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Laser-Generated Focused Ultrasound for Brain Stimulation Using

Carbon Nanotube Composite Transducer

Jooho Lee

Faculty of Earth and Marine Convergence, Major of Ocean System
The Graduate School

Jeju National University

Abstract

Focused Ultrasound (FUS) can non-invasively and precisely intervene in key circuits that
control common and challenging brain disorders. Neurons can be activated or inhibited by
adjusting the parameters of FUS. However precise targeting at the microscopic level requires
a spatial accuracy of several millimeters. Therefore, the development of high precision
neurostimulation is essential to stimulate specific brain regions effectively.

Laser-generated focused ultrasound (LGFUS) has shown potential for precision therapeutic
ultrasound applications due to its ability to generate high-pressure, broadband shock waves
with a narrow focal spot. However, there has been little research on neurostimulation using
shock waves with pulse durations of sub microseconds. Our study thoroughly explores the
potential of neurostimulation by LGFUS using carbon nanotube (CNT) composite transducers

and presents LGFUS as an excellent precision tool for brain stimulation.
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In this study, we explore the structural properties of CNT composite transducers as LGFUS
tools to achieve high-precision neuromodulation. To comprehensively investigate the LGFUS
properties, CNT composite transducers with different diameters and support structures were
fabricated. The peak positive and negative sound pressure generated by the CNT composite
transducer are 32 to 52 MPa and -9 to -24 MPa for 2 to 8 cm diameters, respectively. Our
experiments confirmed a correlation between increasing transducer diameter and increasing
peak pressure in LGFUS.

We investigated responses to rat brain stimulation with LGFUS generated from the explored
CNT composite transducers. Electroencephalographic (EEG) signals recorded from rat brains
before and after LGFUS stimulation show distinct differences in time and frequency domains.
After stimulation, the EEG signal has increased, indicating increased neural activity and
distinct changes in the 1-30 Hz band. These changes in the EEG signal highlight the ability to
accurately stimulate the brain with LGFUS generated by CNT composite transducers. Finally,
as a preliminary experiment to confirm the possibility of human brain stimulation, the
possibility of LGFUS penetration into the human cadaver skull was investigated. The peak
positive sound pressures before and after skull penetration were 14.6 MPa and 1.1 MPa,
respectively, and the central frequency was changed from 1 MHz and 464 kHz, respectively.

These results of LGFUS have important implications for future neurostimulation research

and transcranial applications, suggesting potential use for high-precision brain stimulation.
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Chapter I

INTRODUCTION

1.1 Background of Therapeutical Ultrasound

Ultrasound (US) refers to sound waves with frequencies exceeding the audible frequency
band (>20 kHz). These high-frequency waves are beyond the range of human hearing. The
applications of US have substantially contributed to medical advancements since the mid-20th
century.

US is considered one of the safest and most versatile diagnostic modalities in medicine.
Focused US (FUS) is focused by a curved transducer, lens, or phased array. It exerts maximum
pressure on a small target and much less pressure elsewhere. While the therapeutic potential
of FUS has been recognized for decades, its clinicaltreatments have recently been recognized.
FUS has been approved for the treatment of a variety of conditions, including uterine fibroids
and lesions of the breast, prostate, and liver. (Aubry et al., 2013, Tempany et al., 2011). The
skull, which attenuates and distorts ultrasound transmission, has traditionally impeded
applications in the brain. However, over the past few decades, technological, imaging, and
medical advances have increased interest in FUS as a significant brain intervention affecting
brain structure and function (Figure 1.1). In the 1950s, individuals such as Russell Meyers,

Peter Lindstrom, and William and Francis Fry led initial experiments using FUS for the
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treatment of movement and mental disorders, as well as brain tumors(Meyers et al., 1959,

Nelson et al., 1959). Lars Leksell also penned articles on the application of ultrasound in the

central nervous system (CNS) and showed particular interest in using FUS (Leksell, 1956) to

treat mental disorders before he developed radiosurgery for non-invasive resection

(Jagannathan et al., 2009). These early attempts to deliver FUS to the brain required a

craniectomy, with the ultrasound treatment performed in the operating room before the skull

bone was replaced. The skin flap over the craniectomy provided a window for repeated FUS

hyperthermia treatments and thermal ablation of tumors (Ram et al., 2006). Over the past two

decades, several advancements have accelerated research activity in the FUS field. The

feasibility of transcranial FUS was realized in early this century by implementing phased array

transducers and real-time MRI temperature measurement monitoring (Hynynen et al., 2006).

Recently, research has been conducted to treat Alzheimer's disease and Amyotrophic lateral

sclerosis by opening the blood-brain barrier using transcranial-FUS. The introduction of

therapeutic ultrasound is being studied extensively as an alternative to resection, which is

associated with high morbidity and mortality and suppression of the patient's immune system.

FUS is a non-invasive method and is of interest in many research areas due to its relatively

high safety and low side effects.
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Therapeutic ultrasound can be classified into many ways such as intensity or mechanism.

One of them is pulse duration conbined with intensity and mechanism as illustrated in Figure

1.2. Therapeutic ultrasound can be categorized into continuous waves and pulsed waves, with

the latter being most utilized in research. Pulsed waves can be further divided into high-

intensity focused ultrasound (HIFU) and low-intensity focused ultrasound (LIFU), both of

which serve different research purposes. HIFU is mostly used as thermal ablation, which

elevates the temperature of body tissues, leading to cell necrosis in the targeted tissue due to

the heat (Pinton et al., 2012, Pernot et al., 2004). It also facilitates drug delivery through the

opening of the Blood-Brain Barrier (BBB), a process induced by the cavitation effect

(McDannold et al., 2005). LIFU, on the other hand, is employed in neuromodulation and

neurostimulation research. It makes use of the acoustic radiation force at a lower intensity than

HIFU. In neuromodulation research, studies are being conducted to understand brain functions

by observing movements of the tail (King et al., 2013), limb (Lee, W. et al., 2016), and eyeball

(Kim, H. et al., 2012) in experimental animals, which are induced by cortex stimulation with

LIFU. Neurostimulation research focuses on investigating the responses of cells, tissues,

neurons, etc.(Tyler et al., 2008, Tufail et al., 2010), when stimulated by FUS. Based on these

findings, LIFU is applied in clinical research for treating conditions like tremors and

depression (Bronstein et al., 2011).

In the realm of therapeutic ultrasound, there are types of FUS that have shorter wave

characteristics than the traditional pulse waves. These include histotripsy, lithotripsy shock
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waves, and laser-generated focused ultrasound (LGFUS). Histotripsy is a non-invasive, non-
thermal therapeutic ultrasound technique used to treat various medical conditions (Xu et al.,
2021). It relies on the mechanical effect of ultrasound waves at the cellular level to destroy
tissue (Xu et al., 2021). This is achieved by using short bursts of ultrasound waves to create
controlled cavitation bubbles within the target tissue, which then collapse and cause
mechanical destruction of the tissue cells. Shock waves is usuallyused in lithotripsy. This
procedure uses focused shock waves or ultrasound waves to break down stones into tiny pieces,
which can then be passed out of the body through the urine (Lingeman et al., 2009). This can
be performed non-invasively, as in Extracorporeal Shock Wave Lithotripsy (ESWL).

Transcranial pulse stimulation (TPS) is a brain stimulation method using shock

waves (Beisteiner et al., 2020). TPS is specifically developed for clinical applications

and is based on single ultrashort ultrasound pulses (3 pus) repeated every 200-300 ms.

For brain therapy using TPS, this enables a controlled modulation of a specific brain

region without unwanted co-stimulations of other brain areas. Comparable to FUS,

TPS is applied for several minutes to achieve neuromodulatory effects (Beisteiner et

al., 2023). Although size of stimulation foci depends on transducer design and

frequency, typical foci are cigar shaped with a length of around 3—5 cm and a width of

about 4 mm full width at half maximum (FWHM) (Beisteiner et al., 2020). TPS has

characteristics that enable higher precision targeting than the existing FUS. If the area
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of brain stimulation is minimized, high safety and high precision are gauranteed with
minimal side effects, so research on high-precision FUS is needed.

LGFUS has higher precision characteristics than the TPS and FUS. LGFUS is a single
ultrashort pulse and much shorter than TPS. LGFUS is a technique that uses laser-generated
thermoelastic expansion to produce FUS waves. This method has several advantages over the
traditional ultrasound generation techniques. Firstly, LGFUS can get a broad frequency range
with extremely short pulse (~200 ns), which results in improved spatial resolution (Buma et
al., 2001, Baac et al., 2012). This makes LGFUS particularly suited for precise targeting of
small areas, an application that is of great interest in medical treatments such as targeted drug
delivery or non-invasive surgeries (Baac et al., 2012). Secondly, LGFUS offers the advantage
of being non-contact, meaning that the generation of ultrasound does not rely on the physical
contact between the transducer and the medium (Lee, T. et al., 2018).

FUS technologies used for neurostimulation must be capable of precise targeting without
causing tissue damage (Heo et al., 2021, Krishna et al., 2018). LIFU, TPS and LGFUS are
among the technologies that meet these requirements. These types of FUS can modulate
neuronal activity in specific brain areas. This modulation can potentially provide therapeutic
applications for various neurological and psychiatric disorders. For instance, FUS waves on
certain parts of the brain can alter the electrical activity of neurons in those areas (Tufail et al.,
2010). This could potentially provide relief for conditions such as chronic pain, depression,

and neurodegenerative diseases (Baek et al., 2017). With its capacity for targeted stimulation
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and minimal side effects, this technique shows promise and could be a useful tool in treating

various conditions. This thesis focuses on neurostimulation by LGFUS.
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1.2 Neuromodulation of Therapeutic Ultrasound

Neuromodulation has emerged as a treatment approach for neurological disorders. Deep
brain stimulation (DBS) (Ashkan et al., 2017) and vagus nerve stimulation (VNS) (Theodore
and Fisher, 2007) have been utilized for several decades as invasive treatments for these
disorders. However, to mitigate the potential side effects associated with invasive methods,
noninvasive brain stimulation techniques such as transcranial magnetic stimulation (TMS)
(Kobayashi and Pascual-Leone, 2003, Barker et al., 1985) and transcranial direct-current
stimulation (tDCS) (Nitsche and Paulus, 2000, Horvath et al., 2015) have been employed to
treat neurological disorders and regulate cortical brain functions (George and Aston-Jones,
2010, Fregni and Pascual-Leone, 2007). Although these electromagnetic stimulation methods
offer noninvasiveness, the stimulation area tends to be relatively large compared to the target
size, and their ability to reach deep brain regions is limited (Fregni and Pascual-Leone, 2007,
Loo and Mitchell, 2005).

In contrast, FUS has the capability to deliver acoustic energy precisely to localized brain
regions, including deep brain structures. Low intensity transcranial focused ultrasound (tFUS)
has demonstrated the ability to stimulate brain functions without causing temperature elevation
or thermal ablation, thus minimizing potential side effects (Fry et al., 1958, Kim, H. et al.,
2014, Yoo et al., 2011). Compared to noninvasive techniques, low intensity tFUS provides
enhanced spatial resolution and can effectively target deeper areas. The energy of acoustic

pulse waves is transmitted through the skull, and the target's position can be adjusted using
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phase correction with multi-element array systems. Moreover, the parameters of FUS can be
adjusted to induce nerve activation or inhibition (Kim, H. et al., 2014, King et al., 2013).

