

Our overall goal was to increase the volumetric ablation while reducing the total energy delivered. We examined
thermal effects of PSNDs on the lesion size in phantoms during HIFU ablation using magnetic resonance (MR)
thermometry in 7T MRI. Using the temperatures obtained via MR Thermometry, the values of volumetric ablation
that reached CEM 240 at 43°C, i.e the lethal thermal dose was calculated [24]. Lastly, values for ablation efficiency

(mm3/J) was calculated, and was compared across all the cases with and without PSNDs.
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3.2 Materials and Methods
3.2.1  Lipid Solution

The procedure to create nanodroplets (PSNDs) was originally published in Moyer et al.[110] . Briefly, two
lipids were combined in a 1:9 ratio (both from Avanti Polar Lipids, Alabaster, AL, USA) to create the shell of the
PSNDs: 1, 2-distearoyl-sn-glycero-3-phosphoethanolamine-N-methoxy (polyethylene-glycol)-2000 (DSPE-PEG),
and 1, 2-distearoyl-sn-glycero-3-phosphocholine (DSPC), respectively. Lipids were emulsified in an 1.0 mg/mL
aqueous solution of 15% (w/v) propylene glycol, 5% (w/v) glycerol, and 80% (w/v) phosphate-buffered saline
(PBS). Once prepared, the lipid solution was portioned into 1.5mL aliquots and stored in 3mL glass vials. Vials are

sealed and stored at 4°C.

3.2.2  Nanodroplet Protocol and Size Distribution

When ready for use, lipid solutions were removed from storage, and the headspace of the vial was replaced
with desired perfluorocarbon (PFC) gas. In this study, a 1:1 mixture of dodecafluoropentane (DDFP, CsF., boiling
temperature= 28°C), and decafluorobutane (DFB, C.F., boiling temperature= -2°C). The PFC mixture was obtained
by filling a syringe with 60mL of DFB (Fluoromed, Round Rock, TX, USA), which was contained in a gas canister
set to 6 psi. The syringe was placed in a -20°C freezer, and the DFB was condensed to a liquid. Liquid DFB was
mixed with 0.5mL of DDFP (Exfluor Research Corporation, Round Rock, TX, USA), and the liquid solution was
vaporized back into a gas. The DDFP-DFB gas mixture was then connected to the lipid solution vials and filled the
vacuumed headspace. The PFC containing lipid solution was shaken into a microbubble solution for 45 sec
(VIALMIX® Shaker, Lantheus Medical Imaging, N. Billerica, MA, USA). The vials were placed in a -11°C ethanol-
water bath for 2 min, and then, 14 psi of nitrogen gas was pumped into the headspace to pressurize the microbubbles
into PSNDs. The vials continued to be swirled in the cold bath for 30 sec, before the nitrogen line was removed, and
vials were placed on dry ice for shipping. The vials of PSNDs were shipped overnight to Vanderbilt University on
dry ice.

Size distributions of the PSNDs were collected using a NanoSight NS500 (Malvern Instruments,
Westborough, MA, USA). A 2:998 dilution of the PSNDs was used to characterize the particles, by adding 2 pL of
stock PSNDs to 998 pL of 20nm-filtered HPLC-grade water. In Figure 3.1, a total of 3 vials was measured to create

the size distribution presented.

3.2.3  Tissue-mimicking phantoms
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Figure 3.2: Different ablation patterns. The top row presents how the focal points look in 2D
space. The bottom row presents the Rayleigh Sommerfeld pressure simulation at those foci.
Following are the specific cases:(a) & (e) Case 1 where the activation and heating happened at the
natural focus.(b) and (f) Case 2 where activation and ablation happened point wise on an 8-points
5mm diameter circle. Each of the 8 points were first activated and was followed by heating. (c)
and (g) Case 3 where two points were activated at the same time and followed by heating. Heating
at both points took place at the same time. (d) and (h) Case 4 where 4 foci was activated and
heated. In this particular case 1st 2 foci were activated and then heated. Once activation and
heating of 1st 2 foci was done, same happened to 2nd 2 foci.

The process to make acrylamide-albumin tissue mimicking phantoms have been described previously
[186]. These phantoms were created from an 8:7:5 mixture of aqueous acrylamide (bis-acrylamide to acrylamide
ratio of 1:29), liquid egg-white, and deionized water, respectively. When these phantoms are heated to 60°C or
above, the egg whites start to permanently denature and create an opaque lesion whereas at temperatures below
60°C, they are nearly transparent. The acoustic properties of these phantoms are very close to that of the tissue and
make it a very desirable in-vitro phantom. These phantoms are polymerized with nanodroplets at concentration
0.8ul/Aml of phantom material. The nanodroplets were dispersed to acrylamide solution before polymerization via
the addition of 0.5% vol/vol of 10% ammonium persulfate and 0.2% vol/vol of tetramethylethylenediamine. This

solution was then poured into a cylindrical mold of 40mL and was used within 24 hours of their polymerization.

3.2.4  High intensity Focused Ultrasound

HIFU was delivered using a randomized spherically focused, 128 elements, phased array driven at 650 kHz

(Image-Guided Therapy, France) with the radius of curvature and opening diameter is 7.2 cm and 10.3 c¢cm
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respectively [187]. A continuous wave HIFU at an average power of 80W was applied to ablate phantoms. Pressures
at each power level at natural focus until was calibrated via a needle hydroplane (ONDA HNA-0400, Sunnyvale,
CA) in a degassed deionized water bath until 2.2W. These values were subsequently used for extrapolation for
pressures at higher powers. Extrapolation of values using needle hydrophone showed a PNP of 4.2 MPa at desired
powers. The experimental set up resembled Figure 3.3. Different cases of activation and heating are presented in
Figure 3.2 and elaborated more in section below. An initial burst of 20 pulses, each with duration of 0.09s, were
used for PSND activation. This was done to ensure that all particles in the region were activated prior to heating
pulses. The power for initial burst varied as follows: a) for single focus, 1 burst was applied with 100W power; b)
for 2 foci a single multi-focal burst was transmitted at 200 W; c) for 4 foci ablation two multifocal bursts at 200 W
were applied to activate 4 foci, and d) for the 5-mm diameter circle, 8 bursts at 100 W were used to activate each of
the 8 points. Based on our extrapolated hydrophone estimates, these bursts ensured that each focal point in single or
multi-focal cases received a focal pressure and duration known to convert particles (PNP 4.2MPa - 4.4 MPa, PPP
4.5MPa-4.6MPa ), confirmed by B-mode images (Figure 3.4). After the nanodroplets were converted, heating

pulse at 80W was applied for a total of 48s.

3.2.5  Groups of phantoms for treatment

The prepared egg-white acrylamide phantoms were distributed in different groups. The groups consisted
of phantoms that would undergo one of the following treatments presented in Table 3.1. A total of 32 experiments
were done where a total energy of 3840 J was delivered in each case with an average power of 80 W. All phantoms
were heated for 48 seconds with a near 100% duty cycle. Multiple foci, in figure 3.2, was generated using method
described by Ebbini et al [147] using our 128 random phased array spherical cap[187] and is described in detail
below. The top row in figure 3.2 show a 2D representation of multi-focus whereas bottom row represents the
pressure map for those multi-focus points. The case 3.2 is similar to how single focus sweep sonications were done

in prior studies [184].

3.2.6  Generation of Multiple foci

Single focus sonications were performed at the transducer’s natural focus. In order to generate multiple
foci, methods outlined in previous works have been implemented [147]. IN this section, derivation of above

mentioned method is covered. The complex pressure at a point in acoustic field can be represented by:
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where j = +V—1, p is the density, c is the speed of sound, k is the wavenumber, S’ is the surface of the source, u is
the normal velocity of the source surface, and r and r’ are the observation and source points, respectively.

If a phased array transducer that has N number of elements. Pressure at M control points at position r = r,, where

m = 1,2, ... M can be written as
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then we can represent equation 1 in matrix form where:
Hu=p..(4)

where u = [ug, Uy, ...uy Jfand p = [p(r), p(1), ...p(ry )]*

One can use equation 4 can help solve for amplitude and phase of N transducer elements that can generate desired
pressure at M control points. When M<N, H has full rank and minimum-norm solution of the matrix in equation iv
can be solved by:

o =HtHHY 1p
where H*! is the conjugate transpose of H.

The multiple foci patterns used in study were influenced by the frequency (650 kHz) and the focal size of
our transducer (full width half maximum was 9.3mm and 2.2mm in the axial and lateral directions), and pressure
threshold for PSNDs conversion [187]. We sought to perform patterns that closely match the studies performed by
transducers at frequencies of 1.2 MHz with focal spot size of 1 x 1 x 8 mm?® [184], [188]. The 5-mm diameter circle
is comparable to ablation cell sizes used in clinical systems like Sonalleve [183], [188]. The choice of having points

5mm away from each other ensured that points did not overlap and at the same time generated enough pressures to
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convert PSNDs to MBs.

(a) (b) S—
Slice 6 = focal
for surface
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t
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\I | :E;’d’ phantom | H\FUtransducer‘
wlder
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Figure 3.3: MRgFUS setup for ablation. (a) This figure is of side view of our experimental set up
which consists of water bath and 5% agar phantom holder in that water bath. This agar phantom
holder has a slot for our egg-white acrylamide phantom. The transducer is attached to the water bath
and the agar phantom holder and egg white phantom is placed right in front of the transducer at a
distance where the beam from the transducer converges to form the focus (red ellipse). This set up of
transducer, water bath and our phantoms is then moved into the 7T MR bore encased in single
channel NOVA coil. (b) A zoomed in representation of total number of slices that were acquired in
our phantom and how the focus aligned with the slices. Each slice was evenly spaced apart by 2mm.
Additionally, it shows location of slice that was chosen as to evaluate surface heating with respect to
slice that saw most heating and was chosen as slice for focal heating. Slice 2 was 8mm away from
the focus. It was important to choose slice inside the phantom for surface heating in order to provide
accurate measurements of heating for conditions that use PSNDs.

3.2.7  Recording of Onset of Vaporization

The onset of vaporization followed by heating induced by these nanodroplets was visualized using an e17-
4 probe of Phillips EPIQ7 ultrasound scanner machine in their contrast mode. The contrast mode enables
identification of regions that give out signals at higher harmonics, and consequently help identify existing
microbubbles in the image. The image obtained from the scanner was in a DICOM format and was processed in

MATLAB R2018a.

3.2.8  MR-Thermometry

MR thermometry was employed to measure the volume of heat deposition and maximum rise in

temperature. MRI was performed using human Philips Achieva 7 Tesla MRI (Best, Netherlands) using a NOVA
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Figure 3.4: Contrast images acquired using imaging US after activating and heating phantoms. The red
dots represent location of the focus in each case. Contrast imaging helps in identification of microbubbles
in a medium as they give signals out at higher harmonics. We used this imaging technique to ensure
conversion of our nanodroplets to microbubbles. (a) Contrast imaging obtained after activating and heating
natural focus located at (0,0) in the image. (b) Contrast image obtained after activating and heating 8 point
5mm diameter circle. 7 out of 8 points saw heating in this case. (c) Contrast image obtained after
activating and heating 2 points 5mm away from each other. Both points saw activation and heating. (d)
Contrast image obtained after activating and heating 4 points — 2 points 5mm apart were heated and
activated at a time. Once first 2 points were activated and heated, next 2 points went through the same
regime. In this particular case, 3 out of 4 points saw activation and heating.

Medical (Wilmington, MA, USA) birdcage for both transmit and receive. Sonications were performed inside the
scanner using our MR-compatible HIFU device. Albumin-acrylamide gel phantoms were insonated using
continuous wave HIFU at 650 kHz. The first pulse was the activation pulse at 100 W for single focus and at 200 W
for multi-focus. After the first pulse, the phantoms were heated at lower power to deliver a total energy of 3840 J in
a span of 48 seconds. The average power was consistent across phantoms with standard deviation of + 3%.
Temperature rise and volumetric heating was monitored using 3D sagittal slices that were 2mm apart. All images

were acquired using 2D multi-slice spoiled gradient echo with following parameters

TE (echo time) = 10ms

TR (repetition time) = 25 ms

Field of view = 120mm x 26mm x 120mm
In plane resolution — 2mm x 2mm

Flip angle = 10 degrees

Slice thickness — 2mm
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Scan time — 120 seconds

For each application of ultrasound sonication, a total of 13 slices were acquired. Sonication was started 21
seconds into imaging and the heating continued for next 48 seconds. The total scan time was 2 minutes. Temperature
maps were reconstructed using MR images by employing proton resonance frequency shift method[89], [189]. The
temperature change was calculated by computing the phase difference between baseline images and images that
proceeded right after heating was on assuming o = 0.01ppm/°C and field strength of 7T. The thermometry and
imaging plane are presented in Figure 3.3. The data acquired from 7T MRI was processed off-line in MATLAB
R2018a. The heating pixels were unwrapped using phaseUnwrap2D algorithm[190]. After unwrapping, the
temperature rise in each slice was calculated using the phase difference in the images. The maximum AT observed
in focus of each phantom with PSND and the maximum AT observed at the surface of that phantom was then
calculated to quantify focal and pre-focal heating. This pre-focal heating slice was 8mm away from the focus
proximal to the transducer. After evaluating the rise in temperature, volume that reached 240 cumulative number of
equivalent minutes at 43 °C (240 CEM 43 °C) was calculated by setting the base temperature to 37 °C. The CEM

43 °C was calculated using the formula:

N
CEMys = ) [Regw] ™10t ..(5)

i=1
where t; is the i-th time interval, R is related to the temperature dependence of the rate of cell death (R(T< 43
°C)=1/4, R(T>43 °C)=1/2) and T; is the average temperature during time interval t;. CEM,5 values were used for

creating isosurfaces (figure 3.6(c)) for volumes greater than 240 CEM 43 °C to study the shape of lesion formed.
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3.3 Results

3.3.1 Nanodroplet Size Distribution

We found that the NDs formulated with a DDFP-DFB core had an average mean diameter + standard

deviation of 219 + 67 nm (N=3). The average concentration for the size distribution was 2.9x10** + 6.3x10%°.

