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Abstract

A System for Monitoring Focused Ultrasound-Mediated Neuromodulation

in the Central Nervous System

Christian Aurup

Focused ultrasound (FUS) can modulate activity in the central nervous system of animals,

however the mechanism of action is not yet fully understood. FUS is a promising technique for

clinical use in treating both physiological and psychological pathology of the nervous system.

FUS can noninvasively penetrate the skull deep into the brain and modulate brain targets with

millimeter-scale resolution. FUS is less invasive than deep brain stimulation (DBS) and can target

deeper structures with greater resolution than transcranial magnetic stimulation (TMS). Functional

ultrasound imaging (fUSI) is an emerging modality for monitoring stimulus-evoked brain activity.

However, the thick skull of large animals poses a significant obstacle for the noninvasive translation

of the technique to nonhuman primates and humans. In this dissertation, FUS is performed in

mice and nonhuman primates and an fUSI technique is developed for transcranially imaging FUS-

evoked responses in both species.

The first aim of this dissertation established a procedure for performing high-resolution FUS

in mice in vivo. FUS-evoked motor responses were evaluated using four-limb electromyography

(EMG). A detailed quantitative analysis of several EMG characteristics demonstrated that observed

motor responses exhibited brain target-specific differences. FUS in the brain was also shown to

modulate cardiorespiratory activity. However, simulations conceded that intracranial reverbera-

tions may activate brain structures outside acoustic foci, suggesting that direct detection of brain



activity is preferable to responses like EMG and cardiorespiratory activity.

The second aim of this dissertation developed an fUSI system for monitoring FUS-evoked

responses in mice in vivo. fUSI was validated using electrical peripheral nerve stimulation to

elicit somatosensory-evoked responses, a well-characterized approach in established techniques

like functional magnetic resonance imaging (fMRI). fUSI was later integrated into an ultrasound-

based optogenetic stimulation procedure. Lastly, a dual FUS-fUSI transducer system for perform-

ing neuromodulation and functional activity monitoring was developed and successfully demon-

strated in mice in vivo.

The final aim of this dissertation was to adapt the FUS-fUSI procedure developed in mice for

use in nonhuman primates. Two approaches were developed and tested in vivo. The first approach

employed a low-frequency ultrasound array for both neuromodulation and activity monitoring. The

second approach implemented a dual FUS-fUSI transducer system similar to that used in mice.

Preliminary evidence indicated that the adapted dual transducer system can successfully perform

fully noninvasive neuromodulation and functional activity monitoring transcranially in nonhuman

primates in vivo.

The findings presented in this dissertation provide a framework for performing fully noninva-

sive ultrasound-mediated neuromodulation and functional activity monitoring in non human pri-

mates and describes a road map for further translating the technique for clinical use in human

subjects. A fully noninvasive FUS-fUSI technique can provide an invaluable tool for clinicians to

treat diseases of the nervous system not indicated for invasive procedures, opening the door to a

wide range of therapeutic applications.
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Chapter 1: Introduction

1.1 Motivation

The human brain is the most complex and dynamic biological system ever evolved. The study

of the brain has been of interest to generations of scientists over many centuries [1]. The brain is

responsible for both maintaining proper bodily function and creating our sentient human experi-

ence involving decision making and free will. After all, it is the only organ capable of studying

itself. Although scientists have long acknowledged its importance, they have only developed the

tools to truly study it over the past half century, allowing us to look deeper than just the visible

tip of the iceberg [2, 3]. Advances in medicine in the areas of medical imaging, pharmacology,

and genetics have provided scientists a better understanding of how the underlying morphology of

the brain affects the way it processes information and, by extension, how the processing of that

information informs our physical and mental behaviors. These techniques are also used to study

how countless pathologies disturb proper functioning in the brain such as Alzheimer's disease [4],

Parkinson's disease [5], and mood disorders [6]. A better understanding of these pathologies leads

to new medical interventions intended to restore normal activity.

Neuromodulation is the broad term used to describe techniques that modulate the central and

peripheral nervous systems including electromagnetic and pharmacological techniques. The elctri-

cal sensitivity of the nervous system was �rst discovered over two hundred years ago [7]. Scien-

tists �rst began to understand the electrical properties of the brain in the mid-nineteenth century

[8]. The �rst neuromodulation studies inducing responses in brain activity therefore involved elec-

trical stimulation. However, scientists gained most of their early understanding of regional brain

function from patients that had survived accidents in which they physically lost part of their brains

[9]. This accumulation of knowledge surrounding brain function and behavior led to the earliest
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ideas for neurological medical interventions in the early twentieth century such as lobotomies [10]

and electroconvulsive therapy [11]. These invasive methods often produced the intended thera-

peutic outcomes but carried the risk of debilitating mental and physical side effects. The path

forwards for neurological interventions naturally would lead towards less invasive methods guided

by advancements in a variety of medical technologies and deeper understanding of brain function.

Modern science has a much better understanding of brain pathology and how to treat them.

Clinical neuromodulation is regularly performed with minimal side effects, often involving electro-

magnetic techniques. Such methods can be performed noninvasively by passing electrical current

[12] or magnetic �elds [13] across the skull, directly modulating the brain's endogenous electri-

cal activity. However, the physics surrounding noninvasive electromagnetic techniques limit most

noninvasive interventions to mostly super�cial brain regions [14]. Invasive interventions like sur-

gical implantation of electrodes are required to target deep brain regions where most higher-level

processing occurs [15], often limiting their use to treating severe pathology like Parkinson's disease

that have few ef�cacious alternative treatments. A noninvasive technique capable of modulating

brain activity in both shallow and deep regions would have the potential to treat neurological dis-

orders that currently have no or limited treatment options and open the door to a new era of brain

therapies.

Ultrasound waves are de�ned as acoustic waves with compressional frequencies above the au-

dible range of humans (>20 kHz) [16]. Scientists were �rst able to produce ultrasound following

the discovery of piezoelectric crystals in the late nineteenth century [17]. A piezoelectric crys-

tal changes its size when an electric current is applied and produces an electric current when a

compressional force changes its size. This discovery provided the basis for both transmitting and

receiving ultrasound waves. Applying an alternating electric current near its resonance frequency

causes it to oscillate in size accordingly. Animals such as porpoises [18] and bats [19, 20] are

known to use echolocation to determine a distance to an object. The �rst applications of ultra-

sound with piezoelectric crystals in the form of transducers to detect sunken ships at the bottom

of the sea [21]. This technology was further adapted to identify submarines during the First and
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Second World Wars [16].