FUS has different characteristics depending on its parameters. Neuromodulation using
continuous or short, long-pulse ultrasound waves has also been explored (Tsui et al., 2005,
Foley et al., 2007). Various parameters, such as ultrasound fundamental frequency (f») (Ye et
al., 2016), ultrasound duration (UD)(King et al., 2013), duty cycle (DC) (Plaksin et al., 2016,
Kubanek et al., 2018), and pulse repetition frequency (PRF) (Kubanek et al., 2018), have been
studied in ultrasound neuromodulation. To optimize the intensity, UD, and PRF for successful
neuromodulation, it is necessary to evaluate the characteristics of ultrasound. Studies have
observed motor responses elicited at minimum threshold acoustic intensities with specific
ultrasound parameters (fp = 350 kHz, UD = 300 ms, etc.) (Kim, H. et al., 2014) . The success
rate of neurostimulation has also been examined about ultrasound characteristics such as
frequency band, acoustic intensity, and UD (King et al., 2013). Many studies have investigated
the key parameters of ultrasound stimulation by controlling intensity, PRF, and pulse duration
(Kingetal., 2013, Kim, H. et al., 2014). Research using pulsed ultrasound for neurostimulation
has shown a low success rate when the acoustic intensity and duration parameters fall below
specific threshold values. For instance, when the intensity is less than 4.2 W/cm?, the success
rate of ultrasound stimulation is below 66%. Similarly, when the sonication duration is less
than 80 ms, the success rate is below 77% (Kim, H. et al., 2014, King et al., 2013).

While LIFU holds promise in the realm of neurostimulation and neuromodulation, it has
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limitations, specifically in reducing pulse width and minimizing side effects during the

adjustment of acoustic parameters. LGFUS, on the other hand, employs laser-induced

thermoelastic expansion to generate high-frequency focused ultrasound waves. Much like

LIFU, LGFUS can stimulate tissue by exerting a mechanical effect. LGFUS distinguishes

itself from LIFU in its operation with significantly shorter pulse length and its induction of a

non-thermal effect. This means that LGFUS can deliver precise stimulation while operating

without posing the risk of thermal damage to tissues, a potential concern associated with other

types of ultrasound. While LGFUS is still in the early stages of research and development, its

potential for non-invasive, precise, and safe neuromodulation makes it a promising technology

for future neurostimulation applications.
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1.3 Characteristics of LGFUS

Shock waves have also been applied in brain-related treatments. With their wide

frequency band and short rising time of a few microseconds, shock waves have been used to

verify BBB opening in lithotripsy (Kung et al., 2018). Additionally, the stability and efficacy

of creating targeted lesions in the brain have been demonstrated using histotripsy (Xu et al.,

2021).

LGFUS transducers have shown promise in precise therapeutic ultrasound applications,

as they can produce high-pressure, high-frequency shock waves with a tight focal spot,

resulting in localized acoustic exposure (Baac et al., 2012). LGFUS transducers have been

employed in various high-precision therapies, including lithotripsy (Kim, J. et al., 2016), cell

manipulation (Baac et al., 2013), remotely controlled drug delivery (Di et al., 2015). However,

there have been limited studies on neurostimulation using shock waves generated by LGFUS.

LGFUS has emerged as a promising alternative to other modalities for generating

ultrasound signals, such as electric, electromagnetic, and piezoelectric methods (Buma et al.,

2001). LGFUS has shown great potential in providing a superior non-invasive approach for

therapeutic purposes and various biomedical applications (Lee, T. et al., 2018). The key

mechanism behind LGFUS is the thermoelastic effect, also known as the photoacoustic or

optoacoustic effect (Li, J. et al., 2019). This involves the conversion of laser energy into

acoustic energy using the thermal and elastic properties of the materials used in ultrasound

transducer fabrication. Another notable attribute of LGFUS is its ability to generate shock
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waves at the focal point, akin to the process in shock wave lithotripsy (Baac et al., 2012), using

specially designed photoacoustic composite transducers to efficiently convert laser energy into

acoustic energy (Lee, T. et al., 2018).

Optoacoustic transducer has been investigated using different materials and techniques

to generate shock waves and to understand the effect of various physical parameters on

LGFUS characteristics. CNT composite transducers are a promising modality in the field of

optoacoustic transducers due to their exceptional heat conduction and expansion properties.

Baac et al. utilized optoacoustic lenses of small diameters (6 mm and 12 mm) to determine the

focal waveform's peak positive and negative pressure, achieving a maximum positive pressure

of over 50 MPa (Baac et al., 2012). However, no study has yet examined the characterization

of shock waves using composite transducers with more practical sizes (up to 8 cm of diameter)

for transcranial appplications through human skull. LGFUS has not yet been explored for

neurostimulation utilizing these properties including the effects of structure of the CNT

composite transducers on shock wave characteristics.

CNT composite transducers can be used in different applications due to their exceptional

heat conduction and expansion properties. They can generate high optoacoustic pressure at the

focal point. Therefore, optoacoustic transducers are another effective way of generating shock

waves with similar or improved properties in different applications with improved

performance.
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1.4 Motivation

Brain stimulation using FUS has been a field attracting extensive research in a recent

decade. It's being utilized as an effective treatment tool for various brain diseases, to the extent

that is being used in clinical research for treatment. Nonetheless, FUS has its limitations. As

the brain is the most sensitive and vital organ in the body, precisely targeting ultrasonic waves

for stimulation is a key. After ultrasound waves penetrate the human skull, distortion of the

focus position and attenuation of the ultrasound output occurs. A transducer array is used to

correct the distorted focus using techniques such as beamforming or acoustic ray tracing, based

on the skull's characteristics to accurately target the focal position after penetrating the skull.

However, for microstimulation of a specific brain region, the beam size at the focal point

must be reduced. Parameters such as the ultrasound frequency band, pulse duration, and energy

intensity are adjusted to decrease the beam size. While adjusting these ultrasound parameters

enables precise microstimulation of brain regions at specific locations, it is challenging to form

a focus of less than a few millimeters by adjusting the parameters alone.

The potential of LGFUS in brain stimulation is a fascinating field of research, marked by

several key differences and advantages over traditional FUS techniques.

First and foremost, LGFUS possesses superior spatial resolution owing to its wide

frequency band and extremely short pulse waves. This makes it particularly adapt at targeting

smaller areas with greater precision, a feature not easily achieved with conventional FUS. Such

precise targeting is paramount when stimulating specific brain areas, a delicate and complex
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organ. This technological advantage could potentially lead to breakthroughs in exploration of
the brain function map and the treatment of various brain disorders, making LGFUS a
promising tool in neurotherapeutic applications.

Second, using LGFUS opens new avenues for research into brain stimulation responses
to ultrasound stimulation. While there are currently limited applications in this area, the unique
properties of LGFUS make it a promising candidate for future investigations. Understanding
the response to LGFUS stimulation in the brain tissue could provide invaluable insights into
the effects of ultrasound on the brain, potentially leading to more effective and safer
therapeutic interventions.

In summary, the unique properties and potential of LGFUS make it a compelling area of
research in the field of brain stimulation, offering several advantages and opportunities over

traditional FUS techniques.
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1.5 Specific Aims

This study aims to assess the feasibility of brain stimulation using LGFUS and is
organized into three specific objectives.

The first objective is to fabricate and evaluate a CNT composite transducer capable of
producing LGFUS. This aspect of the study focuses on understanding the characteristics of
LGFUS, particularly in terms of the structure of the backing body onto which the composite
is coated and the diameter of the transducer. These factors have not been evaluated in previous
LGFUS studies and could offer significant insights into the generation and control of LGFUS.

The second objective is to observe the changes in brain signals when the brains of small
animals are exposed to LGFUS. To assess whether brain is stimulated by LGFUS through the
skull of a small animal, an EEG device is non-invasively attached to the rat's head. An
experimental setup has been established that allows for the reception of brain EEG signals
during and pre- and post-LGFUS stimulation. This objective aims to provide an observation
of the impact of LGFUS on brain activity.

The third one is to verify the output of LGFUS after it penetrates the human skull. This
is a preliminary experiment aimed at confirming the capacity of LGFUS to stimulate the
human brain. To investigate the characteristics of LGFUS pre- and post-penetration through
the human skull, an experimental setup was established to measure acoustic signals using a
needle-type hydrophone. This objective seeks to establish the practicality and potential of

LGFUS in human applications.
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In summary, these specific aims provide a comprehensive approach to understanding the

potential of LGFUS in brain stimulation, from the generation of LGFUS using a novel

transducer to its application in small animals and preliminary investigations in humans.
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1.6 Thesis Qutline

This thesis is structured into five chapters, including introduction, three experimental

studies, and conclusion.

Chapter 1 introduces the research, presenting the background, necessity, motivation, and

aims of this study.

Chapter 2 delves into the principle of LGFUS and illustrates the performance variability

according to different structures of the CNT composite transducer. It provides validation based

on the backing structure and diameter of the CNT composite transducer. The results suggest

the potential for optimized LGFUS in applied research, which can be achieved by identifying

an optimal CNT composite transducer to generate LGFUS.

Chapter 3 investigates the feasibility of using LGFUS, generated from a CNT composite

transducer, for brain stimulation. It confirms the brain signals activated when LGFUS

stimulates the brain area corresponding to a rat's somatosensory, using EEG equipment. To

further investigate the effect of LGFUS stimulation, EEG signals recorded before, during, and

after stimulation are analyzed.

Chapter 4 provides a preliminary experiment to explore the characteristics of LGFUS

after it has penetrated the human skull. It confirms the possibility of brain stimulation post-

penetration into a human skull cadaver.

Finally, Chapter 5 concludes the study, summarizing the key findings, and proposing

future avenues for research.
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Chapter 11

LASER GENERATED FOCUSED ULTRASOUND AND

TRANSDUCER STRUCTURE

2.1 Background

The composite transducers consist of a high optically absorptive material and an
elastomeric polymer grown on a substrate (Buma et al., 2001). The high optical absorbing
material is essential for maximum light absorption with minimal reflection, while the
elastomeric polymer with high thermal expansion coefficient converts this absorbed energy
into high amplitude acoustic energy (Buma et al., 2001, Miranda et al., 2021). Carbon
nanotubes (CNTs) are a high absorptive material and generate localized high temperatures
under laser irradiation (Chang et al., 2015). In addition, CNTs enhance peak pressure by
reducing reflection and increasing maximum optical absorption, exceeding the performance
of metals by more than an order of magnitude (Shi et al., 2011, Hsieh et al., 2015). When
pulsed laser excitation is applied, CNT composites generate extreme acoustic pressure,
surpassing films of chromium (Cr) or gold nanoparticles with the same elastomeric polymer
(Won Baac et al., 2010). In addition, due to the nanometer-scale structure of CNTs, rapid heat

diffusion to the surrounding medium occurs (Baac et al., 2012). This unique property allows
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thermal energy to be transferred to the adjacent expanding layer. Polydimethylsiloxane (PDMS)
is commonly used as the thermally expanding layer due to its high thermal coefficient of
volume expansion (a= 0.92 x 10-3 K!) (Chang et al., 2015). Consequently, when CNTs are
heated, they quickly transfer most of the absorbed thermal energy to the adjacent PDMS layer,
resulting in rapid thermal expansion with high amplitude (Baac et al., 2012). Baac et al.
confirmed that CNT-PDMS films can withstand higher optical fluence than chromium (Cr)
films, making them ideal composite films for maximum optoacoustic excitation (Won Baac et
al., 2010). LGFUS with a CNT and PDMS composite transducer on a concave surface can
generate high frequency (>15 MHz) ultrasound with an acoustic pressure exceeding 50 MPa
from a single element lens (6 mm diameter) (Baac et al., 2012). The laminated structure of
these films defines them as excellent materials for generating high amplitude, high frequency
ultrasound (Baac et al., 2015).