3.3.2  B-Mode contrast image of phantoms with PSNDs:

The results of our B-Mode imaging confirm that phantoms with nanodroplets undergo phase transition at
4.4 MPa followed by heating pulse power matched at 80W (Figure 3.4). The size of focal zone after the treatment
at the natural focus is consistent with lateral width of the beam at focus, which is ~2mm (Figure 3.4(a)). In the case
of circle (Figure 3.4(b)), activation can be seen 6 out of 8 of the desired points. Similarly, in the cases of 2 foci

(Figure 3.4(c)) and 4 foci (Figure 3.4(d)) activation can be seen at intended locations.

3.3.3  Ontarget vs Off target heating

In order to quantify on target vs off target heating, we processed our acquired MR thermometry images
that informed us of the rise in temperature at the focus (focal heating) and rise in the temperature at pre-focal surface

of the phantom (surface heating). The maximum rise in temperature at the desired focal regions (Figure 3.5(a)) in
I

(a) Maximum change in A T in° C at the focus (b) 20 Maximum change in A T in° C at surface
[ PSNDs focal heating " " [ PSNDs pre-focal heating
[ No PSNDs focal heating [ No PSNDs pre-focal heating
30 1 30
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1 foci 2 foci Circle 4 foci 1 foci 2 foci Circle 4 foci

Figure 3.5: Change in temperature during HIFU. (a) Graph that shows maximum rise in temperature
at the focus and (b) at the surface. The surface was 8mm away from the slice that saw the most
heating. The values in this graph is comparable across all 4 cases. 4 foci saw the greatest focal heating,
only slightly better (0.04°C greater) than 2 foci heating. But 2 foci performed the best when the
maximum rise in surface heating was seen. It showed the lowest surface heating of 3.123 °C
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phantoms bearing PSNDs is comparable across cases where a rise of 32.5 °C, 30.4 °C, 32.5°C, and 32.5 °C was
seen in single focus, circular pattern, 2 foci and 4 foci cases respectively. The maximum temperature rise at the
surface was 3.1 °C, 3.5 °C, 3.1 °C, and 3.0 °C for single focus, circular pattern, 2 foci and 4 foci cases respectively
as seen in Figure 3.5(b).

Phantoms without PSNDs all experienced less heating overall. Maximum temperatures rose to only 7.7°C,
6.8°C, 6.4°C, 7.6°C in single focus, circular pattern, 2 foci and 4 foci cases respectively (Figure 3.5(a)). The
maximum temperature rise at the surface was 3.4 °C, 4.6 °C, 5.9°C, and 4.2 °C for single focus, circular pattern, 2

foci and 4 foci cases respectively (Figure 3.5 (b)).

3.3.4  Volumetric ablation calculation

After obtaining the change in temperature values and adding 37 °C to those temperature values, values of
240 CEM 43 °C were calculated using equation 5. Any voxel that had reached a value greater than 240 CEM 43 °C
was used to evaluate the final volumetric ablation (Figure 3.6(a)). The volumetric ablation achieved by 2 foci and

4 foci were consistent and greater than volumetric ablation achieved by single focus and circle pattern as shown by
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[
b) Average volumetric
ablation(mm3)

Single  61.1431+24.4

slice number
slice number

Circle  42.665%25.3

2foci  111.734+29.0

4foci  120.18+25.8

Figure 3.6: Mean volumetric ablation in cases with phantoms with PSNDs. (a) This graph represents
the mean volume that reached at least 240 CEM 43 °C in phantoms with PSNDs. This was calculated by
calculating the temperature in CEM 43 and thresholding all voxels in MR Thermometry slices that were
greater than 240 CEM 43 °C. (b) Tabulated form of mean volume in each case. ¢) These images
represent isosurface of volumetric ablation. It gives the spatial distribution of the ablated volume and
shows single, 2 foci and 4 foci had contiguous lesions but circle does not. This is only for one phantom
with PSNDs in each case but this scenario was also true for other phantoms with PSNDs in all cases.
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Figure 3.7: Graph representing maximum ablation efficiency. This was calculated by
dividing ablation volume that reached greater than 240 CEM 43 °C with the total energy
deposited to each phantom. Value for each case is presented here. Multi-foci performed
the best here.

the rate of change of mean volumetric ablation (Figure 3.6(a)). The average volumetric ablation increased during
the focused ultrasound on period in all heated phantoms with PSNDs (Figure 3.6(a)). Representative volumetric
isosurfaces of voxels with temperature rises greater than 240 CEM 43°C show how 4 foci, 2 foci and single focus
develop contiguous lesions, while circular foci often had gaps between foci (Figure 3.6(c)). Statistical analysis
revealed that there was a significant difference (p < 0.05) between volumetric ablation of single focus and 4 foci
based on two-sided Wilcoxon rank sum test; however, there was no significant difference between volumetric
ablation of circle and single focus (p >0.05) and between single focus and 2 foci (p=0.0571). There was no significant
difference observed between two multi-focus cases; however, there was a significant difference in volumetric
ablation between multi focus (both 2 foci and 4 foci) and ablation in circle pattern (p < 0.05). Figure 3.6(b) shows

mean 240 CEM at 43°C over 120 seconds where 4 foci performed the best and circle performed the poorest.
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3.3.5  Evaluating ablation efficiency

After obtaining the volumetric ablation in all cases, values for ablation efficiency was calculated (Figure 3.7)
where the volumetric ablation (in mm?®) in each case was divided by the total energy put in (in J). Again, 2 foci and
4 foci saw the greatest ablation efficiency values of up to 0.04 mm?3/J for each. Single foci and circle patterned foci
saw maximum ablation efficiencies of 0.023 mm?3/J and 0.02mm?&/J respectively.

3.4 Discussion

We used HIFU in conjunction with PSNDs to improve the efficiency of HIFU thermal ablation. We developed
a method where increased volumetric ablation for a fixed amount of energy could be delivered and tested it on
phantoms with acoustic properties similar to tissues. We show an increased volumetric efficiency when combining
multi-focal sonications and PSNDs while a decreased off-target heating, overcoming two of main challenges facing

thermally ablative HIFU procedures.

3.4.1  Heating restricted to focal region with PSNDs

Phase shift nanodroplets were activated in the shape of chosen beam patterns. The heating was contained
within the desired regions and no off-target regions show any ablation in Figure 3.6(c). The natural focus activation
pattern spans the 2-mm lateral beam width of the focus, while multi-focal and circularly steered cases have activation
patterns that span the expected ranges (Figure 3.6(c)). Our sonication procedure resulted in a mean rise of only 6°C
at the surface of the phantom implying that ablation using PSNDs only results in on-target heating. In the absence
of PSNDs, the maximum focal heating observed was less than 7°C compared to >30°C in the presence of PSNDs.
Similar to prior studies, heating was restricted only to the focal region with very little heating occurring at the surface
(Figure 3.5 (b))[110].

3.4.2  Increased volumetric ablation and ablation efficiencies observed in MF-PSND when compared

with SF PSNDs at matched power levels.

Multi-focus heating at a constant energy and power generated an increased volumetric ablation when
compared to single focus ablation at transducer’s natural focus. The volume reaching CEM43 of 240 based on MR
thermometry observed in multi-focus case was twice as large when compared to natural focus or circularly steered

(Figure 3.6). Four foci ablation achieved the highest volume of 120.2+25.8 mm? which was followed by 2 foci
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ablation which achieved a thermal ablation volume of 111.7+29.03 mm?, all at constant power 80W.

3.4.3 Heated volumes observed in MF-PSND were contiguous when compared to single focus circle case.

Heating was observed to be more contiguous for multi-focus cases with no gaps present in between the
multiple foci as demonstrated in Figure 3.6(c) whereas the sequentially scanned circular pattern showed gaps that
did not reach CEM43 of 240 after sonications. The lack of contiguous lesions in circular pattern could be due to
shorter duration of heating pulses per focus. For the case of ablation performed in the circle, each point on the circle
was heated only for 6 seconds vs 48 seconds in other cases. Hence, longer duration of heating pulses may have
caused diffusion of heat between adjacent nanoparticles, thereby causing them to convert as heating can also aide
in phase shifting the nanodroplets [191]. Maximum observed efficiency of 0.04 mm?®/J in 2 foci and 4 foci ablation
was almost twice of what was observed in single focus case. When these results were compared with 4mm circular
trajectory HIFU ablation performed in clinical trials by Kim et al, they had an ablation efficiency of 0.06+0.12
mm?3/J which was higher than the ablation efficiency observed in our study. While the higher ablation efficiency in
their study could be attributed to the 1.2 MHz center frequency, further analysis that includes frequency dependent
attenuation between the transducer face and target would be required to quantitatively compare our PSND study to

the in vivo study.

35 Study Limitations

Some limitations should be considered when interpreting our study results. Our study was aimed at
improving ablation efficiency at constant power. This was achieved by combining multi-focus sonication sequences
with PSNDs. These sonication patterns were chosen to closely match patterns in previous clinical trials but would
likely benefit from optimization via simulation. Rayleigh-Sommerfeld integral simulations in conjunction with
bioheat equation during electronic steering may result in a better treatment plan [192]-[195] as it give us pressure
fields and heat deposition estimation at those pressure fields. To facilitate matched comparisons we did not
implement any feedback control in our study, but feedback control could likely be optimized with the methods
presented in prior studies [24], [196], [197]. Our finding that multifocal HIFU coupled with nanodroplets has
increased volumetric ablation efficiency is general and should be function synergistically with prior optimizations.

Volumetric ablation at lower powers than those currently used in clinical trials could benefit many therapeutic
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ultrasound procedures, leading to decreased time when treating large regions and an increased safety margins due

to the lower energy required.

3.6 Conclusion

This study successfully showed that PSNDs and multi-focus sonication can be used in conjunction to
increase focal ablation volume while avoiding any off-target heating when compared to performing volumetric
ablation at single focus. This approach could substantially improve the clinical translatability of HIFU ablation by

reducing treatment time and reducing side effects.
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CHAPTER 4: Using passively detected acoustic signals to characterize ultrasound gated
nanoparticles?

4.1 Introduction

Modulating neurons in the brain is desirable for many treatment options like Parkinson’s and essential tremor
[35], [37]. Deep brain stimulation is one widely used neuromodulation technique for treating Parkinson’s and OCD
but its invasive and carries many side-effects[198]. Focused ultrasound (FUS) is another method which can cause
neuromodulation non-invasively in a spatially selective regions [20]. Although the natural response of neurons to
ultrasound has been explored, combining FUS with an acoustically active drug loaded nanoparticles have the benefit
of yielding a pharmacological response that may be more predictable than the effects of FUS alone. FUS coupled
with acoustically active drugs can modulate neural activity in a more controlled way in one of the two ways: 1) by
opening blood brain barrier [23], or 2) by delivering drugs via nanoparticles that do not need opening of blood brain
barrier(BBB) [22], [60]. In this study, we explored activity of nanoparticles (NPs) that release propofol upon FUS
application and. These NPs can cause neuromodulation by allowing the uncaged propofol to cross the BBB without
opening it. In-vitro, researchers showed that these NPs release propofol from nanoparticles starting at an Ml of 1,
and this release increased with an increase in MI. An increased release of propofol is desirable to elicit a stronger
neuromodulatory effect. However, higher pressures have been associated with unwanted bioeffects due to cavitation
which manifest in form of wideband signal [199]. In this study, we explored echoes originating from sonication of
propofol-bearing nanoparticles at pressures that enhance the release of propofol using a single element receive

transducer and mapped these echoes [148], [160].

2. The work described in this chapter is part of work published in IEEE 1US 2021 proceedings. © 2021 IEEE.
Reprinted, with permission, from A. Singh et al., “Using Passively Detected Acoustic Signals to Characterize
Ultrasound Gated Nanoparticles,” in 2021 IEEE International Ultrasonics Symposium (1US), 2021, pp. 14, doi:
10.1109/1US52206.2021.9593854.
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Figure 4.1: a) Set up figure shows steps to acquire receive signals, which result from sonicating NPs
with FUS, on to a multi-element imaging transducer set on receive mode. Verasonics triggered imaging
transducer L12-5 and arbitrary waveform generator at the same time. Arbitrary generator sends out
signal at 1.1MHz which is then amplified by the RF amplifier. Amplified signal is the output to the
HIFU transducer which then sonicates the particles in the cellulose tube. b) Prior to sonication, the
imaging transducer records baseline signal. At t=0ms, HIFU turns on for 50ms and at the same time
imaging transducer records 71us of RF data at 3kHz. The signal recorded on the imaging transducer is
then used to create passive acoustic map.

4.2 Materials and Methods:
4.2.1  Focused ultrasound pulse

These nanoparticles were shipped overnight from Stanford University. Cellulose tube (Spectra/Por,
Spectrum Laboratories Inc.) in Fig 4.1 was situated near the FUS focus. The cellulose tube was flowed with
solutions of either nanoparticles (diluted in saline) or saline (control). The flowing solution was then sonicated by
single element focused ultrasound (FUS) transducer (H101, Sonic Concepts Inc, Bothell, WA) with a frequency of
1.1 MHz [119], [200]. This FUS transducer was driven by an arbitrary waveform generator (Agilent 33511B, Santa
Clara, CA,USA) which was connected to an RF Amplifier (E&I, Rochester, NY, USA) as shown in Fig 3.1. FUS
pulses were at an Ml of 1.4,1.8,2.2 and 3.0. The pulse length was 50ms and it was repeated for a total of 10 times.

These parameters were consistent with what has been used previously to release propofol [200].
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Figure 4.2: Set up figure shows steps to acquire receive signals, which result from sonicating
NPs with FUS, on to a single element receive transducer.

4.2.2  Passive acoustic mapping using multi-element receive array

A 192 element array (L12-5) was set in receive mode to capture echoes arising from sonication of cellulose
tube (Fig 4.1) using Verasonics (Verasonics Inc, Kirkland, Washington ,USA). The Verasonics system triggered
FUS transducer (only at an MI = 2.2) and collected 77us of RF data at 3kHz at a sampling rate of 35 MHz. A total
of 377.7 ms of RF data was collected for every 50ms of HIFU pulse. RF data collected was then processed to make
frequency spectrum graph and time exposure acoustics passive acoustic map and was used to count the instances of

wideband signal.