It was during the period between the two great wars that scientists began studying the in-

teraction of ultrasound and biological tissue. The initial focus surrounded the destruction and

denaturation of ultrasound-exposed tissue at high pressures due to cavitation, mechanical forces,

and temperature elevation. The �rst clinical ultrasound therapy attempts unsurprisingly harnessed

these same effects to treat muscular disorders [22]. It was during this time that echolocating ability

of ultrasound was �rst implemented to image human organs like the heart and brain. Scientists

understood that ultrasound re�ects differently off of tissues based on properties like density. The

purpose of the �rst ultrasound brain imaging experiment was therefore to detect tumors known

to be stiffer than the surrounding brain matter [23]. Another important development of the time

was that echoes from moving objects exhibited slight frequency shifts proportional to the velocity

known as the Doppler shift [24]. Doppler effects allowing sonographers to image vascular �ow.

These early discoveries of ultrasound-tissue interactions set the foundation for modern medical

ultrasound, which included the development of linear arrays that allowed scientists to electroni-

cally steer ultrasound in space to generate two-dimensional images and later incorporated Doppler

effects allowing sonographers to image vascular �ow [16].

Spherical ultrasound transducers were soon developed that could focus acoustic waves at points

in space separated from the transducer face with focal sizes and distances that depended on the

radius of curvature of the transducer and the frequency transmitted. The �rst therapeutic uses of

focused ultrasound (FUS) harnessed the destructive power of high intensity focused ultrasound

(HIFU) to thermally ablate pathological tissue like tumors or kidney stones [25]. HIFU was later

adapted for use in transcranial applications. HIFU in neurological contexts is currently used to

non-reversibly ablate brain nuclei associated with Parkinsonian tremor [26].

Although most early ultrasound studies investigated the limits of its destructive ability, some

early biomedical researchers discovered that ultrasound could non-destructively evoke activity in

electrically-excitable tissue. It was �rst shown that ultrasound could stimulate contraction in am-

phibian cardiac tissue [7] and later that direct application to feline brains suppressed electrical
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activity [27]. However, ultrasonic neuromodulation research largely lay dormant until modern

advancements in transducer design reinvigorated interest in ultrasound as a potential clinical tool

for non-destructive neurological applications. Ultrasound-mediated neuromodulation was essen-

tially rediscovered in 2008 when calcium imaging was used to directly demonstrate that ultrasound

could evoke electrical activity inex vivohippocampal brain slices [28]. This �nding resulted in an

explosion of ultrasound-mediated neuromodulation research.

All of the ingredients for clinical use of ultrasound in neurology have been laid out. Ultra-

sound has been shown to evoke changes in electrically-excitable tissue and can be focused and

transmitted through the skull into deep regions of the brain [29]. Can FUS therefore provide the

long-sought tool for neurologists to noninvasively and non-destructively perform neuromodulation

in patients to treat neurological disorders? Can ultrasound imaging techniques be used to monitor

neuromodulation from FUS neuromodulation?

The overall goal of this dissertation is to develop and test a system for using FUS for neuromod-

ulation and use functional ultrasound imaging (fUSI) to monitor evoked hemodynamic changes

[30]. The theory and technical components behind the system will be thoroughly tested in small

animals before later being adapted for use in non-human primates (NHP). The speci�c aims of

the proposal therefore involve demonstrating our ability to successfully and reliably apply FUS to

modulate brain activity, use fUSI to detect hemodynamic changes evoked by variety of stimuli,

and build a system combining FUS and fUSI that can be used to study and further understand the

underlying mechanism and assess potential clinical uses. Functional ultrasound will similarly be

useful for evaluating the ef�cacy and optimizing the parameters space for speci�c translational

applications. The speci�c aims and associated hypotheses are described below.

The two main areas of current research involving ultrasonic neuromodulation are focused on

elucidating the mechanism of action at the neuronal and network levels of nervous system organi-

zation and on forward-looking practical applications of the technology, which could presumably

move forward to clinical trials before the elucidation of a mechanism as long as safety and re-

versibility have been thoroughly demonstrated. The state of the art appears to be one of disarray
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with bountiful con�icting results and no agreement on proper techniques for conducting research.

It seems as though every laboratory investigating this technology brings its own approach in regard

to animal model, means of sedation, and acoustic conditions including transducer geometry and

sonication parameter sets. Neural networks are already extremely complex systems to investigate

before the introduction of extra variability from the plethora of methods used across the �eld. It is

therefore crucial to evaluate every publication in the �eld on its own merits without regard to how

it �ts into the grander mechanistic puzzle.

1.2 Speci�c Aims

A fully noninvasive and nondestructive technique for performing neuromodulation in humans

has been of interest to clinicians since the �rst neurologists began invasive interventions in the brain

intent on treating a wide array of neuropathologies and neurodegenerative disorders. The primary

objectives of this dissertation are to 1) demonstrate the use of high-frequency focused ultrasound

(FUS) neuromodulation to select the optimal acoustic parameters for performing ultrasonic neu-

romodulation in micein vivo, 2) validate a technique for using transcranial functional ultrasound

imaging (fUSI) to identify stimulus-evoked activity in micein vivo, and 3) provide the framework

for a FUS-fUSI system for experiments in nonhuman primates and humans.

1.2.1 Speci�c Aim 1: Develop a focused ultrasound (FUS) system for modulating activity in

the central nervous system in micein vivo.

A central question surrounding ultrasonic neuromodulation experiments in small animals re-

lates to the size of the acoustic foci utilized compared with the size of the mouse brain. Unlike

electrical stimulation which can stimulate sub-millimeter brain volumes with high-speci�city, fo-

cused ultrasound (FUS) innervates larger spans of the brain, particularly in the axial diameter of the

ellipsoid focus. The dif�cult to predict transcranial beam patterns associated with skull reverbera-

tions from long ultrasound pulse lengths in addition to the unknown sensitivity of different neuron

classi�cations to FUS make the testing of target speci�city a nontrivial endeavor [31]. The hypoth-
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esis being tested is whether high-frequency FUS neuromodulation in the mouse CNS can elicit

target-speci�c responses and changes in autonomic activity via a non-thermal and non-destructive

mechanism.