Colchester et al. employed functionalized CNTs dissolved into a PDMS solvent and
coated them onto a substrate, using planar optical fibers as the substrate and achieving
maximum pressures of 3.6 MPa and 4.5 MPa (Colchester et al., 2014). Additionally,
experiments with CNTs of different diameters and lengths were conducted to study the effect
of CNT thermal conductivity on the performance of optoacoustic transducers, resulting in

CNTs with a diameter of 8 nm and a length of 10-30 x«m (Li, J. et al., 2019). Yixuan et al.

investigated CNT-PDMS composites with different thicknesses on pure PDMS to identify

better-performing transducers, observing a decrease in thermal conductivity with a reduction
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in CNT film thickness (Li, Y. et al., 2019). In another study, the characteristics of LGFUS were

evaluated using a perforated photoacoustic lens, achieving a peak positive pressure of 46.5

MPa (Heo et al., 2021). These studies have provided valuable insights into the CNT-PDMS

composite structure and its impact on LGFUS characteristics. However, no study has yet

examined the characterization of LGFUS using composite transducers with larger diameters

(up to 8 cm) which is practical for human brain applications to understand their relative effects

on LGFUS properties. LGFUS has not yet been explored for neurostimulation utilizing these

properties.

This study examines the impact of altering the diameter and backing structure of a CNT-

PDMS composite transducer on the peak amplitudes and characteristics of LGFUS. The CNT

composite transducer with highest peak pressures is investigated by measuring LGFUS

according to the backing structure. The areas of interest include the maximum positive and

negative pressure generation of LGFUS at the focal point using larger diameters compared to

previous studies. The purpose of changing diameters is to fabricate transducers with more

suitable sizes and peak pressures at the focal point. Although smaller diameters are

advantageous for cell culture studies, miniature composite transducers cannot be effectively

utilized for further investigation of LGFUS effects, as well as acoustic attenuation and

impedance, in transcranial brain applications. Therefore, this study aims to construct a CNT

composite transducer with maximum pressure generation using more practical diameters.
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2.2 Principles of LGFUS

The sound waves generated by laser energy is due to the thermoelastic effect of the medium.
The thermoelastic effect is a phenomenon that causes deformation when an arbitrary heat
source changes the temperature of a solid medium with elastic properties. The following heat
conduction equation determines the temperature distribution within the medium due to this
phenomenon (Wetsel, 1986).

PCE+V-q=0Q @.1)

In the formula, p is density, Cr is specific heat, T is temperature, and q is heat flux which is
given by the thermal conductivity k as

q = —kVT (2.2)
The size of the heat source ¢ is the energy generated per unit time in unit volume and depends
on the laser pulse waveform. Meanwhile, the deformation of an object that occurs due to
temperature changes is accompanied by elastic deformation and inelastic deformation.
Thermal strain €%, which is an inelastic strain, is given by the thermal expansion coefficient
a as follows.

gth = aAT (2.3)

In a rectangular coordinate systemu(u, v, w)
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And the stress S according to elastic strain is obtained as follows.
S=_C:¢e% (2.5)
Here, C the elastic stiffness coefficient is a fourth-order tensor with components of 6x6, and

‘> represents the double scalar product between the fourth-order tensor and the second tensor.
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For isotropic solids, the elastic stiffness coefficient C is given by Young’s modulus E and

Poisson’s ratio ¢ (Auld, 1973). Then,

_ E
=~ ro)(1-20) ©

ou v Ow (1-20) ,0v  du (1-20) 0w = du
((1—0’)5+0(§+E)—(1+U)IZAT " (ﬁ"’;) " (E_'—E) \
(1-20) ,0u  ov ov ou  ow (1-20) 0w  dv
202+ 2 -0 Z+0(%+22)— (1 +0)adT ) (2.6)
(1-20) ,0u  Ow. (1-20) 0w |, v ow u o
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The equation of motion of an elastic solid for this stress is as follows.

9% _

After obtaining V-S from Eq. (2.6), considering the motion in one axis direction (here, the y
axis), the equation of motion becomes as follows.

%4 _ E .
atz ~ (1+0)

((1—0) 9%y 1(6217 %v . d%u Bzw) (1—0)(62u azw) (1+0) @

(1-20)dv2 ' 4 \9x2 t 522V axay T avaz (1-20) \axay Yovoz) (1—20) aY (aAT)) (2.8)

In this equation, for isotropic elastic bodies with a Poisson's ratio close to 0.5, the second term
on the right side is smaller than the other terms to be ignored. If we consider only the
longitudinal wave and ignore the third term, which includes the transverse change, Eq. (2.8)

is organized as follows.

v _ _E0-e) v B 0
at2 ~ (1+0)(1-20)8Y2  (1-20) aY

(aAT)  (2.9)

In an isotropic elastic solid, the longitudinal wave sound speed C; is as follows:

_ E(1-0)
s = '\Ip(1+o‘)(1—20‘) (2.10)

1 0%2v 9%v 140 0T
Zoz az- gy (2.11)
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1+0 0T

In the wave equation of Eq. (2.11), the —a 5y on the right side corresponds to the

sound source, indicating that the spatial change rate of temperature determined in Eq. (2.1)

generates sound waves. It is consistent with the theory (Drain, 2019)). Eq. (2.1) indicates that

the temperature change over time at a specific boundary where heat is generated is correlated

with the time integral of the laser waveform that causes heat as well as the characteristics of

the medium such as specific heat, density, and thermal conductivity, and temperature in Eq.

(2.11). It shows that the slope of the temperature distribution formed in the medium when a

heat wave that causes a change propagates from the boundary determines the characteristics

of the generated sound wave.

The conditions for LGFUS generation are as follows:

1) For absorbers, materials like metals or carbon-based substances should have low

specific heat capacity to ensure high light-to-heat conversion efficiency.

2) Regarding the surrounding medium, materials such as PDMS with significant

coefficients of thermal expansion are preferred for optimal heat-to-ultrasound conversion

efficiency.

3) The size of absorptive materials significantly influences their heat transition to the

surrounding medium. Absorbers at nanoscale dimensions permit short thermal diffusion times,

which is crucial for high-frequency ultrasound generation. Beyond size considerations, the

high thermal conductivity of the absorber and high thermal diffusivity of the surrounding

medium aid in optimizing rapid heat transition.
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Figure 2.1 illustrates the principle of LGFUS: The laser system generates thermal energy
that irradiates onto CNTs. The CNTs absorb this heat energy and transfer it to PDMS, causing
it to expand and contract due to this transferred energy; this expansion and contraction generate
sound waves. While materials suitable for generating LGFUS have been identified in previous
research, LGFUS characteristics can vary based on manufacturing methods and laser system
properties. Furthermore, no evaluations have been conducted on structural characteristics

beyond those related to the manufacturing material of the LGFUS transducer.
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Figure 2.1 The principle of LGFUS transducer and sequence of converting laser energy to
shock wave for LGFUS. The CNT composite layer receives the thermal energy of the laser

and generates a LGFUS through contraction and expansion.

42



2.3 Materials and Method

2.3.1 Fabrication of CNT composite transducer

The manufacturing process of the CNT composite transducer that generates LGFUS is

shown in Figure 2.2(a). To fabricate all CNT composite transducers, concave-shaped

polymethyl methacrylate (PMMA) was used as a substrate. Multiwalled CNTs (MWCNTs)

(purity: 85%wt, 90%wt. refining, diameter: 5~10 nm, length: 10~20 um) (Applied Carbon

Nano, Pohang-si, Korea) were used for the thermal conductivity layers. PDMS (SYLGARD

184, Dow Silicones Corporations, Auburn, MI, USA) was used for an elastomeric heat

expansion layer. The CNT solution was degassed with a vacuum pump and sprayed evenly

onto the surface with a spray coater. The PDMS solution was also degassed, dried at 100 ° C

for 1 hour, applied to the CNT solution, and poured evenly into a spin coater at 2000 rotation

per minute (RPM) for 2 minutes. Finally, after drying at 100 ° C for one day, if not properly

dried, additional drying was required.

Figure 2.2(b) is scanning electron microscope (SEM) image of LGFUS transducer.

During the coating and drying process, a composite layer is formed from the CNT and PDMS

layers.
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Figure 2.2 (a) The fabrication process of LGFUS transducers. The CNT aqueous solution is
spray-coated onto a concave acrylic substrate and dried at room temperature. PDMS is spin-
coated onto the surface of the dried CNT layer at 2000 RPM for 2 minutes and dried at 100 °
C for 1 hour. (b) SEM image of LGFUS transducer structure. The green box is CNT-PDMS

composite layer, and blue box is an acrylic substrate layer.
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2.3.2 Difference structure of LGFUS transducer

To investigate the characteristics of LGFUS based on the structure of the transducer, we

analyzed LGFUS properties to both the backing strength and diameter of the transducer, as

illustrated in Figure 2.3. Acoustic pressure generated by expansion and contraction of the

PDMS layer radiated toward the focal direction; however, they were not adequately dispersed

by acrylic in the opposite direction. To transition from an acrylic backing to alternative

materials such as water or air, a 14 mm hole was drilled at the center of a 20 mm diameter

acrylic base. Figure 2.3(a) shows the design to allow the PDMS to expand by using backing

with water and air. After coating CNT and PDMS onto an acrylic concave lens surface covered

with wrap, we removed this CNT composite layer along with its wrap. A CNT composite

transducer was then manufactured by attaching this desorbed CNT composite layer onto the

edge of a perforated concave lens. The backing layer types include air, water, and rigid acrylic.

An exploration of LGFUS characteristics relative to diameter was conducted by applying a

CNT composite layer onto an acrylic base with diameters spanning 20 mm, 50 mm, and 80

mm, as shown in Figure 2.3(b).
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Figure 2.3 The shape of the LGFUS transducer about the backing structure of the transducer
substrate and changes in substrate diameter. (a) 20 mm diameter transducer substrate base
design that converts acrylic-backing to air and water-backing using a 14 mm hole at the center
of the substrate. (b) CNT-PDMS composite transducers of different sizes were used in the
experiment. The top view of 8 cm, 5 cm, and 2 cm transducers, along with their side view, are

presented.
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2.3.3 LGFUS Acquisition

The experimental setup for optoacoustic wave signal generation and characterization is
illustrated in Figure 2.4. A Q-switched Nd: YAG laser (STL-5000Q, Stratek, Anyang-si, Korea)
was employed as an optical source with a wavelength of 532 nm and a pulse repetition
frequency of 2 Hz. The diameter of the laser beam was initially 6 mm. It expanded up to 80
mm, increasing the distance from the composite transducer after passing through the beam
expander. The composite transducer of interest was mounted inside a degassed water tank and
aligned with the laser system. The laser beam has a spatial beam profile of Gaussian
distribution with a much higher acoustic pressure at the center than the off-axis location [8]. A
0.2 mm needle hydrophone (NH0200, Precision Acoustics Ltd., Dorchester, UK) was aligned
with an acoustic wave generation setup and immersed inside the degassed water tank for the
acoustic signal measurement. The needle hydrophone was fixed on an XYZ base with
adjustable handwheels to find the focal point and range of the acoustic pressure. The distance
of the needle hydrophone from the composite transducer was kept to the focal length of the
respective composite transducer. The acoustic wave signal recorded through the needle
hydrophone was amplified using a preamplifier (HP Precision Acoustics. Ltd., Dorchester, UK)
and fed to an oscilloscope (LT354, Lecroy, New York, NY, USA), which was connected to a
personal computer to record the signal data. An external trigger from the laser system was
employed to synchronize the time series of laser excitation with the data collected from the

oscilloscope. Ultrasound wave signals received by the needle hydrophone were post processed
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to calculate the acoustic pressure and investigate for further characterization.