4.2.3  Single element receive

A single element receive transducer in Fig 4.2 was used to collect passive receive data using Picoscope
(PicoScope 3203D, Pico Technology, Tyler, TX). The receive data was sampled at 1 GHz and captured the entirety
of the 50ms of HIFU pulse. This receive transducer was triggered by the arbitrary waveform generator, which also
triggered the HIFU transducer at the same time. The RF data collected was first down sampled to 50 MHz and then
an 18th order median filter was applied to the down sampled data to remove spike noise present in the measurement

system. A bandpass filter between 10 Hz to 25 MHz was applied to this data thereafter. This filtered data was then
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Figure 4.3: a) Passive acoustic map of nanoparticles. The regions of high intensity represent the
regions undergoing cavitation and align well with where cellulose tube was located. b) Passive
acoustic map created when saline flowing through cellulose tube was sonicated. The signal in
saline is orders of magnitude less than that of NPs.
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Figure 4.4: a) Wideband content present in nanoparticle trials upon FUS sonication. Such

wideband signal was absent in saline alone. b) Ultra-harmonics were also seen in after FUS

sonication of nanoparticles which was absent in saline.

used to compute spectrograms. For the spectrograms, a total of 1000 samples overlapped and total of 1024 points
were used to compute discrete Fourier transform. We grouped spectrograms from saline and nanoparticle studies to
visualize ultra-harmonic content content (e.g. fn = (n+1/2)f0 ,n = [1,2,...6]). We analyzed the ensemble of

spectrograms by
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counting the total number of spectrograms containing ultraharmonic magnitudes of >-40 dB at each pressure for
samples with and without nanoparticles. We applied a chi-squared test of independence to compare echoes from

solutions with and without nanoparticles as assess the effect of PNP on the presence of ultra-harmonic content.

4.3 Results:

4.3.1  Nanoparticles generated ultra-

harmonic and wideband echoes .
that could be spatially mapped 010 - I saline
5 I Nanoparticles
using passive acoustic mapping 'ﬁ
E
(PAM) @ |
w93
At an MI of 2.2, echoes received -g
e
from nanoparticles showed wideband content o
e
0
(Fig 4.4a). In some instances, this wideband .E 0
content was followed by ultra-harmonic seen é
in Fig 2b. The echoes from saline only & i
contained  harmonics of 11 MHz. <5Fo >BFo + broadband
Additionally, the wideband signal from the Figure 4.5: Number of trials in saline and in
nanoparticles with harmonics and wideband
nanoparticles was successfully mapped using content.

passive acoustic mapping (Fig 4.4a).
Passive acoustic map of saline was order of magnitudes less than that of nanoparticles (Fig 4.3b).
4.3.2  Ultra-harmonics and wideband presentation in nanopaticle trials vs saline trials
In Fig 4.5, it is shown that approximately 50% of nanoparticle trials had wideband and ultra-harmonic
content. These sporadic wideband content in nanoparticle trials prompted us to investigate it further with single

element receive transducer where much of the variables, such as handling and storage, were tightly controlled.
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Figure 4.6: Spectrograms reconstructed from single element receive data. This spectrogram reveals
that ultra-harmonics start to appear at M1 of 1.8 in NPs but do not appear until M1 of 2.2 in saline.
Additionally, at an Ml of 2.2, the number of harmonics in NPs are greater than saline and they are also
present for longer duration in NPs than in saline. At Ml of 3, NPs have wideband signal that give rise
to ultra-harmonics. Such wideband and ultra-harmonic signals were absent in saline at MI = 3.

4.3.3  Echoes from nanoparticles had greater harmonic content and earlier onset of wideband emissions

compared to saline

Spectrograms in Fig 4.6 show an onset of ultra-harmonic in nanoparticles trials at an Ml = 1.8. The onset
of ultra-harmonic content at MI of 1.8 was absent in all 10 trials of saline. Ultra-harmonics at f, = 2.25 MHz and
at 3.75 MHz was present for the entirety of the HIFU pulse in nanoparticles at MI = 1.8. At an incident pressure
with M1 of 2.2, both saline and nanoparticles emitted harmonics. However, there are differences in the number of
ultra-harmonics, the timing and duration of those ultra-harmonics. In saline, harmonics were present between 3.3
MHz and 4.4 MHz and then again between 5.5 MHz and 6.6 MHz. These ultra-harmonics start at 20ms and end at
35ms. In the presence of nanoparticles, ultra-harmonic echoes occurred between each harmonic starting from
1.1MHz up until 6.6 MHz. In each of these cases, these ultra-harmonics lasted for the entirety of HIFU pulse. At

MI = 3, saline presents no ultra-harmonic content whereas nanoparticles show a brief wide-band signal which is

followed by ultra-harmonic content.
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Figure 4.7: Percent of cases in which ultra-harmonics were present in saline vs nanos in
single element receive data. At an Ml of 1.8, 10% of NPs trials have ultra-harmonic content
whereas 0% of saline present this ultra-harmonic content at Ml of 1.8. At higher MI, NPs
have twice the number of trials with ultra-harmonic content than saline.

434  Ensemble analysis of ultra-harmonics presentation at high M1 shows significant association

between presence and absence of nanoparticles

Fig 4.7 represents the percent of cases in which ultra-harmonics were present in saline vs nanoparticles
trial. Such ultra-harmonics were present in 10% of cases of nanoparticles at Ml = 1.8. However, this was not the
case with saline where ultra-harmonics were absent in all trials at MI = 1.8. At higher MI of 2.2 and 3, ultra-
harmonics start to appear in saline but the number of trials in which ultra-harmonics were present in nanoparticles
were nearly double than that of in saline. A chi-squared test of independence showed that there was a significant
association between the type of material (nanoparticles and saline) and ultra-harmonic presentation at Ml of 2.2 and

3 (p< 0.01). No such significance was found at Ml of 1.8 (p=0.305).
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4.4 Discussion

Neuromodulation is a desirable treatment option for epilepsy, tremor or OCD. One widely used technique to
treat such disorders is deep brain stimulation but it is invasive and carries many side-effects [198]. FUS is an
attractive option for neuromodulation since its non-invasive and can cause safe neuromodulation. FUS, however,
by itself can only elicit effects based on the natural response of the neurons. When coupled with acoustically active
particles, FUS can elicit more predictable neuromodulatory activity. One such way to do it by combining FUS with
nanoparticles that release propofol upon FUS application at M1 > 1 [22]. Greater amounts of drug release, which is
possible at high FUS pressures, are desirable but increasing pressure can cause unintended bio-ef fects due to
cavitation. In this study, we investigated echoes in an in-vitro setting by flowing saline with and without
nanoparticles. We, then, collected these echoes using single element and multi-element receive transducer. The
passive acoustic map from NPs in Fig 4.3 show cavitation activity in the presence of NPs. The spectrogram in Fig
4.4a also reveal wideband content in presence of NPs at M1 of 2.2 which is otherwise absent in saline. As previously
mentioned, such wideband content is undesirable as it could lead to harmful bioeffects. We addressed this situation
by changing our handling protocol such that variables like storage temperature during experiment are in better
control. We simplified our experiment further by using single element for receive (Fig 4.2). The spectrograms
created from single element receive data showed ultra-harmonics in nanoparticles at lower pressures than that of
saline. However, there was no wideband content at Ml of 2.2. Wideband content was only present at Ml of 3.
Additionally, there was significant association between the type of material (saline and nanoparticles) and ultra-
harmonics presentation.

The NPs used in our study release propofol at a threshold of M1 = 1 [22], and this release is enhanced at higher
MI. In our study, we sought to explore higher MI with the goal of increasing drug delivery while monitoring acoustic
echoes that could be used to monitor particle activity during nanoparticle procedures. We explored pressures that
release propofol starting at MI of 1.4, while keeping the pulse duration the same as prior studies [119]. We did not
identify a unique spectral acoustic activity at MI=1.4 (e.g. pressure near the threshold of propofol release), but at
MI of 1.8, NPs started to exhibit ultra-harmonic content. The magnitude of harmonic content present in echoes
recorded on a single element receive from nanoparticles was 20 to 40 dB less than the fundamental. At Ml of 2.2,

echoes from NPs contained a greater number of ultra- harmonics. At Ml of 3, NPs exhibited a wideband spectral
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content. Wideband content had magnitude on the order of the fundamental frequency and could likely be used as an
indicator for safety during NP procedures. In case of our negative control, saline, ultra-harmonics were only seen at
MI of 2.2 and above. In none of the cases, wideband signals were observed in saline. Overall, our study identified a
unique acoustic signature in form of ultra-harmonics from NPs that occur at pressures above the release threshold
and highlights the importance of using acoustic feedback to monitor echoes from drug releasing nanoparticles—an
approach that has been successfully employed with perfluorocarbon-based nanoparticles and microbubble therapies
[60], [132], [201]. Our future directions include incorporating real-time acoustic feedback into nanoparticle

therapies and assess whether frequency PAM could be used to identify ultra-harmonic echoes.
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CHAPTER 5: An all-ultrasound method that combines power Doppler and passive acoustic
mapping with steerable focused ultrasound array to monitor and open blood brain
barrier in rats®

5.1 Introduction:

Focused ultrasound (FUS), when paired with microbubbles (MBs), can open the blood brain barrier (BBB)
reversibly and safely in animal models[55], [115], [156], [202] .Opening BBB with FUS can help in successfully
transporting various drug molecules such as doxorubicin and neurturin across BBB in small animals and can further
enhance treatment of brain tumors and provide neuroprotection for Parkinson’s disease[7], [56]. In clinical trials[6],
researchers have opened the BBB using MR-guided focused ultrasound to deliver chemotherapy drugs to the brain
in humans using [6], [53] and demonstrated feasibility of BBB opening in patients with Alzheimer’s.

Focused ultrasound blood brain barrier opening (FUS-BBBO) typically targets specific regions of the brain
and requires image guidance. In oncology applications, BBBO typically is targeted to the tumor region to enhance
permeability to drugs or the blood-tumor barrier[118], [203]. In neuroscience applications, researchers have
delivered molecules to elicit neuromodulation using schemes such as delivery of anesthetics[22], [60] or designer-
receptors activated by designer drugs[204] to specific brain regions of rodents. Accurate targeting is fundamental to
the experimental design of these studies, since the region of BBB opening must be located within a desired location
(e.g., tumor, target brain region). MRI guidance is the gold standard and multiple systems exist that can apply FUS-
BBBO under MRI guidance[86], [87]. To accurately place the FUS focus in the desired regions of the brain outside
of the MR, anatomical landmarks have been used [22] while other researchers have used a cross grid placement on
the mouse skin of the skull which is visible in B-Mode image of the imaging transducer co-axially aligned to a single
element FUS transducer [116]. The procedure was successful, with targeting accuracy within 2mm. In another
study[135], researchers targeted hippocampus within 0.5mm of the actual FUS focus using single-element FUS
transducer, with axial FWHM (=13mm) spanning entirety of the mice brain, to open BBB in mice using similar
grid positioning system that used sutures of the skull as anatomical landmarks. Researchers, however, noted that

sutures were not visible for all kinds of mice.

3. Work presented in this chapter is currently under review at Scientific Reports.
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Ultrasound imaging presents a potential solution for guiding transcranial FUS procedures and indeed
ultrasound imaging has often been used to guide focused ultrasound procedures in soft tissues, such as the liver[27].
However, B-mode imaging is of limited use in the brain due to attenuation in the skull. High frame Doppler with
microbubbles has recently established itself as a powerful neuroimaging tool capable of visualizing vascular
structures and providing functional information [134], [138], [140]. Brain vasculature can be visualized by using
ultrasound contrast agent during imaging procedures [139]. Using contrast agents, such as microbubbles (MBs), to
create power doppler images revealed vasculature in the brain at a micrometer scale and made ultrasound
localization microscopy and functional ultrasound possible[134], [138], [145]. By combining imaging of brain
vasculature and functional activity with array-based steering, treatment planning with accuracy equivalent to MR-
guided FUS procedures is possible.