Sub-Aim 1.1: FUS neuromodulation induces target-speci�c motor responses and changes in

autonomic activity.

Considering that the brain is full of positive and negative feedback circuitry, the exact responses

following FUS in small animals are dif�cult to interpret. However, the combined activity of an in-

nervated neural volume and all associated feedback mechanisms associated with a given transducer

placement is hypothesized to generate consistent responses at that placement. This sub-aim identi-

�es and quanti�es target-speci�c differences in motor responses using four-limb electromyography

(EMG).

Sub-Aim 1.2: Focused ultrasound elicits changes in cardiac activity.

Any deviation from physiological baseline activity may be considered neuromodulation. Changes

in autonomic activity, speci�cally cardiac activity, were proposed as an alternative quantitative

physiological response to FUS neuromodulation. Changes in cardiac activity may be elicited with-

out motor responses or in direct connection with motor responses. In this sub-aim, heart and

respiratory rates are computed from pulse waveforms acquired with pulse-oximetry.

Sub-Aim 1.3: Mechanistic evaluation using thermocouple experiments suggests the driving force

of neuromodulation is principally non-thermal.

A previous study conducted by this lab used high-frequency FUS and two-limb EMG to vali-

date the success of ultrasonic neuromodulation. However, the parameters in this study used signif-

icantly greater ultrasound exposure and was proposed to generate heating that may be responsible
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for facilitating or directly causing neuromodulation in cortical regions near the interior skull sur-

face. The parameters were modi�ed to promote non-thermal mechanisms that were tested using

thermocouple experiments to determine whether thermal accumulation was present with succes-

sive sonications.

Sub-Aim 1.4: Focused ultrasound simulations reveal complex and dif�cult to predict pressure

�eld patternsin silico.

It was already understood from previous work that the longer pulse lengths utilized in our FUS

neuromodulation study could feasibly generate extra-focal pressure peaks from standing waves due

to skull reverberations. These extra-focal pressure peaks are unique to a given transducer place-

ment but may cause activation outside of the intended focal region. Understanding the possible

distributions of secondary pressure peaks is therefore important for interpreting the observed re-

sponses in mice. This extent of standing wave formation was evaluated usingin silico simulations

with micro-CT data from mouse skulls. All of the transducer placements tested in this study were

simulated and the pressure �eld patterns were analyzed for secondary pressure peaks.

1.2.2 Speci�c Aim 2: Develop a functional ultrasound imaging (fUSI) system for monitoring

focused ultrasound neuromodulation in micein vivo.

The study described in Speci�c Aim 1 suggested that using motor responses for validating FUS

neuromodulation success is inferior to acquiring direct measurements of activity in the brain. Mo-

tor responses are the result of activation of one or multiple regions of the brain simultaneously with

undetermined feedback mechanisms. Additionally, the minimal ultrasound exposure parameters

required to elicit motor responses are likely signi�cantly greater than what is required to locally

activate neurons directly with FUS. A recently developed ultrasound-based functional imaging

technique called functional ultrasound imaging (fUSI) has recently been developed that tracks and

correlated changes in cerebral blood volume (CBV) in response to stimuli that are associated with
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activation. fUSI can be considered the ultrasonic analog of functional magnetic resonance image

(fMRI). We hypothesize that fUSI can be used to detect focused ultrasound-evoked hemodynamic

changes in the anesthetized mouse brainin vivo.

Sub-Aim 2.1: Functional ultrasound successfully detects event-related brain responses for

electrical stimuliin vivo.

The �rst section deals with using fUSI for detecting stimulus-evoked changes in CBV in re-

sponse to multiple stimulus types. First, somatosensory evoked responses were generated using

electrical paw stimulation in micein vivo. Successfully detecting canonical and well characterized

functional somatosensory responses validated the fUSI technique for use with other stimuli.

Sub-Aim 2.2: Functional ultrasound successfully detects event-related brain responses to a fully

noninvasive optogenetic stimulus.

The second section of Speci�c Aim 2 tested the ability of fUSI to detect hemodynamic re-

sponses to a previously developed noninvasive optogenetic stimulus. Since the overall goal of

this dissertation is to create a system for fully noninvasive FUS-fUSI, a novel noninvasive opto-

genetic technique was proposed to keep the mouse skull intact. FUS-mediated blood-brain barrier

openings were used to facilitate the transcranial delivery of large retroviruses that encoded red

light-sensitive ion channels that could be stimulated transcranially with red light emitting diode.

Sub-Aim 2.3: Using power cavitation imaging (PCI) for rapid veri�cation of confocal alignment

of FUS and imaging transducers.

The goal of the dissertation is to create a fully ultrasound-based system for performing FUS-

fUSI. In order to best validate activity, it was of key interest to be able to accurately align imaging
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transducer �eld of view confocally with the FUS focus. Focal calibrations of hydrophones cannot

quickly be performed prior to experiments so a technique using power cavitation imaging (PCI)

was implemented to rapidly verify the confocal alignment of imaging planes and acoustic foci prior

to experiments.

Sub-Aim 2.4: Performing FUS neuromodulation in the mouse brainin vivo to evoke reversible

changes in activity-associated hemodynamics detectable with fUSI.

The �nal section of Speci�c Aim 2 combines all of the mouse-related work to create a small

animal FUS-fUSI system for neuromodulation. The proven FUS neuromodulation technique from

Speci�c Aim 1 was combined with the newly validated fUSI imaging technique to create a confo-

cally aligned ultrasound transducer con�guration for performing FUS-fUSI in small animals. An

array of ultrasound pressures was successfully tested to evaluate the sensitivity of fUSI in differ-

entiating evoked hemodynamic responses. FUS neuromodulation was also performed in opposing

hemispheres of singular imaging planes to quantify the lateralization of ultrasound stimulus-evoked

responses.