PC Showing Wave Signal  Oscilloscope

1 i .
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Trigger

Pre-Amplifier
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| Water Tank
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Expander CNT'PDMS
Composite
Transducer

Figure 2.4 Experimental setup for LGFUS generation and measurement. The CNT-PDMS

composite transducer was mounted inside a degassed water tank and aligned with the laser

system (Q-switched Nd: YAG laser (STL-5000Q, Stratek, Anyang-si, Korea). The needle

hydrophone (NH0200, Precision Acoustics Ltd., Dorchester, UK) collected the LGFUS signal

generated from the CNTPDMS composite transducer, which was then amplified by a pre-

amplifier (HP Precision Acoustics. Ltd., Dorchester, UK) and sent to the oscilloscope (LT354,

Lecroy, New York, NY, USA). The signal data from the oscilloscope were fed to a PC for

analysis.
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2.4 Results

2.4.1 Structure Changing of CNT Composite Transducer

Figure 2.5 presents an investigation into LGFUS concerning the backing strength of the

acrylic base, where the CNT composite layer is affixed. Figure 2.5(a) illustrates the LGFUS

signal generated from the CNT composite transducer supported by acrylic, water, and air when

the laser energy reaches 700 mJ. Measurements of LGFUS generated in each backing structure

according to laser energy revealed peak positive pressures of 26, 8, and 6 MPa for each

transducer, respectively, and peak negative pressures of -9, -6, and -5 MPa, respectively. The

LGFUS was measured three times for each different type of transducer, and the average

pressure was calculated, as shown in the Table 1. As shown in Figure 2.5(b), the positive and

negative acoustic pressures increased with the rise in laser energy for all three transducer

backing structures. It was observed that the positive and negative sound pressures for CNT

composite transducers backed by air and water were significantly lower compared to those

with acrylic backing. As the laser energy was increased from 500 mJ to 700 mJ, the negative

pressure of LGFUS generated by the acrylic backing transducer satuated to -9.8 MPa.
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Figure 2.5 Acoustic pressure from CNT composite transducer with laser energy for different
backing layer. (a) LGFUS signal generated from the CNT composite transducer supported by
acrylic, water, and air when the laser energy of 700 mJ. (b) The positive and negative pressures

according to laser energy about all three transducer backing structures.

Table 1 Averaged acoustic pressure of LGFUS according to different backing at 700 mJ of

laser energy.

N=3

At Laser energy = Acrylic Water Air

700 mJ

Peak P+ 30.3+2.84 8.69 * 1.17 579 * 0.46
Peak P- -8.65 £ 1.03 -6.64 * 0.39 -5.62 £ 0.30
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2.4.2  Acoustic Pressure According to Diameter Changing

An LGFUS was observed at the focal point due to the nonlinear propagation of the wave
pulse. Figure 2.6(a)—(c) shows the focal waveforms of the 2 cm, 5 cm, and 8 cm composite
transducers, respectively. The positive peak pressures of the LGFUS correspond to 35 MPa,
42 MPa, and 53 MPa, respectively. Their corresponding negative pressures are -10 MPa, -22
MPa, and -25 MPa, respectively. The frequency spectra of these LGFUS signals are shown in
Figure 2.6(d)—(f). The center frequencies, peak amplitudes, and -6 dB bandwidth values of the
CNT composite transducers are shown in Table 2. The center frequencies are between 4 and
6.5 MHz and the bandwidths are between 6 and 7.8 MHz. Table 3 shows the average sound

pressure of the transducer according to diameter.
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Figure 2.6 Waveforms and their spectra of measured pressure showing the peak positive and
negative pressures of the LGFUS generated by CNT composite transducers of different
diameters. Figures (a—c) show the time domain signals, while (d—f) shows the frequency

domain analysis of the 2 cm, 5 cm, and 8§ cm CNT composite transducers, respectively.
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Table 2 The frequency spectrum as a function of the diameter of the CNT composite transducer.

D =8cm D =5cm D =2cm
Center frequency
[MHZ] 4.39 6.78 4.09
-6 dB bandwidth 6.48 758 759

[MHZz]

Table 3 Averaged acoustic pressure of LGFUS according to diameter of CNT composite

transducer.
N=3
At Laser energy = 2cm 5cm 8cm
800 mJ
Peak P+ 32.60 £ 0.80 36.57+1.1 53.50+ 0.70
Peak P- -9.53+ 043 -17.96 £ 0.76 -25.24 £ 0.90
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2.4.3 Relationship between Laser Energy and Acoustic Pressure

The correlation between laser energy and the resulting acoustic pressure is depicted in
Figure 2.7 through a linear curve fitting. The pressure amplitudes at focal points were gauged
across all excited laser energy levels in all three transducers of varying diameters (2 cm, 5 cm,
and 8 cm). With increased laser energy (mJ/pulse), positive and negative pressures rose in all
CNT-PDMS composite transducers (Tong et al., 2014). An exception was observed in the 2
cm diameter transducer, which demonstrated saturation at -10 MPa, with no further increase
in negative pressure despite the rise in laser energy(Baac et al., 2015) . Table 4 presents the
values for the slopes, intercepts, and R? of the linear fitting graphs in Figure 2.7. An R? value
closer to 1 indicates a strong linear correlation between the two values, except for the negative
pressure curve for the 2 cm composite transducer.

Table 4 R?, intercept, and slope values for 2, 5, and 8 cm diameter of CNT composite

transducers for both positive and negative pressure in Figure 2.7.

Diameter . .
Positive pressure Negative pressure
(cm)
R? Intercept Slope R? Intercept Slope
2 0.98 19.45 0.019 0.71 -6.93 -0.004
5 0.97 10.26 0.033 0.92 -12.4 -0.007
8 0.99 1.039 0.066 0.94 -4.29 -0.029
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Figure 2.7 Linear curve fitting shows the relationship between laser energy and the acoustic
pressure generated by CNT-PDMS composite transducers. It shows a linear relationship
between laser energy and positive and negative acoustic pressures in all transducers, except
the transducer with a 2 cm diameter. It shows saturation at -10 MPa in negative pressure with

increased laser energy.
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To confirm that LGFUS is output at sizes other than those used in the experiment,
predictions were made using experimental values. Predictive acoustic pressure equations were
calculated to predict the peak amplitude of LGFUS for CNT composite transducers from 2 to
8 cm in diameter at high laser energy levels above 700 - 800 mJ/pulse.The predicted peak
positive and negative amplitudes for composite transducers between 2 cm and 8 cm were
calculated by linear fitting of the measured values for laser energies at 700 mJ/pulse, and 800
mlJ/pulse, as shown in Eq. (2.12) and (2.13). The calculated root mean square (RMS) errors of
Eq. (2.12) and (2.13) are 1.7 MPa and 1.2 MPa, respectively:

Predict P*[MPa] = (0.00775*E - 3.13)*D + 28 (2.12)

Predict P-[MPa] = (-0.00425*E - 0.468)*D - 5.35 (2.13)

(E = laser energy in mJ/pulse, D = diameter of transducer in cm.)

The predicted and measured peak amplitudes of the LGFUS are shown in Figure 2.8. The
black and blue markers correspond to the predicted acoustic pressure. The measured acoustic
pressure of the LGFUS is indicated as green and pink star markers. They show an agreement
between the predicted and experimental values. For the 5 cm and 8 cm diameters, the measured
values show a slight difference from the predicted values.

The acoustic pressure at the axial and lateral directions is shown in Figure 2.9. Ultrasonic
decay is observed away from the focal point. Figure 2.9(d)—(f) shows the fall in the amplitude
of the LGFUS away from the focal point.

A peak positive pressure of 20 MPa and peak negative pressure of -10 MPa were observed
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at 0 mm with reference to the focal point (Figure 2.9d). When the needle hydrophone was
moved along the y-axis, a peak positive acoustic pressure was observed to be ~20MPa, while
a negative peak pressure was also observed to be ~10 MPa at 0 mm at the focal point (Figure
2.9¢). Furthermore, when the needle hydrophone was shifted along the z-axis, positive and
negative peak pressures were measured to be ~20 MPa and ~10 MPa, respectively, at 0 mm
with reference to the focal point (Figure 2.9f). The CNT-PDMS composite transducer used for
these measurements was 2 c¢cm in diameter. The LGFUS generated by the CNT composite
transducer possesses a beam width of 2.1 mm in the axial direction and 0.60 mm in the lateral

direction (Figure 2.9(d)-(f).)
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predicted values, while the green and pink star marks represent the measured values. This

prediction was made at the laser energy of 700 mJ/pulse, and 800 mlJ/pulse.
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Figure 2.9 (a) CNT composite transducer of 2cm diameter. (b) LGFUS according to laser
energy from CNT composite transducer of 2 cm diameter. (¢) Experimental setup for
measuring the focal point of the LGFUS. The focal point was at 0 mm. (d) The peak positive
and negative pressures were observed at 0 mm concerning the focal point along the axial
direction. (e) The peak pressures were observed at 0 mm regarding the focal point along the
y-direction. (f) The peak pressures along the z-direction were also observed at 0 mm about the

focal point.
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2.5 Discussion

This study employed CNT composite transducers with an acrylic backing substrate and

larger diameters for the experiments, successfully achieving higher peak amplitudes of

LGFUS. The transducer with the acrylic backing generated the highest LGFUS compared with

the ones with air and water. It was confirmed that the acoustic pressure was not sufficiently

increased when the laser energy was irradiated, as water and air backing cannot support the

expansion and contraction of PDMS. The CNT composite transducers demonstrated a

consistent pattern of larger peak pressures with an increase in diameter. As the transducer's

diameter expands, the laser energy dispersion also grows, leading to elevated peak pressures.

Under identical laser energy conditions (800 mJ/pulse), the transducer with an 8§ cm diameter

produced the maximum positive and negative amplitudes of 53 MPa and -25 MPa, respectively.

The peak pressures of LGFUS were increased with the increased input of laser energy. The

high LGFUS amplitudes obtained in this study hold potential for use in various applications,

such as transcranial studies, which were invested in the following chapters.

The pattern of LGFUS was consistent across all three transducers. LGFUS exhibits a

concise duration of 0.1~0.4 us (Lee, T. et al., 2018), in contrast to LGFUS originating from

other sources (electrohydraulic, electromagnetic, and piezoelectric) (Xu et al., 2021, Cleveland

and McAteer, 2012). The LGFUS observed in this study exhibited a duration of 0.2 ps (Figure

2.6). A characteristic feature of the LGFUS, a broad frequency distribution, was observed

within the frequency domain of the signals. As depicted in Figure 2.7, the frequency spectrum,
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irrespective of transducer size, demonstrates a similar pattern with a center frequency and -6

dB bandwidth below 10 MHz. For smaller transducers of about 6 mm in size, the similar peak

pressures were achieved, while they were at a higher main frequency of roughly 20 MHz (Baac

et al.,, 2012). This is presumed to fluctuate based on the CNT composite transducer's

manufacturing method and the laser system's characteristics.

Since LGFUS consists of high-frequency components, they attenuate more rapidly at high

frequencies (Hsieh et al., 2015), which explains the faster decay of LGFUS. When the

relationship between laser energy and different sizes of the composite transducer was analyzed,

it was found that the measured peak pressures have a linear relationship with the laser energy.