Here, we developed methods to steer a FUS transducer array, with axial FWHM spanning only 2.7mm, in
a 2D plane using power Doppler imaging for guidance. We registered the imaging transducer with FUS array and
used vascular reference points to guide the ultrasound focus to the intended target. During BBB opening, we received
echoes at high frame rate to reconstruct robust capon beamforming passive acoustic maps (RCB-PAM)[148], [170]
and overlayed these maps on power Doppler images[205] to visualize the area undergoing cavitation. We quantified
the targeting error in our ultrasound-guided focused ultrasound (USgFUS) system in vitro using a cellulose tube in
agar phantom and a cellulose tube in skull phantom with MBs flowing through it. The performance of power Doppler
for image guidance was validated in healthy rats by opening the BBB in a cortical region of the left hemisphere.
BBB opening was visualized using Gd-contrast MRI and was compared to RCB-PAM data. By overlaying the RCB-
PAM image on the T;-weighted (T1W) MRI coronal slice, we visualized regions that underwent FUS treatment
and BBB opening procedure. Our study demonstrates an all-ultrasound method for combining power Doppler with
a steerable focused ultrasound array to guide millimeter-scale FUS BBB opening while mapping and monitoring

cavitation activity.
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a) Schematic illustration of the set-up to register FUS transducer with || b)  B-Mode images of hydrophone tip

the imaging transducer
>

x=-1.88 y=40.962 x=-2.6716 y=43.9803

Hydrophone

x=4.2548 y=39.2373

0 Pixel with
maximum
intensity

Figure 5.1: Registering FUS transducer with imaging transducer using a needle hydrophone. a) This set up
figure shows a schematic diagram to record B-Mode hydrophone positions to register FUS transducer with
the imaging transducer. First, Verasonics triggered the digital picoscope and FUS sonication at the same
time (Step 1). Hydrophone, which was attached to a 3D axis stage, was then manually moved until the
pressure reading on the Picoscope was maximized. The maximized pressure corresponded to the FUS focus
(Step 2). FUS sonication was stopped once the focus was found. Imaging transducer was then turned on to
gather B-Mode images of hydrophone (Step 3). The resulting B-Mode 1QData was saved for post-
processing. b) B-Mode image of hydrophone tip as seen by L12-5 transducer. Red dots represent pixels
with maximum intensity and the values corresponding to this point is in the title of image. A total of 6 B-
Mode images were collected to calculate rotation and translation matrix to register imaging transducer with
FUS transducer. Another 7 B-Mode images were collected to verify registration and calculate target
registration error.
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5.2 Materials and Methods:
5.2.1  Registering imaging transducer with focused ultrasound transducer

We used a 128-element focused (FWHM = 2.6mm X 0.65mm x 0.3mm) ultrasound transducer[206] with
a center frequency of 1.5 MHz (Imasonic SAS, Besancon, France). This focused ultrasound transducer has an
opening for imaging transducer L12-5 such that it is coaxially aligned with the FUS transducer. We sonicated a 10-
cycle FUS pressure pulses at 1.6V input voltage with a pulse repetition frequency of 1.5kHz using Verasonics
Vantage system (Fig 5.1) (Verasonics Inc,Kirkland, WA, USA). We steered the focus to a location within the image
plane and positioned the hydrophone using a manual 3-axis manipulator. Picoscope software (Pico technology,
Tyler, TX, USA) amplified the signal record ed by needle hydrophone and displayed the signal on the computer.
We maximized this signal so that the hydrophone tip was located at the focus. We detected the location of sonication
the hydrophone, we set the L12-5 transducer in B-Mode at 8.9 MHz using Verasonics and recorded the location of
the hydrophone. We saved the 1Q data for post-processing to find the pixel with maximum intensity which would
correspond to the tip of the hydrophone as shown in Fig 5.2a. We, then, steered FUS transducer at 6 different
locations for the purposes of registration. After collecting the points, we computed the rotation matrix and translation

vector required for rigid transformation using least square estimation such that equation 1 was satisfied[207]

Yrus = inmaging +t (€]

We estimated our fiducial registration error using these transformed 6 points. After calculating rotation and
translation matrix, we gathered 7 more points at imaging and FUS coordinates to compute the target registration
error of points that were not used as input fiducials. We transformed these 7 imaging coordinates into FUS
coordinates and compared transformed coordinate values (red circles) with ground truth FUS coordinates (blue

diamond) in Fig 5.2b. Using transformed points and actual points, we calculated target registration error.
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5.2.2 Microbubble fabrication

We produced lipid-shelled microbubbles in-house following the methods described in Borden et al 2005
[208]. Briefly, we combined and dried into film 90mol% 1,2-distearoyl-sn-glycero-3-phosphocholine (DSPC) and
10mol% 1,2-distearoyl-sn-glycero-3-phosphoethanolamine-N-[amino(polyethylene glycol)-2000] (DSPE-PEG2Kk)
and resuspended it to 2.5mg/ml in microbubble buffer solution (80% v/v of 0.9% NaCl, 10% propylene glycol [1,2-
propanediol], and 10% glycerol). We degassed the solution and filled the head space with F10C4 (FluoroMed,
Round Rock, TN, USA). We repeated this process for a total of 3 times. We agitated bubble solution using a VialMix
(DuPont, Wilmington, DE, USA) for 45 seconds to form microbubbles prior to experimentation. We purchased

DSPC and DSPE-PEG2k from Avanti Polar lipids (Alabaster, AL, USA).

5.2.3  Confirmation of registration by using rotation and translation matrix in in-vitro phantoms of

cellulose tube with and without skull phantom surrounding it

We first tested our registration in a 200 um cellulose tube (Spectra/Por, Spectrum Laboratories Inc., USA)
embedded in 2% agar (NOW Foods, IL, USA) phantom and then in cellulose tube inside a skull phantom. The
concentration of microbubble and flow rates were identical in both in-vitro phantom. Briefly, we diluted
microbubbles in saline at a concentration of 50uL in 1 mL to ensure there were enough microbubbles present for all
trials. While the MBs were flowing in cellulose tube at 12 mm/sec, we captured and saved B-mode images at 50Hz.
We captured a total of 1000 frames at 8.9 MHz. We subjected these 1000 frames to SVD filtering to eliminate any
static signals, thereby leaving only microbubbles signals [205]. We selected a cutoff of 250 singular values to filter
any static signal. After SVD filtering, we displayed SVD reconstructed image was on the screen and used
MATLAB’s ginput function to select target points on the cellulose tube. We used rotation and translation matrix to
transform this selected point into FUS coordinates system and calculated amplitude and phases of the FUS
transducer to steer to this point[164]. We sonicated this point was with a 100ps pulse at 1.5 MHz with 1.5 MPa free
field pressure in the cellulose tube in water and at 2.5 MPa free field for cellulose tube in the skull phantom. While
the FUS was on, we set imaging transducer in the receive mode to receive 96ps of receive data for each 100 ps of
FUS on time. We sonicated with a total of 67 bursts of 100 us pulses were every 1s. We repeated this transmit on

FUS and receive on imaging for a total of 10 times at 1 Hz PRF for one point and repeated this procedure for 3
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different steered position for the in vitro phantoms (i.e., Agarose-embedded tube and tube within skull). We
processed the receive data offline to reconstruct passive acoustic mapping using robust capon beamforming method
passive acoustic mapping (RCB-PAM) due to its ability to improve spatial resolution and removal of any incoherent
artifacts[170]. The RCB-PAM algorithm can localize acoustic cavitation activity[160] and is briefly explained
below. Assuming that there is a single acoustic event at location r with acoustic strength q(r,t), the pressure
generated at point r’ at time t will be:

Ir' —7|

qt ———F)
4r|r’ — 71|

p(r',t) =
where c is the speed of sound in the medium. We set the speed of sound for phantoms in this study between 1450-
1460mm/s to account for refrigeration of our skull and cellulose tube phantom at 4°C[209], [210] and at 1480mm/s
for water at 20°C for our in-vivo study. We refrigerated this phantom to prevent denaturation of the phantom and to
ensure repeatability of our experiment. Equation 2 considers the spherical propagation of the acoustic wave and time
of arrival from the source of observer. By inverting equation 2, we can estimate acoustic source strength based on
the acoustic pressures p(r;,t) detected at each pressure sensor r; for course of time t. The estimated acoustic
strength G (r;, t) is then calculated by applying relative delays to the acoustic signal of the i-th channel and averaging

it across the N channels:

) AN ) ri — 71
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where w; is the weight applied to the i-th channel. The RCB method determines the apodization weights w;
appearing in equation 3 that helps with suppression of interference pattern that otherwise arises in TEA — PAM
algorithm. Eventually, we can use g (r,t) to calculate estimated acoustic energy radiated by a single acoustic event

using equation 4 below:

where p, is the density of the medium and T is the total duration of the signal.
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In matrix format, equation 3 can be written as:
4r
400 t) = —w'D@s(x 1) (5)

where « is the piezoelectric coefficient, w” is weighting matrix applied to each channel, D(x) is diagonal matrix
of distances from channel 1 to N to voxel x of interest:

D(x) = diag[d, (%), ...dy(x)] (6)
and s(x, t)) is matrix of pre-steered data of N channels. A correlation matrix of pre-steered for an interval length

of T can be written as:
to+T
R,(x) = f s(x, t)s(x, )T dt (7)

to

The source energy can, for each voxel is then:

E(x) = wID(x)R;,(x)D(x)w. (8)

a?p,c

We beamformed each of the 67 bursts of 100us of data and used bursts that resulted in an RCB PAM for
further analysis. We normalized the reconstructed PAM maps to their maximum intensity and then estimated the
2D spatial location of maximum intensity in the PAM maps ( pixelpay = [Xpam» Yram]) @nd location of the pixel

that was clicked on the power Doppler image ( pixelp, = [xpp, Ypp])to calculate targeting error vector

(T er-ror_pam)using equation 9:

Terror_pam = \/(xPAM —xpp)? + Wpam — Yrp)* (9)
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5.2.4  Reconstruction of spectrograms

We collected the receive RF data at sampling frequency of 35.6 MHz. We used this data to compute
spectrograms. For the spectrograms, a total of 500 samples were overlapped and total of 504 points were used to
compute discrete Fourier transform. We grouped spectrograms from baseline FUS sonication and MBs assisted FUS
sonication to visualize harmonic content (e.g. fn = n*f0 ,n = [1,2,...8]) and ultra-harmonic content (e.g. fn =
(n+1/2)f0 ,n =[1,2,...8]) in fig 5.7.

5.25  FUS blood brain barrier opening in-vivo

We anesthetized a male Sprague-Dawley rats (568g) using isofluorane and performed to enable MBs
injection. We shaved the head and used Nair (Nair Hair Remover Lotion ,Church & Dwight Co., USA) lotion to
remove hair to improve coupling. Ultrasound gel was applied and our FUS and imaging transducer was placed on
the rat head. We injected MBs in rats and used L12-5, to capture, reconstruct and save 1000 frames at frame rate of
50Hz at 5.2 MHz. Each frame was composed of 7 compounded planes waves ranging from -18° to 18°. We
performed SVD filtering according to steps listed above and displayed SVD filtered image on the screen. We used
MATLAB’s ginput function to select sonication points in the brain transformed them into FUS coordinates system
using the rotation and translation matrix. We calculated amplitude and phases of FUS transducer using methods
described elsewhere to steer to these points [164], [211], [212]. We sonicated the selected points sequentially with
69 pulses where each pulse was 100us and was repeated at 9.8kHz with a center frequency of 1.5 MHz and peak
negative pressure of 0.7 MPa (3.5 MPa free-field). These 69 pulses were repeated for a total of 150 times at 1 Hz
PRF accounting for 150s of treatment duration. Before collecting BBBO data, we also collected 10s of baseline data
where we sonicated the desired regions with 3 foci at 0.7 MPa but before MBs injection. We accounted for the
weight of the animal, position of our FUS transducer, and FUS transmission frequency to calculate pressure
transmission factor[213]. While the FUS was on, we received 96us of RF data for each 100 ps of FUS on time on
L12-5. We performed this transmit on FUS and receive on imaging for a total of 150s and collected receive data for

all 150s. We processed the receive data offline to reconstruct PAM using RCB. We beamformed each of the 69
bursts of 100us of data into an RCB-PAM and used it to calculate mean T, pam DY taking into account each

100ps of 150s of data that resulted in RCB-PAM map. We normalized the reconstructed RCB-PAM maps to its

maximum intensity and overlayed it over T1W image of BBBO region.
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5.2.6  Gadolinium contrast imaging to confirm BBB opening

All procedures were reviewed and approved by the Vanderbilt University Institutional Animal Care and
Use Committee. We anesthetized adult male rats with 2-3% isoflurane (ISO) for induction and 1.5-2% for
maintenance during MR imaging. We monitored and maintained respiration and rectal temperature during MRI.
Respiration was kept around 60 cycles/min, and a rectal temperature of 37.5 °C was maintained throughout the
experiments using a warm-air feedback system (SA Instruments, Stony Brook, NY, USA). We collected MRI data
on a Varian DirectDrive™ horizontal 4.7 T magnet using a 38-mm inner diameter transceiver coil (Doty Scientific
Inc. Columbia, SC, USA). We acquired T1W images before and after gadolinium injection (Bayer HealthCare
Pharmaceuticals, Whippany, NJ, USA) for confirming BBB opening (3D spoiled gradient echo sequence, TR/TE=
9/2.37 ms, flip angle = 7°, number of excitations = 8, matrix size = 128 x128 x 64, field of view = 32 x 32 x16 mm?,
resolution = 0.25 x 0.25 x 0.25 mm?, acquisition time of 9 min 50s). To calculate BBBO opening volume, we took
an ROI encompassing the BBB opened region, we took all the pixels 2.5 times the standard deviation of the
background and multiplied those number of voxels with the resolution. We selected points surrounding the ventricles
and other features present in both power Doppler image and MRI image and point registered red stars in Gd
subtracted MRI image (Fig 5.10b) to green stars in power Doppler image (Fig 5.10b) using the same method
described in equation 1. We then overlayed RCB-PAM map onto the BBB opened regions. The point registered
MRI images were used to calculate target error vector of opening BBB Trﬁm{ in equation 10, which is the
difference between pixel of highest intensity of BBB opened region in the MRI image( pixelyr; = [Xmrr» Ymri])and
location of the pixel that was clicked on the power Doppler image (pixelpp = [xpp, Vpp] ) t0 Open BBB. This was

possible because after registration, both MRI image and power Doppler images were in the same coordinate system.

Terror BB = V Cmrr — %pp)% + Vmrr — Yep)?  (10)
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a) Points used to calculate the rotation and translation b) Points used to test transformation
matrix
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Figure 5.2: Registering imaging transducer to FUS transducer using rotation and translation
matrix. a) Imaging coordinates in blue circles were registered to FUS coordinates in red circle.
These points were used to solve for equation 1 to yield R (rotation matrix) and t (translation
matrix). The FRE was 0.18mm. The R and t values obtained were applied to blue circular points
to yield black star points. The values of R and t were used to then transform other imaging
coordinates into FUS coordinates. c) Another 7 non-fiducial imaging points were then registered
to FUS coordinates. The TRE for this registration was 0.59 + 0.26mm.
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In-vitro cellulose tube phantom In-vitro cellulose tube in skull phantom In-vivo rat brain

b)
B-Mode
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Figure 5.3: Power Doppler filters stationary and static tissue signals to reveal signal from flowing microbubbles.
We filtered B-Mode data on the left using SVD filter. Briefly, a total of 1000 B-Mode frames obtained at 8.9
MHz at a frame rate of 50 Hz was filtered to remove any stationary signal in in-vitro setting. After filtering, static
signals that is present in red rectangle in B-Mode image in a) in in-vitro cellulose tube in agar phantom is filtered
from power Doppler image in d). When we applied SVD filtering to in-vitro skull phantom, the skull in b-mode
in b) is no longer visible in €). With SVD filtering, only the tube with MBs flowing can be seen at around 36mm.
In the in-vivo setup, a total of 1000 frames were acquired at 5.2 MHz. The transmission frequency was reduced
to account for skull thickness of a 7 month old rat. SVD filtering on the B-Mode data in c) was able to
successfully eliminate signal from arising from the skull and was able to reveal the rat brain vasculature. These
SVD maps were used for targeting and steering the FUS transducer.
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5.3 Results:

5.3.1  Registering image and therapy coordinate systems:

Using experimental set up shown in Fig 5.1, we steered the transducer to 6 points and positioned the
hydrophone so that the pressure was maximized at each point. We then solved for the registration transform between
the hydrophone tip locations in the B-mode image (red circle in Fig 5.2a) and steering location in the FUS transducer
coordinate system. We registered six imaging coordinates to six corresponding FUS coordinates to create a
transform from imaging coordinates to FUS coordinates (Fig 5.2b). The fiducial registration error (FRE) after
registering these points was 0.18mm. We then gathered a separate set of paired hydrophone and image steering
locations from those used to generate the transformation matrix and transformed these to the imaging coordinates.