1.2.3 Speci�c Aim 3: Translating FUS neuromodulation and fUSI activity monitoring to

nonhuman primates.

The overall goal of this dissertation is to create the framework for a system to perform FUS-

fUSI in nonhuman primates (NHP) and humans. Speci�c Aims 1 and 2 successfully demonstrated

the feasibility of performing FUS neuromodulation in mice and using fUSI to detect stimulus-

evoked changes in CBV associated with neuronal activation. A newly developed low-frequency

single ultrasound linear array transducer was recently shown to promote blood-brain barrier open-

ings in nonhuman primates using intravenous microbubbles. A simpli�ed experimental setup using

this singular ultrasound array was �rst tested to determine whether such a system was suf�cient in

producing neuromodulation with electronically focused high intensity transmits. A more complex
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system was then tested that more accurately mirrored the system developed for use in small ani-

mals at the end of Speci�c Aim 2 using confocally aligned FUS and imaging transducers. Speci�c

Aim 3 proposes that functional ultrasound can be adapted to transcranially identify hemodynamic

changes in non-human primates evoked by FUS stimuli.

Sub-Aim 3.1: Testing the feasibility performing transcranial fUSI in nonhuman primatesex vivo

using a low-frequency linear array transducer.

Prior to performingin vivo experiments in NHP, the feasibility of transcranial imaging was

�rst evaluated withex vivoNHP skull and �ow tube phantoms in a water tank. An acoustically

permeable tube was placed beneath anex vivoskull piece in a water tank. Fluid was �owed through

the tube while performing PDI to determine whether transcranial functional imaging was feasible

with and without the use of intravenous microbubbles.

Sub-Aim 3.2: Testing the feasibility performing transcranial fUSI in nonhuman primatesin vivo

using a low-frequency linear array transducer.

The low-frequency linear array was then tested in NHPin vivo. Time-series of transcranial

PDI were acquired in NHP. Several acoustic pressures were tested without the use of microbubbles.

Testing was then performed with the use of intravenous microbubbles known to generate signi�cant

increases in contrast. The purpose in this sub-aim was to determine whether transcranial imaging

could detect any real physiologic signals associated with changes in CBV including pulsatility,

corresponding to heart rate, and the systemic clearance of microbubbles following intravenous

injection.

Sub-Aim 3.3: Testing feasibility of performing transcranial fUSI in NHP using an single-element

FUS transducer with a confocally aligned linear array ultrasound imaging transducerin vivo.
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The �nal section of Speci�c Aim 3 circles back to test the adapted FUS-fUSI system previously

developed in Speci�c Aim 2 for use in small animals. FUS was performed in NHP while fUSI was

performed with a confocally aligned imaging transducer without the use of microbubbles (MB).

The time-series of PDI were evaluated for the presence of FUS-evoked changes in brain hemo-

dynamics associated with neuronal activity. Following a series of stimulus sessions, experiments

were concluded with blood-brain openings and MRI with contrast to validate the targeting within

the brain.

1.3 Impact and Overview

The results from this dissertation greatly enhances our understanding of neuromodulation of the

central nervous system using focused ultrasound (FUS) for neuromodulation and functional ultra-

sound imaging (fUSI) for detecting FUS-evoked hemodynamic changes associated with successful

neurostimulation. This research helps narrow the acoustic parameter space and optimize methods

for pulsing and amplitude modulating ultrasound waves to promote neuromodulation while de-

creasing known thermal and mechanical bioeffects not necessary nor suf�cient for inducing neu-

romodulation in healthy brain tissue. Although the mechanism of neuromodulation is not directly

investigated, thorough evaluations of minimizing unintended bioeffects provide evidence against

some mechanisms in favor of others. The work in this dissertation provides a clear pathway to-

wards a fully noninvasive and ultrasound only methods for performing FUS-fUSI in large animals

like nonhuman primates and future clinical trials in humans.

The contributions in Aim 1 speci�cally address the optimization of ef�cacious ultrasound

parameters and safety of those parameters. This work for the �rst time demonstrated target-

dependence of motor response patterns in mouse limbs. It was furthermore demonstrated that

the observed effects were unlikely to be the result of cumulative effects like thermal elevation due

to successive sonications.In silico simulations also introduced potential confounding factors as-

sociated with poorly predictable intracranial pressure �eld patterns, a results that informed later
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work using direct detection of neuromodulation in the brain with imaging techniques measuring

hemodynamic changes.

The second major aim in this dissertation investigated ultrasound as a functional imaging tech-

nique to perform fully noninvasive ultrasound neuromodulation interventions in micein vivo.

Functional ultrasound imaging (fUSI) was for the �rst time demonstrated to be able to detect

hemodynamic changes during optogenetic stimulation in mice. This study provided the frame

work for fully noninvasive viral delivery using reversible blood-brain barrier openings, stimula-

tion with deep penetrating red light, and validation with fUSI in mice for optogenetic experiments.

This aim also provided the �rst ever use of fUSI for imaging hemodynamic responses to FUS neu-

romodulation in mice and demonstrated this imaging modalities ability to quantify differences in

responses induced by an array of transmitted ultrasound pressures.

The third aim of this dissertation combined the techniques evaluated up to that point to develop

the framework of a system for performing FUS neuromodulation with fUSI monitoring (FUS-

fUSI) in nonhuman primates and translating its use for future clinical applications in human sub-

jects. Two approaches were presented. The �rst approach employed a singular low frequency

ultrasound array for both neuromodulation and activity monitoring. Power Doppler imaging (PDI)

was for the �rst time used to identify vascular structures transcranially in nonhuman primate brains

in vivo with and without the use of contrast agents. It was also demonstrated that transcranial PDI

could detect real endogenous physiological signal like pulsatility. Neuromodulation with the sin-

gular linear array was not yet validated, although this work is ongoing. The second approach used

confocally aligned FUS and imaging transducers and for the �rst time demonstrated the ability

of FUS-fUSI to performed neuromodulation and activity monitoring. The neuromodulation and

imaging procedures developed in this aim provide the basis for all future investigations in this lab.

The organizational �ow of this dissertation follows the logical continuation of research in-

formed by its �ndings. Simple FUS neuromodulation is �rst performed in small animal subjects.