This finding confirms previous studies (Moon et al., 2017). However, for negative peak

pressures, the 2 cm transducer reached saturation at higher laser energy levels (Baac et al.,

2015) (Figure 2.7). We noted another significant phenomenon: the LGFUS generated from a

2 cm diameter transducer produces a higher sound pressure at a laser energy of 400 mJ than

the LGFUS generated from transducers with 5 cm and 8 cm diameters. At a laser energy of

400 mJ, the 5 cm and 8 cm transducers exhibit nearly identical positive and negative pressures.

Still, a divergence in peak pressures becomes evident as the laser energy is amplified. This

confirms that the energy delivered to the CNT composite layer can vary with diameter, even

when the same amount of laser energy is delivered per unit area. This implies that the

maximum output can be more easily achieved at lower laser energies with a smaller transducer

diameter. For future studies, we plan to conduct a quantitative evaluation of LGFUS energy
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sources by calculating the energy per unit area of the delivered laser, considering the diameter

of the transducer.

Figure 2.8 illustrates a correlation between the measured and predicted peak amplitudes

of the LGFUS across various diameters of the CNT-PDMS composite transducers. The

reference laser energy values for predicting peak amplitudes exceed 600 mJ/pulse. Higher

energy values are typically utilized in an experimental setting since they have advantages for

making predictions at these levels. For lower energy values, there is a negligible difference.

The comparison between the LGFUS signal of the CNT composite transducer and

Extracorporeal Shock Wave Therapy (ESWT) reveals that the former has a narrower beam

width than the latter. Conversely, the beam width of ESWT, as measured in (Gwan-Suk Kang,

2018), is 14 mm in the axial direction and 2 mm in the lateral direction (Figure 2.10(b)). This

indicates that LGFUS through optoacoustic effects achieved a smaller focus than those

generated through other sources including ESWT and TPS (ref.). The peak sound pressure of

LGFUS was to be ~50 MPa. Although this output is less than the maximum sound pressure

from the ESWT shock wave, which was 90 MPa, the 50 MPa sound pressure of LGFUS

remains substantial. CNT composite transducers can alter the transducer and beam size with

easier and more precise ways than other shock wave generators. However, one drawback is

that the transducer is susceptible to damage from laser energy, necessitating improvements in

durability. Even with its drawback, it appears significant to facilitate further applied research,

such as neurostimulation or cell surgery.
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2.6 Conclusion

An experimental study was conducted to investigate the relationship between the

composite transducer's diameter and the peak amplitude of LGFUS to fabricate a high-

performance CNT composite transducer. For the experiments, composite transducers with

larger diameters and acrylic substrates were used. The maximum diameter implemented in this

study was 8 cm, which achieved a peak positive and negative pressure of 53 MPa and -25 MPa,

respectively, at the focal point. Furthermore, the comparative analysis shows that the CNT

composite transducer with a smaller diameter produced a narrower beam width at the focal

point. The pressure of the LGFUS also demonstrated a linear relationship with the input laser

energy. These results confirm that generating LGFUS through the optoacoustic method

requires an optimal backing structure and transducer diameters. This understanding

contributes to the technical advancement in constructing efficient optoacoustic transducers for

optimal ultrasound generation.
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CHAPTER III

APPLICATION OF LASER GENERATED FOCUSED

ULTRASOUND

3.1 Applications of LGFUS

Shock waves were applied in brain applications, characterized by their wide frequency
band and rapid rising time of a few nanoseconds. These shock waves particularly in lithotripsy
have been employed to investigate the opening of the BBB of the rat (Kung et al., 2018).
Additionally, the efficacy and stability of creating target lesions in the brain using histotripsy
have been demonstrated (Van Lier et al., 2004).

LGFUS have shown potential in precision therapeutic ultrasound applications due to their
ability to generate high-pressure, high-frequency shock waves with a focused spot. LGFUS
generated by CNT composite transducers, despite having higher acoustic pressure compared
to conventional ultrasound, generate short pulses lasting only a few nanoseconds like shock
waves. This generates acoustic exposure in a confined area (Baac et al., 2012). LGFUS
transducers have been utilized for high-precision therapies (Baac et al., 2013, Kim, J. et al.,
2016). However, neurostimulation through shock waves generated by LGFUS remains an
unexplored area. Their potential in neurostimulation has not yet been fully investigated.

This study aims to explore the feasibility of neurostimulation of the rat using LGFUS
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produced by a CNT composite transducer. We recorded electroencephalography (EEG) signals

in the brains of rats before, during, and after LGFUS stimulation, and compared them.
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3.2 Method and Experimental Set up

3.2.1 Animal Preparation

This neurostimulation experiment was approved by the Jeju National University
Institutional Animal Care and Use Committee (IACUC). All procedures and rat handling were
performed following the ethical guidelines for animal studies. Rats were anesthetized
intramuscularly during all procedures with a mixture of Zoletil 25 mg/kg (Virbac Laboratories,
France) and Rumpun 4.6 mg/kg (Bayer, Leverkusen, Germany) and were monitored
throughout the experiment. No pain or suffering was evident as a result of the procedure. A
total of 5 male Sprague-Dawley rats (450g weight, Orient Bio Inc., Seongnam, Korea) were
used in 2 experiments of this study. The hair on their heads was removed using a shaving razor
and hair removal cream. The rats used in the experiment were euthanized by injecting CO-
into an airtight container. The CNT composite transducer was fabricated by the method used

in the study (Gisuk Kim et al., 2019))

3.2.2 EEG Signal Acquisition and Analysis

EEG electrodes are positioned in consistent places based on the anatomy and size of the
subject’s head. Among the most popular layout conventions is the 10-20 International System
(Jasper, 1958). The acquisition system utilized an OpenBCI Ganglion board, which permitted

the recording of up to four EEG channels at 200 samples per second. In this study, the three
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electrodes of the rat's head were placed at TS, T6, and the Reference region (Jiricek etal., 2021)
and a ground electrode was placed on the ear. Data were acquired over Bluetooth using the
OpenBCI GUI on a Windows 10 laptop (A. Ortuno, 2017). The range of noise was used to fit
a 30™-order Blackman-window bandpass filter between 1-45 Hz for offline processing. A 1—
60 Hz bandpass filter was used to remove overhead line noise during recording. The EEG
channel with the lowest noise was calculated by finding the channel with minimal variance
after bandpass filtering and removing the means. Then, the power spectrum of the EEG was
calculated using a 1-second sliding window, with a 50% overlap with the prior window. Each
one-second period was referred to as a single trial or epoch. The Welch’s method was used to
estimate the power spectrum.

The collected EEG data was examined in both time and frequency domains. In the time
domain, we scrutinized the real-time EEG signals captured during the LGFUS stimulation. We
also counted the peak signal over 6.7 puV in the EEG signals before and after the LGFUS
stimulation. The threshold for counting these peaks was established based on the standard
deviation of the signal before stimulation. In the frequency domain, among the EEG bands,
the theta (4-7 Hz) and alpha (8-12 Hz) bands, which are related to resting, breathing, and
awareness training tasks (Van Lier et al., 2004, Frehlick et al., 2019, Vyazovskiy and Tobler,
2005), and a frequency band of 1-30 Hz, including most of the frequency band, were selected.
Power spectral density (PSD) values in each theta, alpha, and 1-30 Hz frequency band before

and after LGFUS stimulation were compared in the frequency domain.
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3.2.3 Experimental Set up

The experimental setup performed in this study is shown in Figure 3.1. The locations of
the EEG measurements are shown in Figure 3.1(a). EEG signals were measured at three points.
The red circles indicate the EEG measurement positions and the green circle indicates the
LGFUS stimulus location. The CNT composite transducer position of LGFUS stimulation was
3 mm left of the bregma in the rat brain. The brain stimulation area of LGFUS was the
somatosensory cortex, which is positioned at 3 mm from the skull surface.

The EEG monitoring experiment was divided into two cases. In the first case, as depicted
in Figure 3.1(b), to evaluate the feasibility of LGFUS stimulation, real-time EEG monitoring
was performed in two rats. EEG signals were initially measured before the application of
LGFUS, and their real-time responses were recorded as LGFUS was generated. The
monitoring concluded 30 seconds after the termination of LGFUS stimulation. During this
phase, we utilized laser energies of 300mJ and 350mJ with PRF of 1Hz and 2Hz, thereby
enabling us to compare the EEG responses to varying energy levels and PRFs.

In the second case, to determine the effects of LGFUS stimulation, EEG signals were
monitored before and after stimulation in three rats. To obtain reference data before stimulation,
EEG signal response was measured for 10 min after anesthesia. Each rat was stimulated for
10 min. LGFUS accomplished stimulation from a CNT composite transducer driven by a laser
pulse source. After stimulation, EEG signals were recorded for 20 minutes. For this experiment,

we maintained the laser energy and PRF at a constant energy of 350mJ and 2Hz, respectively.
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Figure 3.1 Experimental setup for measuring EEG signals upon brain stimulation of LGFUS
generated by CNT composite transducers. (a) Information of Laser system and set up. (b) CNT
composite transducer used in experiments. (¢) LGFUS signal generated by CNT composite
transducer. (d) EEG electrode set up. The Red circles is EEG measurement sites, green circle
is targeting position of LGFUS. (e) Experimental sequence for real-time monitoring of EEG

signals during brain stimulation by LGFUS.(f) EEG monitoring before and after LGFUS

stimulation.
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3.2.4 LGFUS Acquisition

The experimental setup is shown in Figure 3.2(a). When the laser was applied to the CNT
composite transducer (F# = 0.7, focal length = 1.4 cm) which was immersed in water, the CNT
composite layer produced a LGFUS. A Q-switched Nd: YAG laser (STL-5000Q, Stratek,
Anyang-si, Korea) with a wavelength of 532 nm and energy of 300mJ and 350 mJ was used
to generate a LGFUS with a PRF of 1 to 2 Hz. The LGFUS generated by the CNT composite
transducer has a beam width of 2.1 mm in the axial direction and 0.60 mm in the lateral
direction (Figure 2.9). The pulse width of LGFUS is 200 ns in one cycle. A needle hydrophone
(NH0200, Precision Acoustics Ltd, UK) was used to measure the shock pulse. The hydrophone
was used with a 20 dB preamplifier (HP, Precision Acoustics Ltd, UK) powered by a DC
coupler (Precision Acoustics Ltd, UK). The signal was monitored using an oscilloscope
(LT354, Lecroy, New York, NY, USA). The peak positive and negative pressures of LGFUS
are 27.3 MPa and —9 MPa, respectively (Figure 3.2(b)). The center frequency is 4.3 MHz and

—6 dB bandwidth is 7 MHz, as shown in Figure 3.2(c).
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LGFUS signal and (c) Spectrum when laser energy is 350 mJ.
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3.3 Results

3.3.1 EEG Channel Selection

The EEG signals recorded across three channels were analyzed in the frequency domain.

Figure 3.2 illustrates the disparities in EEG signals before and after LGFUS stimulation within

the 1-30 Hz band for Rat 1. Table 5 displays the differences in PSD before and after

stimulation for all rats across three bands, which includes the 1-30 Hz band, in 3 channels.