The target registration error (TRE) between predicted points and actual points was 0.59 + 0.26mm (Fig 5.2c).

5.3.2  Power Doppler imaging with SVD filtering and RCB-PAM maps in-vitro

Power Doppler imaging with SVD filter isolated microbubbles signal in in-vitro cellulose tube: After
validating registration, we acquired high frame rate images of microbubbles under flow applied SVD filtering to
eliminate slow moving and static signal seen at the boundaries in red square in B-Mode image in Fig 5.3a to create

image in Fig 5.3d. In in-vitro skull phantom, skull boundaries are present in B-Mode image in Fig 5.3b. Power
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Figure 5.4: RCB-PAM can detect cavitation signal that arise from FUS sonication of MBs, even
when transducer is steered. a) RCB-PAM map overlayed on cellulose tube B-Mode image in top
row can reveal regions undergoing cavitation, even when transducer is steered to the right.
Cavitation energy is contained within the green focus. b) RCB-PAM reconstruction can localize
cavitation signal originating from cellulose tube in a skull phantom. An overlay of PAM-RCB on
B-Mode image show that In 2/3 cases, majority of the PAM signal is contained within green FUS
focus. ¢) The point of maximum intensity in 3 steered maps was calculated and plotted in lateral
dimension for cellulose phantom with and without skull. For cellulose phantom without skull in,
the calculated full width half max (FWHM) laterally for each steered location is 0.54+0.03 mm,
0.54+0.028 mm, and 0.56+£0.03 mm respectively whereas the FWHM axial direction is 2.5+0.22
mm,3.02+0.13 mm,2.5+0.09 mm respectively The lateral FWHM of the points with maximum
intensity in RCB PAM maps in skull phantom is as follows: 0.76+0.23 mm,0.89+0.07 mm, and.
0.69+0.16 mm FWHM along ellipsoid direction is 3.9+0.86 mm, 4.2+1.3 mm and 3.97+1.14 mm
and this is also larger than FWHM of FUS focus (2.7mm) . d) A TREs comparison in in-vitro
cellulose tube and skull phantom, each undergoing 10 trials, found that in majority of the cases,

the Terror pam 1S Within 2mm. Error bars represent standard deviation.

doppler imaging in Fig 5.3e removed skull boundaries but retained signal coming from MBs flowing in the tube
inside the skull around depth of 36 mm. In vivo, power Doppler imaging could successfully differentiate between
tissue and blood flow signals and removed slow moving signal from B-Mode image (Fig 5.3c) to create transcranial
vascular power Doppler image (Fig 5.3f). Power Doppler imaging was successful in removing skull boundaries that

are present in the B-Mode image and reveal vasculature underneath.
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a) Power doppler image of the rat brain used for FUS guidance
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Figure 5.5: A power Doppler image can be used as a guidance to select regions to open BBB. a)
SVD filtered image was used to open BBB. Three FUS foci (represented by green ellipsoid) was
chosen such that our FUS transducer would sonicate 1 focus for 100us at a time. Those points were
clicked on the SVD image and ginput function from MATLAB was used to store the points. The
stored points were then transformed into FUS coordinate system. The transformed coordinate system
was used to solve Rayleigh Sommerfeld equations to calculate the appropriate phase and amplitude
of the FUS transducer elements. b) RCB PAM overlayed on SVD filtered image show that PAM
signals are present inside the intended FUS focus and inside the brain in 2/3 cases. For focus 3, we
do not see any PAM signal near the focus. We believe that this is due to lack of MBs perfusion. For
passively acquired signals, our 192 element transducer was set to only receive on the first 128
elements and this posed a physical limitation on which elements could receive signal in positive

lateral dimension and resulted in inaccurate PAM map.

RCB-PAM maps reconstructed from signals received during FUS pulses designed for BBB opening have
highest intensity located of the ultrasound focus (Fig 5.4a). The focus had an intensity profile with similar spatial
dimensions as the point spread function of the L12-5 array. A plot of the location with maximum intensity across
lateral dimension in Fig 5.4a for all 3 steering cases had a FWHM of 0.54 + 0.03 mm, 0.54 + 0.028 mm, and 0.56 +
0.03 mm, while the intensity profile along the direction of the ellipsoid was 2.5 + 0.22 mm, 3.02 £ 0.13 mm , and
2.5 + 0.1 mm respectively. In the presence of the skull shown in Fig 5.4b, RCB passive acoustic maps detected
steering of the focus laterally and axially but resulted in wider FWHM in lateral and axial direction. The plot of
point with maximum intensity across lateral dimension in Fig 5.4b for 3 different steering cases had a FWHM of

0.76 + 0.23 mm, 0.89 + 0.07 mm, and 0.69 + 0.16 mm while the steering profile along ellipsoid direction was 3.9
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a) RCB-PAM maps of Baseline FUS sonication with no MBs
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Figure 5.6: RCB-PAM can localize cavitation signals in an in-vivo rat brain with higher
source intensity in presence of MBs than in absence. a) RCB-PAM maps of of focus 1, focus 2
and focus 3 of baseline show low magnitude intensities. Focus 2 shows some bright pixel but
this pixel is close to the skull and could be attributed to skull reflection. The magnitude of the
brightest pixels in focus 1 is 3.19e% , in focus 2 is 4.6e%%, and in focus 3 is 2e'®. b) RCB PAM
image of FUS sonications with microbubbles show high intensity PAM maps. There is high
intensity activity near the intended focus for foci 1 and 2. The PAM maps for focus 3 look
similar to the baseline focus 3. The magnitude of the brightest pixels in focus 1 is 7.6e%¢ , in
focus 2 is 4.9e% and in focus 3 is 2.1e%. The magnitude of the brightest pixel is more than 2
times in RCB-PAM map of focus 1 of FUS sonications with MBs than with no MBs. The value
of brightest pixel in focus 2 in RCB-PAM maps with MBs is larger than without MBs but not
as large as focus 1. However, the regions with higher energy is greater in RCB-PAM maps of
focus 2 with MBs than without MBs. In RCB-PAM maps of focus 3 for both with and without
MBs, these values are comparable.

+0.86 mm, 4.2+ 1.3 mm, 3.97 £ 1.14 mm respectively. RCB-PAM could localize signals in cellulose tube phantom
in absence of skull and was used to calculate mean targeting error (M) in fig 5.4d, which is the error vector
between the pixel with highest energy and pixel that was intended target. The m in 1/3 steering cases of
cellulose tube phantom with no skull was 2.37+ 0.4mm. For 2 steering cases, RCB-PAM localized steering with
sub-mm precision (m of 0.81+ 0.68mm and 0.81+ 0.01mm). In 5/6 trials of cellulose tube inside the skull,

the average T oy pay fOr steering was within 2mm (0.94 £ 1.1mm, 1.88 + 0.96mm ,1.9 £ 1.9mm, 0.42 £ 0.33mm,

0.5+ 0.63mm, 2.47+ 0.56mm, 0.72 £ 0.64mm).
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a) Spectrograms during baseline sonication
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Figure 5.7: Spectrograms of FUS sonications in presence MBs overall reveal more
wideband signal than in absence of MBs. a) The spectrograms of receive signal from the
first 100us of baseline FUS data show only presence of harmonics (fo, 2*fo, 3*fo, 4*fo, ..
9*fy) for all 3 foci in baseline. b) The spectrograms of receive signal from the first
100us of FUS sonication with MBs show greater presence of wideband signal in focus 1
and focus 2. There is overall more wideband signal of magnitudes ranging from -88dB
to -82dB. There are also presence of harmonics and ultra-harmonics (1.5*fo, 2.5*f,
2.5*fy, 4.5*f, .. 8.5*f) in focus 2. In focus 3, the spectrograms look similar to focus 3
of the baseline where the wideband signal is absent and only harmonics and ultra-
harmonics are present.
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5.3.3  Guiding FUS therapy with power Doppler and RCB-PAM feedback in in-vivo rat brain

The SVD doppler filtered power Doppler image revealed vasculature in the rat brain that was otherwise
not visible in the B-Mode image (Fig 5.3f). The vascular map served as a guide for FUS therapy as indicated by the
green circle in Fig 5.5a. RCB-PAM maps for both focus in Figure 5.5b contains a majority of passive acoustic signal
inside the SVD filtered brain image with (m of 2.6 £ 0.89 mm for focus 1 and 2.3 + 1.02 mm for focus 2.
For focus 3, the RCB-PAM map contained majority of passive signals near the skull at around 42mm axially when
the intended target was deeper at 44mm. We conducted further analysis and comparison of BBBO PAM data with
our baseline data in Figure 5.6. We found that in the presence on MBs, the maximum intensity of PAM map was
higher than in the absence of MBs for focus 1 (7.6 x 106 vs 3.19 x 10%) and focus 2 (4.9 x 10% vs 4.6 x 10). In
case of focus 3, the intensities were comparable (2.1 x 10 vs 2 x 10%). In focus 2, high intensities spanned larger
axial regions than in focus 1 in presence of MBs. In our spectrogram analysis, we saw an overall greater presence
of wideband signal in FUS sonication of focus 1 and 2 in presence of MBs than in absence of MBs (Fig 5.7a and
Fig 5.7b). Spectrograms of receive signal in Figure 5.7a and 5.7b have more wideband signal in presence of MBs in

focus 1 and focus 2. The spectrogram of focus 3 in the presence of MBs was similar to absence of MBs.
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Figure 5.8: BBB opening confirmed in MRI images and overlaps with regions of high source intensity of
PAM maps. a)BBB opening was confirmed in all 3 planes after pre-Gd MRI images was subtracted from
post Gd-images. The red squares shows the locations of opened BBB. b) Presence and detection of large
ventricle and other features present in both power Doppler image and MRI image enabled point registration
of red stars in Gd subtracted MRI image to green stars in power Doppler image. ¢) After registering, two
100us of RCB PAM data was overlayed, corresponding to two different FUS foci, over BBB opened MRI
image. RCB-PAM signal of high spectral intensity is present in the regions that underwent BBB opening
(inside the black square). Since FUS focus 3 did not result in any RCB PAM map, it was not used for this

step.
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BBB opening in gadolinium subtracted MRI images were visible in orthogonal planes (Fig 5.8a). The volumetric
BBB opening did not exceed 0.21mm3 which is less than half of the volume of our FUS focus (0.56 mm?3). After
point registering red points in MRI coordinates to anatomical landmarks in the SVD doppler image (green points in
Fig 5.8b), we overlayed PAM map onto the rat brain (Fig 5.8c), and the region of BBB opening was co-localized
with the maximum of the RCB-PAM. Using equation 10, we found that the targeting error, m, which is
the error vector between the pixel with maximum intensity in BBB opened region of MRI image and the intended

pixel in power Doppler image, was 1.1, 1.12 and 1.15 mm for focus 1, focus 2, and focus 3, respectively.

5.4 Discussion:

In this study, we used MB-enhanced power Doppler images to steer a FUS transducer to open BBB in rats and
monitor the regions undergoing cavitation using RCB-PAM. We registered the imaging transducer with the FUS
transducer and quantified the registration error. We characterized the ability to map bubble activity during MB-
enhanced FUS therapy in an in vitro cellulose tube phantom with and without skull and found close correspondence
between RCB-PAM map maxima and the steered FUS focal location. We applied these capabilities to open the BBB
in rats and overlayed RCB-PAM maps on power Doppler image and Gd-subtracted TIW MRI, demonstrating a
0.21mm3 opening of the BBB in the location corresponding to the maximum of the RCB-PAM image. The system

provides a method to open the BBB in rats with high accuracy and spatial selectivity.

Our in-vitro cellulose tube results without the skull in Fig 5.4a contained spectral energy in the RCB-PAM
maps within the FUS focus. The FWHM for most of the cases were in excellent agreement with FWHM of our
focused ultrasound transducer. Only in one steering case, we saw axial FWHM 0.4mm over the axial FWHM of

FUS focus. The Teppor pam fOr most cases was within sub-mm precision. In one case however, the T gy papr WaS

over 2mm. This T¢,.orr pam Was Observed in lateral axis of around 1.5mm of the imaging transducer. We attribute
the increase error in this region to only being able to receive on a sub-aperture spanning -18 to 6mm of the probe
for our RCB-PAM sequence due to the way the 192-element array is addressed by our 128-element receiver. The

reduced aperture would lead to an expected increase in the focal spot size achievable (on transmit and/or receive) at
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the edges of lateral extent of the receive. In all in-vitro study inside the skull, the FWHM was greater than FWHM
observed in absence of skull. A study showed that presence of rat skull in the way of FUS can distort and shift FUS
focus by as much as 5mm at 1.2 MHz [214]. Another study from our lab showed that both, steering a phased array
and skull in the way of focus can result in increase in axial FWHM{[187]. Hence, a combination of steering our focus

to the edge of the receive aperture and skull in the way FUS focus may be responsible for higher FWHM and an

average T g;ror_pam OVEr 1 mm.