The desire for direct detection of brain activation led to the in-house development of fUSI for

monitoring FUS-evoked responses in those subjects. Validating the FUS-fUSI technique in small
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animals then led to adapting it for use in a more clinically relevant animal model, the nonhuman

primate. Each aim is separated into sub-aims that logically build off of one another and informing

future aims. The dissertation concludes with a summary of the presented �ndings, discusses the

limitations of the developed procedures, describes the path forward in addressing those constraints

as a part of ongoing work, and presents future clinical uses cases of FUS-fUSI techniques.
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Chapter 2: The Neurobiology of Neuromodulation in the Central Nervous

System (CNS)

2.1 Neurons and the Central Nervous System

The central nervous system (CNS) consists of the brain and the spinal cord [32]. The brain is

responsible for most bodily functions such as coordinating movement, processing sensory infor-

mation, memory formation, and maintaining metabolism and homeostasis. In short, the brain is the

central computer processor that receives and integrates sensory inputs and then plans and executes

responses to those inputs. Nervous system activity is facilitated by specialized cells called neurons

that electrochemically transmit information via the generation of action potentials. Pathologies in

neurons often result in degenerative neurological disorders such as Parkinson's disease [33].

Neurons are composed of a main cell body called the soma and an axon [32]. Protruding out

from the soma are small branches called dendrites which receive information from other cells. The

axon carries the action potentials towards the terminus wherein it can be communicated to another

neuron or effector cell. Neurons communicate with one another through closely joined extracel-

lular spaces called synapses. These synapses typically couple the axon terminals of one or more

neurons with the dendrites of one or more downstream neurons. Action potentials terminating

at synapses trigger exocytosis of vesicles containing neurotransmitters that then travel across the

synaptic space and bind receptors on the dendrites of neighboring neurons, resulting in excitatory

postsynaptic potentials, or EPSP. If a suf�cient number of EPSPs are produced in a short time pe-

riod, then an action potential is generated which quickly propagates along the axon to the terminus

where the synaptic cycle repeats [34]. This is the manner in which the nervous systems send ef-

ferent signals to and receives afferent signals from the peripheries. In the brain, tens of billions of

interconnected neurons are roughly grouped regionally by their individual functions and although
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the general cytoarchitecture is consistent within species, it does not exactly predict the functioning

of a given point target. Interconnected groups of functionally associated neurons are called neural

networks, which contain feedback loops that can either potentiate or attenuate activity.

Ion Channels and Generation of Action Potentials

Ion channels are embedded in the plasma membranes of all cells. Varieties of these channels

allow for the active or passive transport of speci�c ions between the cytoplasm and the interstitial

�uid. In neurons, this ion exchange facilitates numerous processes such as controlling cell volume,

establishing resting membrane potential, and generating action potentials.

Named after its architects, the �rst quantitative description of action potential generation was

the Hodgkin-Huxley (HH) model [35]. The classical HH model uses a set of �rst-order differential

equations formulated by treating the plasma membrane as an electrical circuit. The plasma mem-

brane, the physical barrier allowing electrochemical gradient formation, is modeled as a capacitor.

Ion channels are the predominant means of charge �ow across the membrane with each channel

type having its own unique gating dynamics involving physical barriers with probability states of

being in open or closed conformations that are dependent on the membrane potential. These ion

channels are therefore modeled as variable resistors with conductance equal to the inverse of re-

sistance. Each ion type has its own concentration-dependent electrical potential called its Nernst

potential, or reversal potential, and is modeled as a battery which drives ionic �ow through the

channel. An action potential is generated when incoming EPSPs summate in an effector neuron

and alters its membrane potential. If the membrane potential exceeds a certain threshold, then a

cascade of ion channel activation and inactivation results in neuron depolarization and generation

of a self-propagation action potential. The threshold of action potential generation is governed by

the characteristics of individual neurons such as type and density of expressed ion channels.

Many ion channels are thermosensitive or mechanosensitive [36, 37, 38]. The probability of

these channels being in an open or closed state changes in response to thermal or mechanical

stimuli. These channels are commonly associated with peripheral sensory perception but are also

found in neurons throughout the brain where they are important factors in mediating cell signaling
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and modifying the neuronal plasticity. Several families of integral membrane proteins such as

Piezo1, TREK1, NaV1.5, and K2P contain ion channels shown to be responsive to ultrasound

[39]. Some of these channels in the K2P family, for example, are also thermosensitive. The brain

is a remarkable thermoregulator and thermosensitive neurons are associated with the maintenance

of brain and body temperature. These integral membrane proteins provide a plausible pathway

for the interaction between neuron and FUS since the principle bioeffects of ultrasound are heat

generation and mechanical forces. These mechanisms will be discussed in greater detail in the

section regarding mechanisms.

Cells of the brain create and respond to endogenous mechanical forces that arise during the

classical and well-characterized electrical neuronal signaling [40]. These mechanical actions of

individual and networks of neurons are important factors in mediating signaling and modifying

the plasticity of neuronal circuits. The study of the various brain cells' mechanical response to

electrical and mechanical stimuli is a relatively young art within the �eld of neuroscience and an

often glossed over aspect when modeling neuronal network activity. More efforts should be made

in understanding the mechanobiology of the brain and integrating those results into existing and

accepted models of neuronal action. The incorporation mechanobiological activity in the brain is a

valuable addition to existing models and should not be considered contradictory or as alternatives

to widely-accepted and well-characterized models of cellular action. Additionally, enhancing the

scienti�c community's understanding of responses to endogenous mechanical forces will open

doors for new ways to arti�cially manipulate these same responses using emerging technologies

including, but not limited to, the application of transcranial focused ultrasound.

The brain is considered a viscoelastic material in that it shares mechanical properties of both

liquids and solids. It is one of the softest tissues of the body with an elastic modulus ranging from

0.1 to 16 kPa; similar in stiffness to adipose tissue, slightly less stiff than muscle, and signi�cantly

less stiff than bone. The stiffness of the human brain is highly variable with respect to region [41]

and changes to the mechanical properties of the brain occurs during the natural aging process and

during the development of certain pathologies [42, 43]. In order to understand how neurons sense
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their local environments' mechanical properties and respond to mechanical stimuli, one must �rst

dive into the relevant cellular components of brain morphology that are effected by mechanical

forces. Among these are the plasma membrane, cytoskeleton (actin, spectrins, microtubules, and

neuro�laments), the extracellular matrix (ECM), cell adhesion proteins, and ion channels.