The differences in EEG signals across the three channels before and after stimulation are

distinctly presented. In channels 1 and 2, the PSD within the 1-30 Hz band was measured

similarly. However, the PSD measured in channel 3 before and after stimulation was the lowest,

yet the differential was the largest among the three channels. Table 1 shows the details of the

differences in PSD before and after stimulation for all rats across three bands, including the

1-30 Hz band, for the three channels. Apart from channel 1 (theta and alpha bands) and

channel 2 (alpha band) for Rat 2, the PSD post-stimulation was higher than that before

stimulation. Areas exhibiting a clear difference of 15 dB, or more are shaded. Across all

frequency bands for all rats, the shaded areas denote the most substantial differences in channel

3. Therefore, subsequent results were compared by selecting measurements exclusively from

channel 3.
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measured at Rat 1. The thick line is the PSD after stimulation, and the thin line is the PSD

before stimulation.
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Table 5 Difference in power before and after the LGFUS stimulation of 3 rats measured in 3

channels. Areas with a difference of 15 dB or more before and after stimulation are shaded;

Power = (Integrated PSDarrer - Integrated PSDggrore)/Hz

Rat 1 CH.1 CH.2 CH.3

I Theta band I 15.1 I 153 34
Alpha band 13.5 9.7 34.8
1-30 Hz band 14.6 13 31.7
I Rat 2 I CH.1 I CH.2 CH.3
I Theta band I -2.2 I 6 22.5
Alpha band -3.7 -2.4 20.8
1-30 Hz band 3 7.7 17.6
| Rat 3 " CH1  CH2 CH.3
I Theta band I 5.6 ! 33 19.5
Alpha band 6.3 32.2 15.9
1-30 Hz band 4.7 293 14.8
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3.3.2 EEG Real Time Monitoring during LGFUS Brain Stimulation

The EEG signal resulting from LGFUS brain stimulation was segmented into real-time
brain stimulation responses and time-domain comparisons of pre- and post-stimulation
responses.

The responses in EEG signals, incited by real-time LGFUS stimulation in the rat brain,
were explored and are depicted in Figure 3.4. Figure 3.4(a) displays real-time EEG signal
alterations when the brain was subjected to LGFUS, produced with 300mJ laser energy and a
PRF of 1Hz. It was verified that EEG signal peaks occurred at 1Hz intervals from the initiation
of LGFUS stimulation and these peaks ceased upon termination of stimulation. The peak
period observed in the EEG signal was found to coincide with the LGFUS stimulation period.
Figure 3.4(b) validates the shift in the EEG signal peak during real-time brain stimulation,
which was induced by an increase in the laser energy output to 350mJ. As the laser energy
escalated, the size of the EEG signal peak generated by stimulation was also amplified, with
the peak generation cycle measured at 1Hz. Figure 3.4(c) illustrates the peak variation in the
EEG signal due to LGFUS brain stimulation generated at a lower laser energy of 300 mJ and
an increased PRF of 2 Hz. As the laser energy and PRF were changed, the responses of the

EEG signal from LGFUS stimulation also changed.
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Figure 3.4 Real-time EEG signals generated by brain stimulation of LGFUS from CNT

composite transducers. (a) EEG signal according to brain stimulation of LGFUS when laser

energy is 300 mJ and PRF is 1 Hz. (b) Laser energy is 350 mJ and PRF is 1 Hz. (c) Laser

energy is 350 mJ and PRF is 2 Hz.
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Figure 3.5 compared the EEG signals of the LGFUS brain stimulation group with those
of the sham control group. Figure 3.5(a) represented the EEG signal before LGFUS brain
stimulation, exhibiting no discernable response apart from noise signals. Figure 3.5(b)
displayed an EEG signal derived from real-time LGFUS brain stimulation, indicating that the
peak signal coincided with the LGFUS stimulation PRF. Figure 3.5(c) illustrated an EEG
signal recorded during a sham stimulation, in which LGFUS was not produced due to the
prevention of laser energy transmission to the CNT composite transducer. Since the EEG
signal captured during sham stimulation resembled the EEG signal before LGFUS stimulation,

and alterations in the EEG signal were observed during real-time LGFUS brain stimulation.
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signal before stimulation. (b) EEG signal upon real-time stimulation. (¢) EEG signal upon

stimulation with sham laser on without CNT composite transducer.
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3.3.3 EEG Signal Before and After LGFUS Brain Stimulation

In the time domain, to measure the number of peaks under the influence of stimulation,
the amplitude peaks with values higher than the standard deviation (6.7 uV) were counted,
as shown in Table II. It was confirmed that there were more peaks after LGFUS stimulation
than before stimulation in all rats, although the differences in the number of peaks before and
after LGFUS stimulation varied among the rats. Figure 3.6 shows the average number of peaks
change before and after LGFUS stimulation by dividing the data according to time. The
average number of peaks before and after each LGFUS stimulation was calculated by dividing
the five minutes of data measured for each rat into 30 second intervals. The number of peaks
observed post-stimulation in each rat was greater than those observed pre-stimulation. It was
verified that for all rats, the disparity in the average peak counts within the middle data interval
(from interval 4 to 7) both before and after stimulation was notably more significant than in
other sections. However, in the case of Rat 2, the average number of peaks pre-stimulation
exceeded those post-stimulation within the data intervals 1 to 3. Based on the results for data
intervals 1 to 3 for Rat 2, it was established that the difference in the average peak count before
and after stimulation over the entire duration was less pronounced for Rat 2 compared to the

other rats.
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Figure 3.6 Total number of peaks at 30 s intervals before and after LGFUS stimulation of each
rat. (a) number of peaks before and after stimulation for Rat 1, (b) Rat 2, and (c) Rat 3. The x-
axis shows 5 minutes data divided into 10 sections with 30 second intervals, and the y-axis is

the average number of peaks for each section.
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In the frequency domain, Figure 3.7 shows the results of the EEG signal responses of
three rats in the 1-30 Hz band before and after LGFUS stimulation. The EEG signal responses
after stimulation were higher than those before in the range of 1-30 Hz. The differences
between signal responses before and after stimulation were 31.64+4.2, 14.7+11.0, and 14.8+4.4
dB for three rats. The PSD values of EEG signals measured before and after stimulation were
distributed below and above 0 dB, respectively. Rat 1 had the most significant difference in
PSD values among the three rats before and after stimulation, while Rat 3 had the smallest

difference.
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Figure 3.7 PSD of the EEG signal responses of 3 rats in 1-30 Hz band before and after LGFUS
stimulation (p < 0.001). The dotted line on the vertical axis indicates the PSD section in each
theta band and the alpha band. The thick line is the PSD after stimulation, and the thin line is

the PSD before stimulation.
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The theta and alpha bands were extracted from the measured. EEG signal responses
shown in Figure 3.8 and the effects before and after LGFUS stimulation were compared.
Figure 3.8(a) compares EEG signal responses in the theta band. The differences in EEG signal
responses before and after stimulation for Rats 1, 2, and 3 were 32.6 = 1.6 dB, 22.2 + 1.5 dB,
and 19.6 + 4.7 dB (ref 1uV*/Hz), respectively. In Rats 2 and 3, the average difference in the
theta bands before and after stimulation was lower than that of the alpha band. Figure 3.8(b)
compares the PSD before and after stimulation in the alpha band. For Rat 1, the difference in
PSD between before and after stimulation was 34.7 + 4.9 dB (ref 1uV*Hz). Rats 2 and 3
differed similarly, 20.7 + 2.7 dB and 15.9 + 2.6 dB (ref 1pV*/Hz), respectively. In the other
rat, the average difference in the overall theta band was similar to that in the alpha band. In
channel 3 of Table 1, the dB differences before and after stimulation of the three rats at all
frequency intervals were positive. In all frequency bands, there was a difference in magnitude
in the order of Rats 1, 2, and 3. This result indicates that the magnitude of the signal increased

after LGFUS stimulation.
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Figure 3.8 PSD of the EEG signal responses of 3 rats before and after LGFUS stimulation (p
< 0.001). (a) Theta(4-7 Hz) band. (b) Alpha (8-12 Hz) band. The thick line is the PSD after

LGFUS stimulation, and the thin line is the PSD before LGFUS stimulation.
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Additional experiments were conducted to verify the recovery of the increased EEG
signal after LGFUS brain stimulation, as shown in Figure 3.9. Figure 3.9(a) outlines a
procedure that compares the EEG signal recorded during LGFUS stimulation, the signal
measured after stimulation, and the EEG signal 30 minutes after stimulation to verify the
recovery of the EEG signal. The EEG signals before, after, and during brain stimulation were
analyzed with a spectrogram, shown in Figure 3.9(b). The spectrogram before stimulation was
devoid of any signal except noise and showed continuous intensity changes during stimulation.
After stimulation, the change in intensity decreased compared to the results during stimulation.
Still, it continued to be observed, and after 30 minutes of stimulation, it showed a similar level
to the results before stimulation. Figure 3.9(c) shows the EEG signals before and after LGFUS
brain stimulation and the signals during stimulation. The highest EEG signal was observed
during LGFUS stimulation, and the EEG signal decreased by more than 10 dB after
stimulation. EEG signals were also measured 30 minutes after LGFUS stimulation was
completed, as shown in Figure 3.9(d). It was confirmed that the EEG signal measured 30
minutes after stimulation had decreased to a level almost equal to the pre-stimulation EEG

signal.
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Figure 3.9 Comparison of the increased EEG signal after LGFUS stimulation and the

recovered EEG signal 30 minutes after stimulation. (a) EEG signal measurement setup from

before LGFUS stimulation to 30 minutes after stimulation. (b) Spectrogram of EEG signal

according to brain stimulation of LGFUS for each experimental part. (¢) Comparison was

made of the EEG signals measured before and immediately after LGFUS stimulation with

those measured during real-time stimulation. (d) Comparison was made of the EEG signals

before, immediately after, and 30 minutes after LGFUS stimulation.
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3.4 Discussion

This study is a preliminary study to confirm the feasibility of brain stimulation with
LGFUS generated from CNT composite transducers. We measured and compared EEG signals
from the rat brains before, during, and after stimulation by LGFUS generated by a CNT
composite transducer. As a result of real-time EEG monitoring during brain stimulation by
LGFUS, it was confirmed that the EEG response changed due to the influence of LGFUS. In
the time domain, the number of peaks of EEG signals after LGFUS stimulation of all three
rats was significantly higher than before stimulation. In the frequency domain, three rats
showed differences in PSD and RMS values before and after LGFUS stimulation (p < 0.001)
in three frequency bands: alpha, theta, and 1-30 Hz. These differences in EEG signals before,
during, and after LGFUS stimulation of the three rats are mainly due to the effect of LGFUS.
Therefore, the feasibility of brain stimulation was confirmed by the characteristics of the
LGFUS generated by the CNT composite transducer, and to the best of our knowledge, this is
the first study to be attempted.

The intensity of ultrasound used for conventional neurostimulation is usally over 3.0
W/cm? (Kim, H. et al., 2014) and the pulse duration is 20 ms to 320 ms (King et al., 2013),
using various parameters. In a previous study, the intensity range without tissue damage was
2.5-2.8 W/em? (Ispta) (King et al., 2013). The intensity (Ispta) of the LGFUS used in this
study was 8 mW/cm? (Isptp = 68 kW/cm?, Isppa = 10.7 kW/cm?), smaller than that used in a

previous study. In addition, there was no histological damage at the sound pressure of the
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LGFUS without cavitation (—9.79 MPa) (Kung et al., 2018, Lin et al., 2014).

Boiling histotripsy has a negative pressure of 10-20 MPa and a positive pressure of 70

MPa or more (Khokhlova et al., 2017). In addition, the duty cycle of the LGFUS is very low,

and the peak positive pressure of the LGFUS used in this study is 30 MPa, and the negative

pressure is =9 MPa. Therefore, it has characteristics suitable for in vivo applications that

prevent ultrasound heating of biological tissue. Tissue damage may occur because of the high

peak sound pressure of the LGFUS from the CNT composite transducer. The degree of damage

varies depending on the number of cycle pulses (Xu et al., 2021), sound pressure level, and

sonication times (Kung et al., 2018, Xu et al., 2021). The physical damage to tissues by

ultrasound is mainly caused by cavitation. For shock-scattering histotripsy, shock waves of 3—

10 cycle pulses were used. Positive pressure (>50 MPa) and negative pressure (—15 to 25 MPa)

(Xu et al., 2021) at much higher levels than the acoustic pressure used in this study were used.