RCB-PAM overlay on power Doppler image of in-vivo rat brain can reveal brain regions that underwent BBB
opening. For our in-vivo BBB opening, the points we chose were 44.6,44.3, and 44.4mm axially and 0.6, 1.3, and
1.9mm laterally for focus 1, focus 2 and focus 3 respectively. In our in-vivo results, the spectral energy in the RCB-
PAM map was within the brain in 2 out of 3 foci and was lower and more diffuse in the case when energy was
mapped outside of the brain. Our post procedure MRI image showed BBB opening inside the brain in all three
dimensions where spectral content in RCB-PAM maps was inside the brain. The opened region of the BBB is
coincident with the PAM overlay of focus 1 and focus 2, which span 0-1.6mm laterally (Fig 5.8c). In the third focus,
the RCB-PAM map in presence of MBs in Fig 5.6 for focus 3 looks like RCB-PAM map for focus 3 in absence of
MBs and have similar spectral intensities. Spectrograms in Figs 5.7a and 5.7b reveal an overall greater wideband
content in focus 1 and focus 2 in FUS sonications of MBs but show only harmonics content in focus 3. Focus 3
spectrogram in presence of MBs contain similar content when compared spectrograms in absence of MBs which
suggests that MBs may not be present by the time focus 3 was sonicated. In one paper[85] researchers note that
after contrast agents, such as MBs, are disrupted by FUS pulses for BBBO opening, the reperfusion kinetics occur
on a time scale that can result in incomplete replenishment of the agent between the pulses. In the paper above,
after the drop in perfusion at an Ml of 0.52 (close to our Ml of 0.57), it took 1.2 seconds for the microbubbles to
reach 90% of its steady state value. With the highest blood flow velocity of 10mm/s in rat brain[138] and with our
chosen sonication scheme, MBs would have moved around 0.1 um between each focus. Since each focus was around
at least 0.5mm apart from each other, MBs did not have enough time to be replaced. Hence, we believe that lack of
reperfusion due to high PRF between sonication of each focus, there are no MBs present during the sonication of

focus 3 which ultimately resulted in lack of signal in the intended target regions of RCB-PAM map in focus 3.

Values of Ty pan is higher in in-vivo procedures which may be due to a combination of shift of FUS focus
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and attenuation of receive signal through the skull. The T ;..o pam Observed in in-vivo was 2.6 £ 0.89 mmand 2.3

+ 1.02 mm but was less than 2mm in most cases of in-vitro. We attribute these higher m to in-vivo skull
(~1mm) being thicker than our in-vitro skull (<1 mm) which could have resulted in attenuation of receive signal and
may have also shifted the FUS focus as shown in one study [214] where the focus shifted by as much as 5mm at 1.2
MHz when a rat skull was introduced near the focus of a FUS beam . We believe that the signal was attenuated
because, although our intended target was at 44mm axially, the point in the RCB-PAM images with the highest
signal was located at 42mm axially, which coincides with the location of the skull. Further MRI analysis confirmed

that in fact the BBB opened regions were inside the brain away from the skull.

RCB-PAM overlay on Gd-Contrast MRI T1W MRI image of in-vivo rat brain coincides with BBB opened
regions and m show that our targeting is precise. An overlay of PAM data on the MRI BBBO image in
Fig 5.8c for focus 1 and 2 also shows that RCB-PAM signals are present in the regions that underwent BBBO. The
signals that overlap with BBB opened regions are among the highest magnitude signal. Due limitations posed on to
us by reduced aperture of our receive transducer, we calculated the targeting error vector between the BBB opened
region and the intended region m for our in-vivo experiment since this error would be independent of
sensitivity and directivity of receive transducer elements and would not be impacted by reduced sub-aperture. The
m values for focus 1, focus 2, and focus 3 are 1.1, 1.12, and 1.15mm respectively and is in excellent

agreement with other studies that involve in-vivo procedures [215]-[218]. With our FWHM of 2.7x0.6mm, the pixel

with BBB opening is within the FWHM opening area.

BBB opening volume achieved here is smaller than BBB opening reported in literature. The BBB opening in
this study was observed at peak negative pressure (PNP) of 0.7 MPa which is above than threshold pressure of 0.3-
0.45 MPa at 1.5 MHz[219] used for opening BBB in mice. The focal opening volume of 0.21mm3 achieved,
however, is less than FWHM focal volume of 0.56 mm3 achieved via our FUS transducer[206] and is also less than
BBB opening observed in other studies conducted at similar frequency, lower pressures and lower sonication
duration[220], [221]. A peak negative pressure of 0.7 MPa would result in pressures ranging from 0.35 MPa to 0.7
MPa in the FWHM focal volume. Since the rat skull is 2.5-5 times thicker than mice skull[222], it is plausible that

the BBB opening spanned less than the FWHM focal volume due to attenuation of ultrasound in the presence of a
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thicker skull. Hence, we believe that despite using higher pressures than threshold to open BBB, the presence of

thicker skull could have attenuated ultrasound and resulted in smaller focal BBB opening.

A smaller BBB opening enables excellent control over different regions of small animal brains. Of particular
interest is drug delivery after FUS mediated BBB opening in small animals. Researchers have delivered
chemogenetics to hippocampal regions under MR guidance[204] in small animals. Our system can enhance the
applications of such drug delivery by providing an all-ultrasound precise drug delivery to intended regions of brain
with limited focal opening. The hippocampal regions in rat[223] span around 70mm? and span around 20mm?3 in
mice[224]. With the ability to generate a small acoustic focus, in conjunction with power Doppler imaging, our
methods could open BBB in hippocampal regions with improved spatial selectivity. Another FUS application,
neuromodulation, can benefit from our system where precise targeting of intended regions is of utmost importance.
Previous studies showed that due to a smaller FUS focus at megahertz frequency, a successful motor activation of
the limbs[225], whiskers, and tail[226] can occur with greater specificity. With a focal opening volume of 0.21mm?3
by our transducer, coupled with imaging, we can further enhance both specificity and spatial selectivity in the
cerebral cortex regions of the rat and mice, which have volumes above 100mm? [227], [228]. Overall, an all-

ultrasound system can guide, steer, and target specific regions of the brain.
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CHAPTER 6: Functional ultrasound detects unique responses to electrical stimulus applied to
the hindpaw at varied frequencies in the rat brain*

6.1 Introduction

Functional ultrasound (fUS) is a promising technology for non-invasive functional neuroimaging that generates
blood flow maps of regions of the brain with high spatiotemporal resolution [138], [139]. fUS blood flow estimates
are created by using high frame rate ultrasound to detect echogenic scatterers in blood vessels that supply the brain
[138]. During fUS, plane-wave illumination is used to obtain a large field image spanning multiple centimeters. The
plane-wave illuminations occur at angles, and they are summed coherently to produce a compounded ultrasound
image of a high resolution. The phase shift between scatterers detected in temporally sequential images can be
processed to create an estimate of blood flow called power Doppler (PD), which provide a non-invasive estimate of
cerebral blood flow that can act as a surrogate for brain activity. The PD flow signal detected by fUS has been linked
to neural activity in various animal models such as in rats[134], [145], awake mice [142], [229], non-human primates
[230] and in neo-natal applications [143] , but much remains unknown about the sensitivity of fUS to neural activity
and differing experimental conditions. One method to help better understand the biological meaning of the
information contained in the fUS signal is by performing fUS studies in a well-characterized experimental model.
fUS provides similar information as fMRI which is the gold standard method to study somatosensory responses
[231], [232] especially during paw stimulation of rat brain [233]-[237] via measuring changes to blood oxygenation
level. BOLD fMRI signal is dependent on factors such as choice of anesthesia and stimulation pulse parameters.
Anesthesia can not only affect cerebral blood flow and metabolism which can alter hemodynamic response to the
stimulation [238], choice of certain anesthetics can cause vasodilation [239]. Stimulation pulse parameters also
affect the hemodynamic response. In that, both the frequency of the pulse and width of the pulse can result in
recruiting both sensory and proprioceptive inputs [234], [240]-[243].

In this study, we developed methods to acquire fUS signals in response to hindpaw stimulation in rat at two

different stimulatory frequency under low level of isofluorane. With fUS, we achieved a spatial resolution of 87um

X 200um in the imaging plane.

4. Work presented in this chapter is currently being prepared for submission at Scientific Reports.
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Figure 6.1: Set up figure with stimulatory pulse sequences: a) A 9 MHz imaging probe is mounted on
top of rat head. The imaging probe is attached to a 3-D axis stage such that it can be positioned at
bregma-1mm. The imaging transducer is operated via Verasonics research machine. Verasonics sends
trigger to arbitrary waveform generator 2.5s after imaging starts and sends trigger every 15s thereafter.
Arbitrary waveform generator then sends the 1 cycle at 8Hz pulse to the stimulator which then sends
electrical stimulation to the needle electrode which is attached to the rat hindpaw. b) The electrical
stimulation signal send to the needle electrode via stimulator is either at 2Hz (stimulation sequence #1)
or 8Hz (stimulation sequence #2). A 3s stimulation is sent every 15s for a total of 70s. The total duration
of one stimulus is 9ms. ¢) There were in total 3 rats that underwent treatment at either just 2Hz or at both
at 2Hz and 8Hz stimulatory frequencies. In total, there were 4 treatments at 2Hz and 4 treatments at 8Hz.
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The spatial resolution was achieved with a penetration depth of 2cm in a very short acquisition time (2ms). We used
the same functional ultrasound dataset and subjected them to ULM using an open-source tracking method [146].
We were able to see vasculature, in both, superficial and deeper region and this helped us compare our activation

regions accurately with the rat brain atlas.

6.2 Materials and Methods:
6.2.1  Animals handling to make imaging window on the animal skull:

All procedures were reviewed and approved by the Vanderbilt University Institutional Animal Care and
Use Committee. Animals arrived at least 2 weeks before the experiment. We anesthetized male Sprague-Dawley
rats (N=3, 6 weeks old) using 2.5% isofluorane and performed catheterization in the femoral vein to enable MBs
injection. Craniotomy was performed thereafter where a micro drill steel burr was used at low speed to remove
layers of the bone skull. The craniotomy window was approximately 2cm x 2cm. During the drilling procedure, we

cooled the skull with saline to reduce swelling and edema of skull cortex.

6.2.2 Microbubble fabrication

We produced lipid-shelled MBs in-house following the methods described in Borden et al 2005 [208].
Briefly, we combined and dried into film 90mol% 1,2-distearoyl-sn-glycero-3-phosphocholine (DSPC) and 10mol%
1,2-distearoyl-sn-glycero-3-phosphoethanolamine-N-[amino(polyethylene glycol)-2000] (DSPE-PEG2k) and
resuspended it to 2.5mg/ml in MB buffer solution (80% v/v of 0.9% NaCl, 10% propylene glycol [1,2-propanediol],
and 10% glycerol). We degassed the solution and filled the head space with F10C4 (FluoroMed, Round Rock, TN,
USA). We repeated this process for a total of 3 times. The bubble solution was agitated using a VialMix (DuPont,
Wilmington, DE, USA) for 45 seconds to form MBs prior to experimentation. DSPC and DSPE-PEG2k was

purchased from Avanti Polar lipids (Alabaster, AL, USA).
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Figure 6.2: Functional ultrasound image processing steps: a) Low quality B-Mode images
reconstructed from plane waves illuminated at -5° ,0° and 5° at 1500 Hz are summed coherently to form
one high quality B-Mode images. In a time span of 70s, a total of 35,000 high quality B-Mode frames
are captured at an effective frame rate of 500Hz.b) These high-quality B-Mode images are filtered using
singular value decomposition method. First few singular values, which correspond to tissues, are
eliminated and signal from microbubbles and red blood cells are preserved. The SVD filtered images
are summed to form power Doppler images. ) For calculating the hemodynamic response, 1s of SVD
filtered image is summed with 0.9s of overlap. These power Doppler images are also used to calculate
activation maps to inform us of regions with increased blood flow during stimulation.

6.2.3  Animal anesthetization and probe placement

We anesthetized animals using isofluorane using 1.5% isofluorane for maintenance but reduced the iso-
fluorane to 0.5% during stimulation and performed catheterization in the right femoral vein of the rat to enable
microbubble injections. A layer of ultrasound gel was applied on the imaging window and animal was then put in a
stereotactic frame. A 192-element transducer operating at 9 MHz was placed on the head of the animal and we
coupled it with ultrasound gel (Fig 6.1a). Initially, a real time B-Mode imaging was used to guide the placement of
the probe in the field of view. Using sutures at the bregma on rat skin, we moved the imaging transducer to bregma-
1mm position using a 3D motion axis stage. Bregma-1mm position in the rat brain consists of somatosensory regions
(S1IHL and M1 and M2) that activate due to hindpaw stimulation. The body temperature of the rat was maintained
using a heating pad that was set at 420C . We inserted needle electrode on the right hind paw to alternatively induce
electric stimulation and allowed the hind paw to rest for 5 mins between each stimulation. A 50uL bolus injection
of MBs was administered before each imaging sequence and acquisition was started 10s thereafter. Our first

acquisition was a control acquisition where no stimulations were delivered. After our first acquisition, we delivered
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a train of five stimulations (6 pulses at 2 Hz of 9ms width for n=4 or 24 pulses at 8 Hz of 9ms width for n=4) for 3s
separated by 12 s off period to recover to baseline during our subsequent acquisitions (Fig 6.1b and Fig 6.1c). These
stimulations were repeated for total of 70s (3s on 12s off). Out of 3 animals used, 2 animals were stimulated at both
2Hz and 8Hz whereas n=1 was stimulated only at 2 Hz. For comparison between the effects of stimulation on the
blood flow, data from two animals that were stimulated at both frequencies were used. The stimulation acquisitions

were divided with control acquisition to account for signal decay due to bolus microbubble injection.