The plasma membrane allows for compartmentalization, the isolation of biochemical processes

that creates more thermodynamically favorable reactions. The plasma membrane is also a key con-

tributor to the viscoelastic behavior of the brain, responding to mechanical stimuli in a time-varying

and nonlinear way [44]. Following an applied strain, the plasma membrane has a nonlinear recov-

ery time, or viscoelastic relaxation time, required for the bilayer to return to its pre-strain state.

This results in the membrane never full returning to its resting tension or viscosity when high

frequency strains are applied, resulting in a frequency-dependent response to mechanical stimuli.

The plasma membrane experiences compressive, expansive, and bending forces and is character-

ized by its ability to resist those types of forces [40]. The bilayer is most resistive to compressive

forces, followed by expansive forces, and lastly bending forces. The higher sensitivity of the

plasma membrane to bending forces facilitates exocytosis and endocytosis in synaptic clefts and

allows for mechanical forces from neighboring neurons to effect intracellular processes important

for modifying plasticity, initiating repair mechanisms, and developing the brain during childhood.

The plasma membrane would have no physiologically relevant shape if it weren't for the in-

ternal scaffolding called the cytoskeleton. Whereas the plasma membrane is composed of phos-

pholipids, the cytoskeleton is composed of various protein monomers that polymerize into the

structurally relevant scaffolding. The cytoskeleton also allows for the transduction of mechanical

forces into and out of the cell, affecting cell processes. Actin is one of the most important protein

monomer building blocks and transducers of mechanical forces among neurons. The polymeriza-

tion, or growth, of actin monomers to polymers inside the cell generates important mechanical

forces that can push against the plasma membrane. These forces can result in transient propulsions

of the plasma membrane important for counteracting external forces and stabilizing the plasma

membrane. Additionally, forces generated by actin polymerization and depolymerization are re-
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sponsible for the growth of developing axons and the formation of dendrites, crucial for neural

plasticity. For example, external stimuli that affect polymerization can reorganize the size, shape,

and number of dendrites on the order of minutes allowing for long-term potentiation, the strength-

ening of highly active synaptic connections resulting in greater signal transmission over longer pe-

riods of time [45]. Actin-binding spring-like tetramers called spectrins play assist actin polymers in

maintaining structural stability, regulating dendrite motility, altering AMPA receptor amplitudes,

and in�uencing presynaptic excitability by coupling actin to cellular compartments, ion channels,

and the plasma membrane. These enumerated actions are crucial for the proper functioning of

neurons and maintenance of homeostasis.

Microtubules are protein polymers generated by the polymerization ofUV-tubulin dimers. Sim-

ilar to actin, the generation of mechanical forces emanating from these polymers are due to their

polymerization and depolymerization resulting in pushing or pulling forces, the maximum mag-

nitude of which exceeds that of actin �laments. Microtubules have been determined to interact

in tandem with actin polymers in dendritic spines, resulting in at least some in�uence over reor-

ganization and plasticity. In axons, microtubules interact closely with neuro�laments, the most

abundant cytoskeletal protein found in axons. Neuro�laments are long �bers with small branches

that give the polymer a bottle-brush appearance. They form parallel arrays with microtubules and

are proposed to be the key in�uencing force for organization of the cytoskeleton in the axon, radial

growth, and protection against compressive loads. The exact mechanism of interaction between

neuro�laments and microtubules is not thoroughly understood, however one theory suggests that

it may be due to electrostatic repulsive forces between the highly phosphorylated branches of the

two polymer types [46].

The most important intercellular components in mechanically coupling cells to their neighbors

are the polymers of the extracellular matrix in conjunction with cell adhesion molecules. Several

ECM molecules including reelin, integrin ligands, and hyaluronic acid have related roles in mod-

ifying synaptic plasticity via interactions between receptors and ion channels on the postsynaptic

cell, which increase the intracellular calcium ion concentration therein, a phenomenon linked to
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the development of long-term potentiation (LTP) and a consequent strengthening of synapses. Ev-

idence also suggests that downstream signaling pathways initiated by integrin activation both me-

diates actin polymerization and facilitates the cross-linking of actin �laments, stabilizing synapses

and enhancing LTP [47]. Additionally, integrins also connect the cytoskeleton to ECM proteins.

The �nal ECM molecule discussed in this analysis is the family of cell adhesion molecules called

cadherins. These transmembrane proteins bind to the cadherins of other cells, increasing synapse

and dendritic spine stability. The effect of ECM composition and topology on behavior will be

discussed later.

The last mechanically-relevant cellular components of the brain are ion channels. Ion channels

and the plasma membrane are the most important factors considered in the ultrasound-mediated

neuronal activity modulation model described in the next section. Ion channels are transmembrane

proteins that allow the passage of ions across the plasma membrane either through passive or

facilitated diffusion. Many ion channels are sensitive to mechanical manipulations experienced by

their host plasma membranes; the compressive, expansive, and bending forces discussed earlier

[48]. Ion channels are embedded in the plasma membrane via hydrophobic forces, in which the

hydrophobic regions of the channels remain buried next to the nonpolar lipid tails in the middle

of the bilayer while the hydrophilic regions of the channels face the polar cytosol or interstitial

�uid. For thermodynamic reasons, the hydrophobic regions of the channels and plasma membrane

attempt to match each other's physical lengths such that any change to the thickness or shape of

the bilayer will affect the shape and function of the embedded ion channels. Even minute changes

to the plasma membrane (on the order of angstroms) can result in changes in ion gating dynamics

and a resultant change in conductance [49]. Similarly, the upregulation of membrane proteins or

changes in exocytotic activity can also transiently affect membrane tension and gating-dynamics.