An autopsy of the rat brains after stimulation with LGFUS confirmed no apparent damage, as

shown in Figure 3.10. Additionally, brain sections were stained hematoxylin and eosin (H&E)

to observe damage caused by LGFUS brain stimulation as shown in Figure 3.11. It was

confirmed that no damage was shown in the H&E staining by LGFUS. This study

demonstrated the feasibility of brain stimulation through LGFUS, which is different from

conventional ultrasound. When the intensity of the LGFUS from the CNT composite

transducer is compared with other similar studies as a quantitative value, it can be sufficiently

predicted that there will be no brain tissue damage. In future experiments, the degree of
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damage will be derived through quantitative evaluation while controlling the parameters of the
LGFUS stimulation measured in three channels before and after LGFUS stimulation for all

rats.

Stimulation Area

Stimulation Area

(a) (b)

Figure 3.10 Autopsy rat brain after LGFUS brain stimulation. (a) LGFUS stimulation area in

the rat brain (b) Brain slice of the LGFUS stimulation area.

Figure 3.11 H&E-stained brain sections after LGFUS exposure for 3 minutes.
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EEG signals before and after LGFUS stimulation were measured in three channels for all

rats. The more significant difference in EEG signals in channel 3 before and after LGFUS

stimulation may be due to the stimulation position of the primary somatosensory cortex. Local

stimulation to this primary somatosensory cortex propagates to the contralateral body, which

may have a smaller response to EEG signals in another channel. However, this study was

designed as a trial to measure the EEG response by LGFUS stimulation in the rat brain using

a CNT composite transducer with precision targeting. As a future study, the response according

to each EEG channel has to be confirmed and analyzed by a CNT composite transducer's

precision target by LGFUS.

The results based on the standard deviation of the EEG signals among the three rats before

LGFUS stimulation in the raw data have the advantage of directly confirming EEG changes

due to LGFUS stimulation. In Rats 1, 2, and 3, the differences in the number of peaks before

and after LGFUS stimulation were calculated to be approximately 41, 1.6, and 14.9,

respectively. Rat 2 had the highest number of EEG signal peaks before LGFUS stimulation

and the lowest number after stimulation. Although each rat showed a difference in the number

of EEG peaks before and after LGFUS stimulation, the degree of difference in the number of

peaks among the rats varied. This is expected from the individual differences in each rat.

Further studies are needed to elucidate the cause of this variation. In this experiment, the

number of rats used as an experiment to confirm the brain stimulation effect of LGFUS from

CNT composite transducers was insufficient to derive statistical significance. However, the
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results of the stimulation of the brains of fiver rats confirmed that changes in EEG signals

occur after LGFUS stimulation. In future experiments, the brain stimulation effect of the

LGFUS can be confirmed by increasing the number of experimental animals to obtain

statistical results.

To validate that the changes in the rat's EEG signal were due to LGFUS brain stimulation,

both the EEG signal during sham stimulation and the EEG signal in response to shifts in the

LGFUS stimulation location were investigated. First, EEG signals from the sham control

group were measured when the laser was generated without a CNT composite transducer, so

it could be confirmed that it was not affected by the laser light. Moreover, there was no real-

time EEG signal response when an externally loud sound was played on the rats. Therefore,

the EEG signals were not from the auditory stimulation through the ears. Secondly, the

amplitude of EEG signals was examined when the focal point of the LGFUS was shifted from

the brain surface to the cortical bone. This was carried out to validate the alterations observed

due to LGFUS stimulation. The EEG signal was confirmed to vary by the stimulation cycle (1

Hz) of the LGFUS, as shown in Figure 3.12(a). When the focus of the LGFUS was directed to

the rat's cortical bone, no change was detected in the EEG signal during the stimulation cycle,

as depicted in Figure 3.12(b). Consequently, it was ascertained that the brain stimulation by

LGFUS modified the characteristics of the rat's EEG. However quantitative assessment is

required through specific stimulation evaluation by examining neuronal activation, calcium

channel response, and changes in cell stimulation to evaluate the efficacy of very short pulses
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Figure 3.12 Real-time EEG signal change with respect to the focal position of the LGFUS. (a)

EEG signal with the LGFUS focus shifted to the rat's brain surface at 250 mJ of laser energy

and 1 Hz of PRF. (b) EEG signal with the focus of the LGFUS shifted to the rat's cortical bone.
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3.5 Conclusion

We stimulated rat brains using LGFUS generated by a CNT composite transducer. We
observed changes in the theta, alpha, and 1-30 Hz bands of the EEG signals before, during,
and after LGFUS. This method enables stimulation of a very small target area, providing a
means for precise verification of brain function. The high spatial resolution of LGFUS makes
it possible for the stimulation of specific brain regions, adjusting the location and depth within

the brain.
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Chapter 1V

PRELIMINARY EXPERIMENT TO EXPLORE THE

CHARACTERISTICS OF LGFUS THROUGH HUMAN SKULL

CADAVER

4.1 Introduction

The human skull presents a challenge for ultrasound transmission due to its complex
heterogeneous composition of solid, multilayered, fluid-filled, and porous tissues.
Nevertheless, ultrasound remains an attractive therapeutic tool because of its noninvasiveness
and nonionization. FUS has been proposed to treat conditions such as essential tremor (Kalia
et al., 2013), brain tumors (Fry, 1977, Hynynen and Jolesz, 1998, Tanter et al., 1998, Tobias et
al., 1987) and stroke (Kalia et al., 2013) for targeted antibody delivery (Brighi et al., 2020).
FUS produces thermal ablation of target tissue while sparing surrounding structures by
concentrating energy in a small focal region. The main challenge in the use of FUS for brain
therapy is to compensate for the attenuation and diffraction effects caused by the bone of the
skull. The skull bone has a higher speed of sound in the longitudinal direction and a higher
density than the soft tissue. The skull's absorption of ultrasound energy causes heating, and
when combined with the skull's complex morphology, effectively focusing ultrasound

becomes challenging (Hynynen and Jolesz, 1998, White et al., 1968, Clement et al., 2001,
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Pichardo and Hynynen, 2007).

The FUS generated by a single transducer is often subject to significant distortion and

attenuation due to the dense and complex structure of the skull. The length of the signal after

penetrating the skull is extended compared to its original length before penetration. For

effective brain stimulation, it is critical to achieve precise targeting within the brain after

penetration of the skull. However, the distortion that occurs as the signal travels through the

skull can alter the beam size, compromising targeting accuracy. Compared with the

conventional FUS techniques, LGFUS is characterized by its ability to form a small focus, and

future research may enable more precise targeting if focus correction is performed by substrate

shape or lens. The primary focus of LGFUS research has been to verify the responses elicited

by direct stimulation of neurons, cells, and tissues. However, fewer studies have been devoted

to verifying the skull penetration of LGFUS or characterizing the altered signal after skull

penetration. Therefore, it is imperative to determine whether LGFUS can effectively penetrate

the skull. This step is critical in the pursuit of using LGFUS for therapeutic purposes, such as

non-invasive treatment of neurological disorders, where precise targeting and minimal

distortion of the ultrasound beam are critical to success.

The purpose of this study is to investigate the changes in ultrasound signal characteristics

after penetration of a human skull cadaver using LGFUS and to evaluate the potential of this

technology. LGFUS has several important advantages, especially when dealing with the

challenge of skull penetration. One significant advantage is the ability to generate very short
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pulse widths. The ability to produce such short pulses allows for more precise targeting,
concentrating the ultrasound waves on a specific area with greater accuracy. This can
potentially improve the safety and efficacy of treatments that rely on precise targeting of

specific brain regions, such as tumor ablation or targeted drug delivery.
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4.2 Material and Experimental Set up

4.2.1 Skull Acquisition

The skull cadaver provided by Jeju National University Medical School was approved by
the Institutional Review Board (IRB) of Jeju National University Hospital. Experiments were

conducted to investigate the LGFUS characteristics after penetration of skull cadavers.

4.2.2 Morphological Information and Experimental Set up

CT images were collected to determine measurements of density, sound speed, and
thickness. The density and sound speed of the skull were calculated from the Hounsfield Unit
(HU) values, a unit that signifies the radiodensity in CT imaging. The HU values at the
measurement location were extracted ten times and averaged to compute the density and sound
speed of the transducer's insonating area from the CT data. The skull density was calculated
by substituting the extracted HU value into Eq. (4.1). The maximum and minimum HU values

were 2400 and 1024, respectively (Marsac et al., 2017).

HU — HU
HUmax - HUmin

P = Pmin T (Pmax — Pmin) (4.1)

The sound speed of the skull was computed as a linear function of density by substituting the
calculated density from Eq. (4.1) into Eq. (4.2).

P~ Pmi
C=Cnnt (Cmax - Cmin) — (4.2)

max — Pmin
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The minimum and maximum speeds of sound (Cmin and Cmax) are presumed to be 1500
and 4000 m/s, respectively. In summary, the density and sound speed of the skull are derived

from the HU values. The average skull density, sound speed, and thickness is 1995 +£52.6

kg/m?, 2963.8 £ 63 m/sand 5.56 = 0.5 mm, respectively, as shown in Figure 4.1(a).

The experimental setup is shown in Figure 4.1(b). When the laser was applied to the
focused CNT composite transducer (Diameter = 50 mm, Focal length = 50 mm) immersed in
the water. A pulse laser system (Tribeam, Jeisys, Medical Inc, Seoul, Korea) with a wavelength
of 532 nm and energy of 200 mJ was used to generate the LGFUS with a pulse repetition
frequency of 1 Hz. A needle hydrophone (TNUOO1A, Onda, Sunnyvale, CA, USA) was used
to measure the LGFUS transmitted through the center of skull. The hydrophone was used with
a 30 dB preamplifier (HPA30, Onda, Sunnyvale, CA, USA) powered by a 15V power supply
(E3631A, Agilent, Santa Clara, CA, USA). The signal was monitored with an oscilloscope

(LT354, Lecroy, New York, USA).
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Figure 4.1(a) Sound speed and density distribution extracted from CT images of the center of

the skull cadaver. (b) Measurement setup before and after skull penetration of LGFUS

generated from a CNT composite transducer.
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4.3 Results

4.3.1 Characterization of LGFUS with and without Skull Cadaver

The LGFUS signal from the CNT composite transducer without the skull cadaver has a

short rise time of 0.1 ps and the pulse duration of an LGFUS is 2 us including the negative

pressure (Figure 4.2(a)). The maximum positive and negative pressures of the measured signal

are 14.6 MPa and 11.66 MPa, respectively. The center frequency of the signal is 1 MHz and

the -6 dB frequency bandwidth is 2.15 MHz Figure 4.2(b). Figure 4.2(c) shows the measured

signal after transmission through the cadaver. The maximum positive and negative pressures

decreased by 1.1 MPa and -1.1 MPa, respectively. The pulse duration increased to 4.3 ps. The

rise time of the signal was 0.78 ps, the center frequency was 464 kHz, and the -6 dB frequency

bandwidth was 1.34 MHz. Results are shown in Table 3 to compare the characteristics of

LGFUS with and without skull cadaver penetration. Without the skull cadaver, the focal point

of LGFUS was determined to be 51.5 mm. However, with skull cadaver penetration, the focal

point was observed to shift forward to 39.3mm, as shown in Figure 4.3.
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Figure 4.2 The signal generated by the CNT composite transducer before and after LGFUS

penetration into the human skull cadaver. (a) LGFUS measured before cadaver penetration,

(b) spectrum. (¢) LGFUS measured after human skull cadaver penetration, (d) spectrum.
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Figure 4.3 The focal position of LGFUS changes during human skull cadaver penetration.