6.2.4  Ultrafast Doppler imaging acquisition sequence

We performed functional ultrasound (fUS) imaging based on compounded plane-wave ultrasound imaging.
First, a real time vascularization map was obtained which verified microbubbles in the system. For real time
vascularization map, 3 compounded planar ultrasonic waves (-5,0,5) were used and summed to form one summed
compound frame (described below). These real-time maps refreshed at 50 Hz. Once we confirmed the MBs injection
using the vasculature map, we started our fUS imaging sequence. Our fUS imaging sequence comprised of using
three compounded plane waves (-5,0,5, PRF = 1500Hz) (Fig 6.2a). We recorded the backscattered echoes and used
Verasonics for offline reconstruction of RF data into delay-and-summed in-phase and quadrature (1Q) images. We
summed 3 1Q images corresponding to each angled plane wave to produce 35,000 B-mode images (stored as 140 of
250 B-mode images) over a time period of 70s at a frame rate of 500 Hz. During image acquisition process, the
Verasonics triggered the arbitrary waveform generator set to trigger the electrical stimulator to stimulate 3s every

12s starting 2.5s into acquisition.

6.2.5  Creating PD images and vascular maps

We acquired and reconstructed the vascular map and activation maps using Verasonics with off-line
processing in MATLAB. We filtered the backscattered signals to distinguish the moving red blood cells and
microbubbles from the static tissue in Fig 2b. For each stack of 250 frames, we eliminated the first frame due to
presence of an artifact in the image. In order to recover signals from moving red blood cells and microbubbles, we
applied a singular value decomposition method on stack of fUS images [138], [229]. We eliminated the largest
Eigenvalues to filter the slowest variations in power Doppler signal which corresponded to tissue signal. We

performed SVD filtering on all 35,000 images at a time and eliminated first 300 eigenvalues. We then subjected
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these SVD filtered stack of images to a 3rd order Butterworth high pass filter with a cut off frequency of 50 Hz to
further remove tissue and motion artifact coming from the skull. We then summed each stack of 250 images to

obtain a power Doppler (PD) image.

6.2.6  Creating activation maps of the entire bregma-1mm plane and calculating the hemodynamic

response near the cortical regions

We created activation maps of the entire bregma-1mm plane by calculating temporal correlation between

stimulation window s(t) by the hemodynamic response PD(x,y,t).

To achieve this, we first normalized the power Doppler data and the stimulus with zero means:

1
PD(x,y,t) — n—tZt PD(x,y,t)

PD(x,y,t) =

j&mm%%o—%zmmmez
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We then computed the Pearson’s correlation in each pixel of the image. The output of following function gave us
correlation map:

Y:PD(x,y,t) 5(t)

\/Ztm(x' Y, t) X 5%(t)

c(x,y) =

We considered pixels with ¢ > 0.25 as significantly activated in our study. We selected this value by
selecting a P-value threshold of 0.05. We converted the P-value into corresponding z-score using a two-tailed t-test
(z=2.8) similar to other functional ultrasound studies [142], [244]. Using Fisher’s transform, we found the threshold
of ¢ > 0.25. We then chose pixels greater than the threshold in the cortical region to calculate change in power
Doppler signal, since our regions of interest were SIHL, M1 and M2. We calculated the temporal mean of fUS
images with a sliding window of 500 frames and overlap of 490 frames and used the mean images to calculate
changes in cerebral blood volume (hemodynamic response) relative to stimulation blocks. We normalized temporal
fluctuations in signal as a result of functional stimulations with 40ms of baseline signal and presented is as power

Doppler percent (PD%).
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Figure 6.3: Ultrasound localization microscopy is able to localize vasculature near the cortex in both
cohorts. Cohort 1 had a smaller craniotomized region than cohort 2. Being able to localize the cortex
also helped in identifying somatosensory cortex and accurately pin-point regions undergoing activation
after comparina it with the rat brain atlas.

The hemodynamic curve was further used to calculate duration of PD% which was above the baseline when
stimulation was on and was computed as the difference between the time point at which the response started going
above baseline after stimulation turned on and time point at which response got back to baseline. Additionally,
hemodynamic response was also used to calculate the time difference between occurrence of one peak to another

during the stimulation on period and this value represented peak-to-peak time.

6.2.7  Ultrasound localization microscopy (ULM)

We used the control frames from cohort that underwent both 2Hz and 8Hz treatment to create ultrasound
localized images. We used open-source software to create these images [146]. Briefly, we performed SVD filtering
to high frame RF data and removed the first 30 eigenvalues from each block of 250 frames and then applied a
bandpass filter between 25 and 125 Hz to the SVD data. The local maxima for highest 60 particles were calculated
from SVD filtered data and 5x5 pixel image around local maxima was then subjected to radial symmetry
subwavelength localization method where gradient of that 5x5 pixel image pointed towards the microbubble
position. In this manner, we localized microbubble with subwavelength precision. Hungarian algorithm was then

used to track positions of these particles from one frame to another. In that, the distance from each particle to all
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Figure 6.4: Activation maps and hemodynamic response at stimulatory frequency of 2Hz a) Activation
maps were overlayed on SVD filtered image of cohort 1 to show the regions that were activated due to
stimulation. Somatosensory regions (S1HL) were activated in addition to motor regions (M1) since the
pixels in those regions are over the threshold coefficient value of 0.25 .b) Activation maps were
overlayed on SVD filtered image of cohort 2. For cohort 2, STHL regions were activated since the
coefficient in those regions were greater than 0.25. We did not see any motor cortex activation. c) This
graph is a mean with standard deviation hemodynamic response of 4 studies. Hemodynamic response
for each study was calculated by choosing the regions around highest correlation value and computing
its intensity temporally. The hemodynamic response was normalized with respect to the baseline and
represented as % change in power Doppler signal.

particles in the subsequent frame was calculated and optimal pairing of particles from one frame to the subsequent
frames was computed by minimizing the total squared distance. A track was created if this minimized distance was
up to 2 pixels. We paired together successive position of these tracks for entire 70s of data collected and interpolated
it for 10 times the resolution. Thus, by accumulating large number of tracks, interpolating it 10x the original
resolution, and rendering it with power law compression, we reconstructed vascular maps from RF data that were
obtained after a bolus MBs injection.

6.3 Results

6.3.1  Ultrafast Doppler scan and ULM after craniotomy
Ultrafast Doppler sequence using the Verasonics research scanner enabled us to acquire Doppler frames at

500Hz. We can see that SVD filtering can reveal vasculature in the brain in the power Doppler image, which is
otherwise not visible in the B-Mode in Fig 6.2b. Figure 6.2b also is an example of power Doppler image which
shows that we can see vasculature as deep as 15mm. Furthermore, ultrasound localization microscopy can reveal
superficial and deeper vasculature. In Fig 6.3a, we see that after ULM, the vasculature near the cortex and in the
deeper regions near the thalamus are visible, which were otherwise not visible in just the power Doppler image.
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Figure 6.5: Activation maps and hemodynamic response at stimulatory frequency of 8Hz a) Activation
maps were overlayed on SVD filtered image of cohort 1 to show the regions that were activated due to
stimulation. Somatosensory regions (S1HL) were activated in addition to motor regions (M1) since the
pixels in those regions are over the threshold coefficient value of 0.25 .b) Activation maps were
overlayed on SVD filtered image of cohort 2. For cohort 2, STHL regions were activated since the
coefficient in those regions were greater than 0.25. We did not see any motor cortex activation. ¢) This
graph is a mean with standard deviation hemodynamic response of 4 studies. Hemodynamic response
for each study was calculated by choosing the regions around highest correlation value and computing
its intensity temporally. The hemodynamic response was normalized with respect to the baseline and
represented as % change in power Doppler signal.

Stimulatory frequencies of 2 Hz and 8Hz result in statistically significant activations in both SIHL
region and M2 regions of somatosensory cortex of the rat

We inferred the regions of activation by carefully comparing vasculature present in ULM images with

Sprague Dawley rat brain atlas and outlining it on activation maps overlayed on super resolution images in Figs 4

and 5 [245]. In cohort 1, stimulatory frequencies of 2 Hz stimulated both the motor cortex and S1HL regions in the

rat in Fig 6.4a as depicted by the activation map. For cohort 2, the activated regions were restricted to SIHL in Fig

6.4b. In both these activation maps, the correlation coefficient was well above 0.25 (0.45 and 0.4 respectively),

which informed us that these activation pixels were significant. At stimulatory frequencies of 8 Hz as well, we found
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that activation in the correct side of the brain. Similar to stimulatory frequencies of 2 Hz, both SIHL and motor

cortex regions of the rat brain saw significant activated pixels in Fig 6.5a but the signal was mostly confined to

S1HL regions in Fig 6.5b.
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Figure 6.6: Comparison of power Doppler % signal between two stimulatory frequencies. a) A
mean power Doppler signal (dark blue line) with standard deviation (light blue line) of all 5
stimulatory instances for all 70s of mean hemodynamic response at 2Hz show an overall increase
in signal when stimulation is turned on from 2.5-5.5s. This graph also shows that the response goes
back to baseline after the stimulation is stopped. Similar trend was seen when mean was taken for
5 stimulatory instances of all 70s of 8Hz hemodynamic response (dark red line represents the mean
and light red line is the standard deviation). This time however, the peak was delayed and was
reached at 7s. However, there was an increase in signal when stimulation was on. The signal started
to drop after it reached peak. At that time, the stimulation was turned off. b) Mean power Doppler
comparison of on and off instances at 2Hz and 8Hz showed increased PD% during the on instance
than in off instance. At 2Hz, the PD% during on time was PD% 0.66+0.4 and PD% of -0.24 +0.14
during the off period. The PD% on value and off value for 8Hz was 0.9+0.5 and -0.25 £0.3
respectively. ) . In cohort 1, at 2Hz stimulatory frequency, a mean PD% of 4.5+0.2% was
observed whereas in cohort 2 a mean PD% of 2.8+1.4% was observed. At stimulatory frequency of
8Hz, a mean PD% of 5.7+£2.4% in cohort 1 and 6.5+3.6%.in cohort 2 was observed.

6.3.3  Mean hemodynamic response curve show fluctuations in power Doppler signal when stimulation is
on
We created activation maps for all 8 trials to calculate change in power Doppler signal for both at 2Hz and
8Hz. A mean of 4 hemodynamic responses to stimulations at 2Hz in the activated regions in Fig 6.4c show
fluctuations in blood flow where there is a rise in blood flow when stimulation is on for 3s. In Fig 6.6a, we plot a
mean power Doppler signal within 5 stimulation events of Fig 6.4c. The plot shows that there is a rise in signal as

the stimulation turns on, but the signal goes back to baseline shortly after stimulation is turned off. We found that
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Figure 6.7: Comparison of power Doppler peak time and activation width analysis between 2Hz
and 8Hz. a) Time to peak analysis of the mean hemodynamic response revealed that it took 1.8
+1s for signals to reach the peak after stimulation is on at 2Hz. The time to peak value at 8Hz
was 3+1.5s. b) A mean peak to peak analysis for cohorts revealed that one peak was on average
15.740.3s away from another peak at 2Hz and 14.9+0.28s at 8Hz. For cohort 2, one peak was on
average 14.5+2.5s away from another peak at 2Hz and 15.8+1.8s at 8Hz. ¢) The width of
activation pulse at 2Hz was 3.25+1.4s whereas the width of 8 Hz signal was 2.7+0.8s
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mean time to peak at 2Hz was 1.8+1s (Fig 6.7a). A mean of 4 hemodynamic response to stimulations at 8Hz in Fig
6.5¢ show rise in PD% when the signal is turned on but in ¥ cases, the peak comes after the stimulation has ended.
The delay in peak is also apparent in Fig 6.6a where mean PD% of hemodynamic signal in Fig 6.5¢ show a peak
after stimulation is over. The peak is reached at 7s, which 1.5s after stimulation is over and that the mean time to

peak at 8Hz was 3+1.5s (Fig 6.7a).

6.3.4  Mean PD% during on period was higher than during off period for 2Hz and 8Hz

Further analysis revealed that mean power Doppler% signal during on period at 2Hz was 0.66+0.4 and
PD% during the off period was -0.24 £0.14 in Fig 6.6b. The PD% on value and off value for 8Hz was 0.94+0.5 and
-0.25 0.3 respectively in Fig 6.6b. In cohort 1 of Fig 6.6¢c, mean PD% at 2Hz was 4.5+0.2% whereas at 8Hz this
value was higher at was 5.7+2.4% but was not found to be statistically significant. In cohort 2, mean PD% at 2Hz
was 2.8+1.4 and at 8 Hz was found again to be higher at 6.5+3.6%. In cohort 2, there was statistically significant
differences (p<0.05) between PD% at 2Hz and at 8Hz. We found that the width of hemodynamic response to
stimulations at 2Hz in Fig 6.6c lasted for 3.25+1.4s and the width hemodynamic response to each stimulation at 8Hz

lasted for 2.7+0.8s (Fig 6.7¢).
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6.4 Discussion:

Stimulatory frequencies of 2 Hz produced smaller peaks than 8 Hz. The stimulatory frequency of 2 Hz
produced a mean PD% of 4.5+0.2% in cohort 1 and 2.8+1.4% in cohort 2 whereas stimulatory frequency of 8 Hz
produced a mean PD% of 5.7+2.4% in cohort 1 and 6.5+3.6%.in cohort 2. In both cohorts, 8 Hz produced larger
peaks than 2 Hz. In cohort 2, these peaks were on an average double than at 2 Hz. We performed a Mann-Whitney
U test and found that there was no statistical significance between PD% in 2Hz and 8Hz in cohort 1 but there were
statistically significant differences (p<0.05) between PD% in 2 Hz and 8Hz in cohort 2. These results are in line
with what has been reported in literature where in one study [242], researchers wanted to find the optimal
stimulation frequency for short stimulations (<10s) vs long stimulation duration (30s), and found that BOLD
responses in rat forepaw stimulation under isofluorane anesthesia was frequency dependent. When the researchers
conducted further analysis, they found a BOLD response of around 1.5% at 3Hz but this value nearly doubled to
2.9% at 12Hz and found these results to be statistically significant. In this study, researchers concluded that 8-
12Hz is an optimal stimulus frequency for short stimulation durations (<10s) whereas 6-8Hz is optimal for 30s

stimulation.