These types of mechanobiological considerations are typically left out of neuroscience models.
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2.2 Mechanisms of Neuromodulation

The key building blocks for understanding the mechanobiology of the brain have been laid

down and the attention of this analysis will shift towards understanding the interplay of mechanical

forces to affect biological outcomes. These elements work together in many ways to alter the

activity of neural networks by modifying the physical coupling at synapses, allowing signaling

between dendritic spines, and in�uencing axon growth dynamics.

The characteristics of the physical coupling at synapses are largely mediated by cell adhesion

molecules and related membrane proteins that bind to the shared extracellular matrix and adhesion

molecules of neighboring cells [40]. The proximity of presynaptic and postsynaptic compartments

to one another strengthens the synapse and invites the possibility of a neuron to mechanically in-

duce morphological changes in its synaptic partner. Consider a case in which an extending dendrite

exerts an extension force on the membrane of its presynaptic partner large enough to cause that

membrane to bend yet weak enough to not affect the various adhesion bonds coupling the neurons

together at the cleft. The bending could thereby affect the membrane tension and arouse mor-

phological changes to synaptic vesicle organization or rate of exocytosis. These actions have not

yet been directly observed in the CNS, however evidence from studies of neuromuscular junctions

demonstrate that the application of tensile forces to the presynaptic cell increases synaptic vesicle

clustering within the presynaptic compartment, increasing the ef�ciency of neurotransmission and

affecting plasticity [50].

Evidence also suggests that dendrites experimentally activated via glutamate uncaging tech-

nique increase GTPase activity within and along the surface of the dendritic spines [51]. This

transient shift in GTPase activity mediates changes in microtubule-actin dynamics and resultant

structural changes in the cytoskeleton. It is hypothesized that these induced structural changes in

the cytoskeleton can exert mechanical forces over the length of microtubules to affect and activate

neighboring dendrites whose spines are associated with the effecting microtubule, altering plastic-

ity. However, though this form of interaction among dendrites is possible, or even likely, it has not
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yet been demonstrated experimentally.

Differences in extracellular matrix composition informs the rigidity and topography of the ex-

tracellular environment. These factors, along with well-characterized molecular cues, in�uence

the growth pattern of axons and their motility [52]. It has been observed that different tissue lay-

ers in the brain exhibit different stiffness and topologies and that axon growth cones sense and

react to these differences; encouraging branching, extension, or synapse formation. The manner in

which growth cones sense their environment is not well understood. New evidence suggests that

mechanically sensitive ion channels, namely Piezo1, is heavily involved.In vivoexperiments have

demonstrated that chemical inhibition or downregulation of these channels results in abnormal and

directionally incoherent axonal growth behavior [48]. In these ways, the ECM plays a signi�cant

role in the formation of synaptic patterns during early development and is likely to mediate plas-

ticity in adults via modi�cations in axonal branching [52] using mechanosensitive ion channels as

the growing axon's path�nder.

There are many techniques being utilized in mechanobiological studies. Among them are

pressure-clamps, �uorescence correlation spectroscopy (FCS), time-correlated single-photon count-

ing (TCSPC), Forster resonance energy transfer (FRET), atomic force microscopy (AFM), mag-

netic or optical trapping methods, micro-electromechanical systems (MEMS), magnetic resonance

elastography (MRE), and ultrasound [40]. Pressure-clamps methods are modi�ed patch-clamp

techniques that allow the studying of individual ion channels in response to physical manipula-

tions of its host plasma membrane. FCS measures small �uctuations in �uorescence while TCSPC

measures �uorescence decay times at molecular levels. Similarly, FRET measures the emission

spectrum of molecules energized by an adjacent excited, photon-emitting �uorophore. AFM uti-

lizes a cantilever system to bond and apply mechanical forces to a molecular structure of interest,

then recording the structure's response. AFM is therefore also useful in exploring elasticity of

neural tissue. Magnetic and optical trapping techniques allow the investigator another means of

applying subtle physical manipulations to a cell or quantifying mechanical forces generated by

neurons undergoing morphological changes. MEMS have become a popular research tool that
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can act as an actuator for applying forces and conversely measure forces generated by a cell, like

traction forces. Micro�uidic chips, a category of MEMS, can generate shear forces on samples by

�owing �uids over them. MRE is used to generate strain elastograms and noninvasively character-

ize the viscoelastic properties of neural tissuein vivo. Finally, ultrasound can be used to observe

brain pulsatility [53] and, most signi�cantly for this analysis, stimulate neuronal activity [28]. Ul-

trasound allows for a means of noninvasively modulating brain activity with great speci�city. The

study of acoustic interactions with brain tissue has great research and clinical value.

The brain expresses a wide variety of mechanobiological properties that has numerous effects

on function. Macromolecular structures like the plasma membrane, cytoskeleton, and ion chan-

nels and their interplay are likely to play crucial roles in proper synaptic pattern formation, neu-

ronal and brain regional differentiation during development, and mediating neural plasticity [40].

These mechanobiological considerations are often left out of most contemporary neural network

models, primarily because many of these mechanical interactions have not come to light until re-

cently. Most of the interactions outlined previously involve endogenous mechanical forces in the

brain. There is a need for a more thorough understanding of these various mechanisms so that new

techniques can be developed for arti�cially manipulating them. Focused ultrasound is the most

promising technique for manipulating the brainin vivo. Various explanations of how ultrasound

activates neural circuitry exist but the complexity of mechanical interactions of the brain described

herein underscore how the underlying cause is likely multimodal and that chronic application of

exogenous acoustic forces to the brain may result in alternations in synaptic patterns and plasticity.

2.3 Neurovascular Couplings and Hemodynamic Responses

The average person understands that the brain is electrically activate and that neurons are the

basis of electrical communication in the brain. This leads many instructors to introduce the brain

as a biological analog to the standard computer. It should also be obvious to the average reader that

neurons do not communicate acoustically. This fact then begs the question of how ultrasound can

be used for functional brain imaging or, more generally, how functional imaging techniques that
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don't directly detect electrical activity (e.g. fMRI, fNIRS) are used to detect what is fundamentally

an electrical phenomenon. Common functional imaging techniques, like fMRI as well as func-

tional ultrasound imaging (fUSI) developed in the present research and discussed in detail in later

chapters, are able to detect electrical brain activity indirectly by relying on a phenomenon called

neurovascular coupling. Neurovascular coupling refers to the relationship between local electrical

dynamics in activated neuron populations and the hemodynamic response that arises in response

to that activity. Understanding the underlying link between electrical and hemodynamic activity

in the brain is necessary in order to understand how many of the existing functional brain imaging

techniques are used to detect stimulus evoked activity.