Table 6 Characteristics of LGFUS with and without human skull cadaver penetration

Acoustic Pulse ngc::tl Center -6dB
Pressure Duration Pgsi tion Frequency = Bandwidth
[MPa] [ps] (mm] [MHz] [MHz]
Without 14.6
skull 11,66 2 S13 ! 215
With 1.1
skull 11 43 39.1 0.464 1.34
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4.3.2 Comparison of HIFU and LGFUS with and without Skull Cadaver

Penetration

A comparison was made between the signals before and after skull cadaver penetration
from LGFUS and HIFU skull cadaver penetration signals. The properties of HIFU and LGFUS
produced by the CNT composite transducers, both initial and improved, were examined after
penetrating the skull cadaver, as shown in Figure 4.4. These results are illustrated in Figure
4.4(a), which shows the LGFUS signals from the initial CNT composite transducer fluctuating
with and without skull cadaver penetration. Acoustic pressure was measured at 332 kPa before
penetrating the skull cadaver, and at 22 kPa after penetrating, resulting in a penetration rate of
6.6%. The pulse duration increased from 3.6 ps before penetration to 9 ps post-penetration.
The developed CNT composite transducer generated LGFUS observed a penetration rate of
7.5%, with acoustic pressures varying from 14.6 MPa to 1.1 MPa depending on skull cadaver
penetration. The output intensity was increased even though the penetration rate was similar
to the initial transducer. The pulse duration increased by 3.9 ps, from 4.5 ps to 8.4 ps, as shown
in Figure 4.4(b). Figure 4.4(c) displays the signal characteristics generated from the HIFU
transducer before and after skull penetration, with sound pressure and pulse duration settings
like the LGFUS characteristics. Therefore, the results suggest that skull cadaver penetration
alters the signal characteristics of HIFU, changing the pulse duration and output intensity. The
pulse duration increased from 4 to 7 us, while the acoustic pressure decreased from 230 kPa

to 15 kPa, resulting in a penetration rate of 6.5%. All three signals showed similar penetration
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rates with the CNT composite transducer displaying the highest rate at 7.5%.
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Figure 4.4 The signal generated by the CNT composite transducer before and after the

penetration of LGFUS into the human skull cadaver. The signal generated by the CNT

composite transducer before and after the penetration of LGFUS into the human skull cadaver,

and (b) Developed CNT composite transducer. (c) The pulse wave generated by a HIFU

transducer similar to the characteristics of LGFUS.
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4.4 Discussion

This study investigated the possibility of LGFUS generated from CNT composites

penetrating human skull cadavers. We confirmed whether a very short pulse wave can

penetrate a highly attenuated skull cadaver and compared how the characteristics of LGFUS

change after penetration. Initially, in the absence of the skull, the LGFUS signal exhibits robust

characteristics with a short rising time of 0.1 ps and a pulse duration of 4.5 ps, including the

negative pressure. The signal's maximum positive and negative pressures are recorded at 14.6

MPa and -11.66 MPa, respectively, and the center frequency and -6 dB frequency bandwidth

are 1 MHz and 2.15 MHz, respectively. However, these parameters were noticeably changed

when transmitted through the skull cadaver, with reductions in maximum positive and negative

pressures to 1.1 MPa and -1.1 MPa, an extension in pulse duration to 4.3 ps, an increase in

rising time to 0.78 ps, a drop in center frequency to 464 kHz, and a reduction in -6 dB

frequency bandwidth to 1.34 MHz. The comparison of signals before and after skull cadaver

penetration and the signals associated with HIFU skull cadaver penetration provided valuable

insights into the influence of the skull on the propagation of the LGFUS signal. Even in short

pulses, the focal point was formed earlier after penetrating the skull, and it was observed that

the transmission rate of LGFUS was similar to that of the HIFU signal (the shift in the focal

point of LGFUS was observed, from 51.5 mm without skull cadaver penetration to 39.3 mm

with skull cadaver). While the skull cadaver impacts the penetration rates of all three signals

similarly, the improved CNT composite transducer exhibited the highest rate at 7.5%,
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suggesting its potential for slightly better penetration rates.

The signal shape before the skull penetration of LGFUS was elongated after skull

penetration, with an increased pulse duration. Additionally, the focal position of LGFUS was

noted to shift forward from 50 mm to 12.4 mm after penetration, mirroring the behavior of

conventional FUS (Figure 4.2 and Figure 4.3). However, it's observed that it retains a form

similar to the original signal. This leads to an overall attenuation of sound pressure and loss of

high frequency bands, yet the signal characteristics are well preserved. In neurostimulation

studies, the sound pressure needed for brain stimulation is roughly 0.5 MPa (Kim, H. et al.,

2012). Assuming that the LGFUS sound pressure is amplified either by using a higher-

performance transducer than the CNT composite transducer employed in this research or by

boosting the laser energy, the sound pressure post-skull penetration would increase. As this

pressure rises, it's anticipated that sufficient brain stimulation could be achieved after

penetrating the human skull cadaver.

The signal generated by the initial CNT composite transducer, compared to the developed

CNT composite transducer, produced LGFUS with a lower output and a longer pulse duration.

Two factors can account for the performance difference of LGFUS. Firstly, a substantial output

difference depends on the CNT composite transducer's manufacturing method. Secondly, it's

dependent on the performance of the laser system. Even when the same laser energy input

from the system is applied to the transducer, the LGFUS output may vary if the laser energy

per unit area received by the transducer area differs. This study prioritized investigating the
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skull cadaver penetration and altering its characteristics over boosting the LGFUS output. the
study was conducted to increase the output after confirming the penetration of the skull. We
confirmed that high-output LGFUS generates sufficient sound pressure to stimulate the brain
even after skull penetration. Furthermore, the signal generated by the HIFU transducer, with
its intensity and pulse duration set similarly to LGFUS characteristics, displayed similar traits
to LGFUS before and after skull penetration (Figure 4.4).

The possibility of LGFUS penetrating human skull cadavers has been confirmed.
However, issues such as distortion of the focal position and reduction in output need to be
addressed. CNT composite transducers can adjust the focal position and phase difference
depending on the shape of the substrate lens being coated. This manufacturing flexibility
allows for the design of a geometric surface that can compensate for the properties of the skull.
In future work, we aim to develop a transducer with a geometric surface that can minimize
focal distortion by scanning the skull and calculating the LGFUS profile needed for phase

compensation.

109



4.5 Conclusion

This research demonstrated the potential for LGFUS, generated from CNT composites,

to penetrate human skull cadavers, offering significant implications for future research and

applications. We confirmed that a short pulse wave could successfully traverse a highly

attenuated skull cadaver, and we observed a distinct transformation in LGFUS features post-

penetration.

While the skull influenced the penetration rates of all signals, the developed CNT

composite transducer demonstrated superior performance, suggesting its potential for better

penetration rates. Despite the changes post-skull penetration, the LGFUS signal retained a

similar form to the original signal, leading to an overall attenuation of sound pressure and loss

of high-frequency bands, but preserving the signal characteristics.

The present research further elucidated the influence of the CNT composite transducer's

fabrication process and the laser system's efficacy on the output of LGFUS. Given the results

obtained, it is hypothesized that amplification in LGFUS acoustic pressure might facilitate

adequate brain stimulation after penetration of the human skull cadaver. Consequently, this

study not only offers pertinent knowledge regarding the impact of the skull on LGFUS signal

propagation but also accentuates the prospective utility of the fabricated CNT composite

transducer in forthcoming applications and investigations.
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Chapter V

CONCLUSION AND FUTURE STUDIES

5.1 Conclusion

This study expanded the application range for LGFUS from CNT composite transducers.
The study elucidates the brain's response to LGFUS from optimized CNT composite
transducers and shows the potential for penetration through human skull cadavers.

For the application of LGFUS generated from CNT composite transducers in research,
the output of the transducers was evaluated based on the diameter and type of backing material.
The performance of LGFUS was found to be superior with rigid backing, and the output
changed depending on the diameter of the transducer. However, it was proven that a smaller
diameter transducer can generate efficient output with the same laser energy. This contributes
to technological advancements by suggesting optimal structures for efficient ultrasound
generation and transducer diameters suitable for various application fields requiring ultrasound
stimulation.

We stimulated rat brains using LGFUS generated by a CNT composite transducer and
demonstrated that a stimulation response of EEG signals occurs when the brain is stimulated
with a highly focused short-pulse ultrasound. The high spatial resolution of LGFUS allows

stimulation of specific brain regions, enabling adjustment of location and depth within the

111



brain. This can be utilized to verify functions varying with specific locations in the brain

precisely.

This research demonstrated the potential for LGFUS from CNT composites, to penetrate

human skull cadavers. The study suggests that amplification in LGFUS acoustic pressure

might facilitate adequate brain stimulation even after penetration through a skull cadaver. This

not only offers pertinent knowledge regarding the effect of the skull on the propagation of

LGFUS signals but also emphasizes the potential application of the fabricated CNT composite

transducer.

In this study, we have gained important insights into the effective generation of LGFUS

using CNT composite transducers and its applications in brain stimulation and precise

targeting of ultrasound characteristics. This will be a foundation for new technological

advancements in precise brain stimulation using FUS.
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5.2 Future Studies

This study outlined future research in two directions. First, we've validated the intensity

of LGFUS when generated by a CNT composite layer in either water or air, and we've tracked

the power as a function of diameter. Based on these findings, we plan to develop an attachable

CNT composite transducer. The final goal is to research and develop a portable transducer

capable of generating LGFUS stimulation by attaching a CNT composite layer to the target

arca.

In the second, the EEG signal confirms that the response elicited by brain stimulation

with LGFUS is correlated with the intensity of the LGFUS stimulation. By monitoring EEG

signals in real-time during brain stimulation with LGFUS, it is possible to determine the

occurrence and intensity of the stimulation. This study is limited to elucidating the relationship

between the ability of LGFUS to penetrate the skull and the resulting brain stimulation by

EEG monitoring. Different types of stimulation results, such as the response of actual neurons

or brain cells, can occur when the brain is stimulated with LGFUS. This is closely linked to

the actual ultrasound stimulation of the brain. The state of neurostimulation relies on the

parameters of the ultrasound. In this study, we did not investigate the stimulation effects at the

cellular or neuronal level. By evaluating ion channeling, neuronal activation, etc., when

stimulating the small animal brain with LGFUS, we can propose a novel approach to

identifying the mechanisms triggered by the stimulation. In addition, research is needed on

precise stimulation while changing the focal point in the rat brain in the direction of the beam
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and exploring different EEG responses or behavioral changes depending on the spatial
resolution.

LGFUS has brought forth the potential of penetrating human skull cadavers, but the
distortion of the focal spot's position and reduced output are issues that need to be addressed.
CNT composite transducers can adjust the focal position and phase difference depending on
the shape of the substrate lens they are coated with. This flexibility in fabrication allows for
compensation by designing a geometric surface based on the properties of the skull. Therefore,
in future work, we aim to develop a transducer with a geometric surface capable of minimizing
the distortion of the focus by scanning the skull and calculating the required LGFUS profile

for phase compensation.
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