Stimulatory frequencies of 2 Hz had wider width of the stimulus than 8 Hz. When we compared the width of
activated signal in response to 2 Hz and 8 Hz electrical stimulus, we found that 2 Hz signal lasted for approximately
3.25+1.4s whereas the width of 8 Hz signal lasted for 2.7+£0.8s. However, these results were not found to be
statistically significant. These results are in agreement with what has been previously published [242] where
researchers found that when the rat forepaw is stimulated for 30s at 1.5 Hz, the full width half max of the response
was around 18s whereas when it was stimulated at 6 Hz the FWHM dropped to around 12s. The researchers
suggested that this may be due to cortical neurons becoming increasingly adaptive to highly repeating strong stimuli
which would result in decrease activity over the stimulus period. Hence, they observed that the neural activity and
BOLD % was initially larger for high stimulus frequency, but neural responses due to high stimulus frequency

caused duration of stimulus period to be shorter. Our work suggests that blood flow detected by functional ultrasound
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is sensitive to these fluctuations.

Mean time from one peak to another peak for both 2 Hz and 8 Hz in both cohorts were close to actual time between
stimulations. The mean peak to peak time in Fig 6.6b in cohort 1 at 2 Hz and 8 Hz were 15.7+0.3s and 14.9+0.28s
respectively. In cohort 2, the mean peak to peak at 2 Hz and 8 Hz 14.5+2.5s and 15.8+1.8s. Although these values
are very close to the actual time between stimulations, there were instances where the stimulation peak occurred
after the stimulation pulse. Peaks that occur after stimulation pulse ended resulted in mean peak to peak time be
either lower or higher depending on if the next peak came during or after the stimulation pulse. In Fig 6.5a, we also
observed that the peak at 2Hz was achieved during the on pulse but was delayed by 2s relative to the stimulus onset
at 8Hz. Such delay in time to peak has been observed in fMRI studies when it can take about 15s [234] to reach a
peak BOLD signal during a 45s activation forepaw electrical stimulation at 3 Hz. In yet another study, it took up to

6s to reach a peak BOLD signal when rat forepaw was simulated at 3 Hz for 30s [242].

Activations of somatosensory regions and subcortical regions agree with literature. We observed increased
somatosensory response when the stimulation on for both 2Hz and 8Hz stimulation. After consulting with rat brain
atlas, we saw activation in primary motor cortex M2 region and primary sensory hindpaw S1HL in cohort 1 for both
stimulatory regions as shown via sensory motor cortex outlines in Figs 6.4 and 6.5. In cohort 2, the regions of
activation were only present in SIHL for both stimulatory frequencies and these regions were larger for 2 Hz than
compared to 8Hz. These activated regions are in agreement with what has been reported in functional ultrasound
literature [134]. Similar regions were activated in an BOLD fMRI study in rats when rats received stimulation in
their hindpaw for 10ms at 8 Hz frequency [239] where researchers noted signals present in SIHL and M1 regions.
In cohort 2, some pixels with correlation coefficient > 0.25 were also present near subcortical structures, such as
thalamus, which has previously not been reported in functional ultrasound literature. While a vast majority of fMRI
literature with stimulation duration of less than 0.3ms do not show activation of subcortical regions during forepaw
or hindpaw stimulation, [234], [246]-[248], there have been few studies where activation of subcortical regions in
fMRI studies have been linked to pulse parameters such as pulse duration and frequency [234], [239]. It has been
shown in literature that changing pulse duration from 0.3ms to 10ms alone can alter optimal electrical stimulatory

frequency at which maximum BOLD response occurs from 3Hz to 8Hz [240]. Furthermore, under isofluorane

101



anesthesia, a combination of specific stimulus pulse durations and frequencies, 10ms electrical stimulus at 8Hz, can
result in BOLD responses in cortical and subcortical areas of rat thalamus in addition to somatosensory areas [239].
Similar effects were seen under a-chloralose [234] anesthesia where activations were observed in thalamus regions
in response at 3Hz stimulation. In both studies, it was believed that both sensory and proprioceptive pathways were
recruited that enabled cortical and subcortical activations. These parameters and observations are not far from our

stimulation width (9ms) and frequency (2Hz and 8Hz) which also resulted in power Doppler signal in the thalamus.

6.5 Conclusion

Functional ultrasound is being widely used to study blood flow in response to external stimulations and provides
similar information to fMRI but from blood flow instead of BOLD signal. The regions of activation and increase in
BOLD signal is dependent on factors such as choice of anesthesia and stimulation pulse parameters. Anesthesia is
found to directly affect cerebral blood flow and metabolism which can alter hemodynamic response to the
stimulation [238]. Stimulation pulse parameters also affect the hemodynamic response. In that, both the frequency
of the pulse and width of the pulse can result in recruiting not only sensory but proprioceptive inputs [234], [240]-
[243]. For instance, a pulse width greater than 1ms has shown BOLD signal in thalamus which is otherwise not
reported in vast majority of fMRI literature. Pulse widths of 0.3ms only reported BOLD induced activations of
sensory motor cortex [241], [246], [249], [250]. In this study we wanted to demonstrate sensitivity of fUS to
frequency-specific hindpaw stimulation at a fixed pulse width in a rodent brain. We observed that stimulatory
frequency of 2Hz produces sustained but lower magnitude of functional response whereas stimulatory frequency of
8Hz produces shorter but higher magnitude of functional response. Additionally, we also observed recruitment of
proprioceptive pathways which resulted in activations of thalamus. Overall, we demonstrate that fUS can detect
unique responses to electrical stimulations of different frequencies and can serve as a complimentary technique to

fMRI.

6.6 Study Limitations
In our study, we performed a craniotomy in a terminal procedure to minimize attenuation of the received

ultrasound signal. However, transcranial functional ultrasound in younger rat and mice models have been
previously reported in literature [134], [229], [251]. Hence this procedure can be made non-invasive by

performing transcranial functional ultrasound.
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Another limitation of this study is that the functional ultrasound was performed in only one 2-D plane. Bregma-
2mm position also contained SIHL, M1 and M2 regions. But the signal from bregma-2mm were not captured
simultaneously as bregma-1mm position. Capturing signal from both slices would give us more information about
activation characteristics. This limitation can be overcome by using a 3D imaging transducer than can capture

functional ultrasound signal from multiple slices [140], [142], [229].

Additionally, via the help of super resolution image and rat brain atlas, we were able to infer locations of
activations. Future work will include combining rat brain atlas with super resolution imaging, which have been
reported in literature for mice studies, such that the rat brain atlas can be overlayed on the super resolution image

and activation maps to identify regions of activation more accurately.
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CHAPTER 7: Applications and future directions

Acoustically active particles have the potential to improve ultrasound therapy and imaging outcomes. FUS in
conjunction with microbubbles are being used to open blood brain barrier and deliver chemotherapy for brain tumor
application. FUS in conjunction with nanoparticles are being used for precise neuromodulation application.
Combining microbubbles with ultrasound imaging has helped many researchers study small animal brains, non-
human primate brains and neo-natal brains. Combining FUS with acoustically active particles and pairing with
ultrasound imaging with acoustically active particles, targeting can be achieved without requiring any MRI. The
combination of targeting FUS using imaging ultrasound can open door to cause neuromodulation and studying its

effects all with one ultrasound machine setup.

7.1 Summary of Key Findings:

Chapter 3 presented methods to use acoustically active particle, phase shift nanodroplets, to enhance ablation
volume and ablation efficiency with minimal off-target heating. Pressure field simulations were performed to create
desired single focus and multiple foci sonications in egg-white acrylamide phantoms at constant power. While
performing FUS ablation on phantoms, MRI thermometry was used to monitor changes in temperature and ablated
volume during the heating pulse. It was found that phantoms without PSNDs saw only 7°C of heating at the focus
whereas phantoms with PSNDs saw a temperature rise over 30°C. The surface temperature in both phantoms with
and without PSNDs were minimal and no more than 5°C. The volumetric ablation was only observed in phantoms
with PSNDS. In that, the greatest volumetric ablation was seen in multiple foci pattern followed by single foci
pattern at the natural focus. The regions were more contiguous overall in multiple foci pattern than in single foci

pattern.

Chapter 4 presents my original work where | investigated the safety of nanoparticles for neuromodulation
application where we studied echoes originating from sonicating propofol loaded nanoparticles. We flowed either
nanoparticles diluted in saline or just saline (as control) in cellulose tube and sonicated them with FUS at Ml > 1.4,
We were able to create passive acoustic maps in our first set of experiments at M1 of 2.2 using a linear imaging
array. Detailed analysis of the RF data revealed a wideband content with subsequent ultra-harmonic content. In our

second set of experiments, we controlled the handling and temperature of nanoparticles and we observed no
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wideband activity from the particles until MI of 3 but wideband activity was not seen in saline. The ultra-harmonic
content prevailed and was seen in nanoparticles at M1 > 1.8 but was not seen in saline until Ml of 2.2. Overall, we
were able to evaluate the safety of using these particles for neuromodulation activity and observed that ultra-
harmonic content occurs at M1 > 1.8, which is within the range that tissues cavitate as well. The nanoparticles are

shown to release drugs at lower MI than 1.8 and presumably do not release drugs due to cavitation effects.

Chapter 5 presents my original work where | combined microbubbles with focused ultrasound (FUS) and
ultrasound imaging to open blood brain barrier under image guidance. We developed methods to steer FUS array,
with axial FWHM of 2.7mm, using a 2D power Doppler image to guide the FUS focus to intended targets to open
BBB. We first registered the FUS transducer with the imaging transducer with TRE of 0.5mm. We then developed
methods to filter tissue signal from ultrasound images to reveal vasculature in the rat brain and create power Doppler
image from the filtered ultrasound images. We then combined both the transducer in a manner such that clicking on
the power Doppler image would appropriately steer the FUS transducer to sonicate at that regions and open BBB.
During the BBB opening procedure, we used ultrasound imaging transducer to record receive echoes at high frame
rate to reconstruct robust capon beamforming passive acoustic maps. We overlayed these PAM maps onto the BBB
opened MRI image and found that the regions of high intensity of PAM maps coincide with BBB opened regions

with millimeter (1.2mm) scale precision.

Chapter 6 presents my original work where | combined acoustically active particles with ultrasound imaging at
high frame rate to study the change in blood flow in the rat brain brought on by electrical stimulation of the rat
hindpaw 2 different stimulatory frequencies of 2Hz and 8Hz. | developed methods to image rat brain at 500 Hz
frame rate and subjected them to SVD filtering and high pass filtering to remove static tissue signal. I, then, summed
the filtered frames after applying moving average filter and correlated them with stimulation signal to make
activation maps. | used activation maps to create hemodynamic response. Hemodynamic response at 2Hz had lower
change in signal, represented as PD%, when compared to 8Hz but the activation width of 2Hz was greater than 8Hz,
probably due to neural adaptation to the response. These outcomes are in line with what has been reported in
literature when somatosensory stimulations were carried out in rat and hemodynamic response was measured using

fMRI. In this chapter, | showed distinct hemodynamic responses at different stimulatory frequency.
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7.2 Ongoing work and Applications

The work presented here has been a part of ongoing tumor vasculature imaging study. High frame rate imaging
is being used to study tumor vasculature growth since the tumor implantation to animal sacrifice. The power Doppler
images are used to quantify vasculature present in the image.

High frame rate imaging, in 2D, is also being translated to 3D imaging where planar images are gathered during
tumor growth to quantify vasculature in a 3D plane over time. High frame rate imaging is also being performed on
hydrogel plugs implanted into mice. These plugs eventually grow vasculature and power Doppler imaging will be
an important tool to study this growth in vasculature.

Super resolution imaging is currently being explored in a transcranial setting where lower imaging frequencies

(5MH2z) are used to create vascular map of rat brain.

7.3 Future applications and directions

Power Doppler guided FUS technology can be extended for the use of drug delivery after BBB opening or to
cause neuromodulation using acoustically active particles. With a focal opening volume of 0.21mm?® by our
transducer, we have an excellent control over different regions of small animal brains. Of particular interest to us is
drug delivery after FUS mediated BBB opening in small animals. Literature notes researches have delivered
chemogenetics to hippocampal regions under MR guidance[204] in small animals. An all-ultrasound system
designed in this dissertation can enhance the applications of such drug delivery by providing precise drug delivery
to intended regions of brain with limited focal opening. The hippocampal regions in rat[223] span around 70mm?3
and span around 20mm3 in mice[224]. With the ability to generate a small acoustic focus, in conjunction with power
Doppler imaging, our methods could open BBB in hippocampal regions with improved spatial selectivity. Combined
with ultrasound localization microscopy, ultrasound imaging could be used to verify BBB opened regions and make

USgFUS a self-sufficient modality that can target, open, and detect BBB opened regions all with one system.

Another FUS application, neuromodulation, can benefit from our system where precise targeting of intended
regions is of utmost importance. Previous studies showed that due to a smaller FUS focus at megahertz frequency,
a successful motor activation of the limbs[225], whiskers, and tail[226] can occur with greater specificity. With our

transducer, coupled with imaging, we can further enhance both specificity and spatial selectivity in the cerebral
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cortex regions of the rat and mice, which have volumes above 100mm? [227], [228].

Furthermore, power Doppler guided FUS system can also be used in conjunction with ultrasound gated
nanoparticles, such as propofol-loaded nanoparticles. With small and precise focusing, these nanoparticles can be
sonicated using FUS to release propofol and cause neuromodulatory effects in the desired regions. Power Doppler
guided FUS and high frame rate imaging can be combined to study the effects of BBB opening on somatosensory
regions using an all-ultrasound system. Prior studies using fMRI have shown that opening BBB can affect the blood
flow and activation of somatosensory cortex[87] and this can be replicated using the power Doppler guided FUS

systems.

This technology can be extended using a 3D imaging ultrasound array [140]. Using small animal brain maps
[229], 3D power Doppler images can be overlayed on top of animal brain maps to identify desired regions of
treatment. The applications of power Doppler guided FUS is not only limited for the use of brain applications. Using
vascular imaging, FUS in conjunctions with PSNDs can be used to target specific vasculature in tumor using
multiple foci with the goal of causing ablation and necrosis, thereby promoting tumor vasculature destruction by

ablating the tumors.
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