The brain is a highly perfused tissue with a dense network of capillaries that provide neu-

rons throughout the brain with nutrients, neurotransmitters, and oxygenated blood vital for their

proper functioning. Capillaries are the smallest blood vessels in the body and are the primary sites

of nutrient and oxygen exchange into the brain. Capillary density in the brain exhibits regional

variations. For example, the cortex has a signi�cantly shorter mean capillary distance than the

subcortically located putamen [54]. This means that the capillary network in the cortex is denser

compared to the putamen, which may allow for more sensitive blood �ow detection therein. In the

brain, capillaries are composed of special endothelial cells joined together at tight junctions, which

together form a barrier penetrable only to the smallest molecules. The endothelial layer is imme-

diately surrounded by smooth muscle cells and a tight network of non-overlapping pericytes. The

smooth muscle cells and pericytes are the primary actors in allowing capillaries to dilate and con-

strict to locally control the �ow of blood in response to receiving vasoactive signaling molecules

[55]. Brain capillaries also directly interface with cells called astrocytes that have also proposed to

be involved with blood �ow control [56] in addition to other roles including glucose sensing [57],

regulation of ion concentration in the extracellular space around neurons [58], and neurorestoration

following injury [59]. These cells together make up what is referred to as the blood-brain barrier,

which has the primary purpose of regulating transvascular transport and protecting the relatively

sensitive brain from pathogens potentially passing through the circulatory system. It is primarily
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through these components that the neurovascular coupling acts.

The sequence of neurovascular coupling involves several multimodal steps. It is important to

�rst note that the change in blood �ow is a result of neural activation and has not been observed to

act in the opposite direction. Following local activation (i.e. after neuron action potential gener-

ation and membrane depolarization), a neuron must reestablish its resting membrane potential in

order to allow it to receive and communicate new electrical signals. The maintenance of the resting

membrane potential, via the transport of participating ions against their concentration gradients is

responsible for 13% of the energy consumption related to neuronal signaling, in the form of ex-

pending ATP, while action potential and postsynaptic effects associated with the neurotransmitter

glutamate is proposed to consume the remaining 87% [60]. A neuron can regenerate endogenous

ATP in its mitochondria by consuming glucose and oxygen resulting in the production of carbon

dioxide in a well-characterized process called oxidative phosphorylation that is outside the scope

of this dissertation. However, a neuron cannot regenerate its own oxygen, which instead needs to

be delivered to the neuron via the circulatory system and transported across the blood-brain barrier

into the extracellular space surrounding the neuron. This transport of vital nutrients like oxygen

and glucose are enhanced when capillaries are induced to dilate. Astrocytes are also proposed to

play a key role in the control of local blood �ow in the brain [61]. The neuronal activity induces

vasodilation via several proposed but likely simultaneously acting mechanisms. Neurons are in

close proximity to the capillary network and it is therefore possible that the molecular byproducts

produced during AP generation in addition to changes in ionic concentration around neurons can

directly depolarize smooth muscle cells in the capillaries resulting in vasodilation. However, evi-

dence suggests that the pathway is much less direct and that a cascade of processing leads to the

release of vasodilators like nitric oxide (NO) and prostaglandins [62].

Interestingly, the magnitude of hemodynamic responses is more closely correlated with the

magnitude of local �eld potentials from synaptic activity rather than the number of action poten-

tials generated [63]. It is therefore the level of activity in synapses that is most associated with

induced changes in blood �ow. It is estimated that over 80% of cortical synapses are glutamatergic
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[60]. Upon reaching the axon terminals of glutamatergic synapses, action potentials trigger an

in�ux of calcium ions resulting in rapid glutamate exocytosis from the presynaptic cell into the

synaptic cleft. The released glutamate acts on excitatory glutamatergic receptors on the postsy-

naptic cell. Glutamate must be quickly removed from the cleft to allow for the process to repeat.

While glutamate can be actively transported back into the presynaptic neuron, much of the clear-

ance of glutamate from the synaptic cleft is performed by astrocytes [64], which therefore play an

important role in regulating the synaptic glutamate levels. After its uptake in astrocytes, in order

to return glutamate back to neurons, it converted to glutamine, which does not exhibit neuroactive

effects, and then released back to the extracellular space where it can be reabsorbed by the neurons.

Once back in the neuron, glutamine can be converted back to glutamate. This process is known as

glutamate-glutamine cycling, which is predominantly powered by glycolysis rather than the more

ef�cient oxidative phosphorylation observed in mitochondria. In fact, it requires approximately

one glucose molecule to perform just a single loop of this cycle [65]. Additionally, neurons can-

not produce glutamate but astrocytes can using precursors that result from glycolysis [66]. The

use of glycolysis to both facilitate the glutamate-glutamine cycle between neurons and astrocytes

in addition to the production of precursors necessary for glutamate production in astrocytes con-

tribute to a disproportionately large amount of glucose consumption in the brain relative to ATP

generation from oxidative phosphorylation required to maintain resting membrane potentials and

AP generation in neurons [66].

Although the production, transport, and conversion of glutamate requires signi�cant consump-

tion of glucose, glucose depletion is not considered the trigger for changes in blood �ow due from

vasodilation, nor does glutamate act directly on the vasculature [67]. However, glutamate can in-

directly trigger the release of the vasodilator NO by activating the NMDA calcium ion channel,

which is physically linked to the enzyme that synthesized NO [68]. Glutamate-induced increases

in intracellular calcium have also been shown to trigger the synthesis of vasoactive prostaglandins

[69]. Finally, glutamate induces increased intracellular calcium ion concentration via activation of

astrocyte receptors that similarly results in NO release and the production of another vasodilator,
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epoxyeicosatrienoic acid [70]. Furthermore, the increased calcium ion concentrations can be com-

municated to neighboring astrocytes closely spaced along the capillaries which provides a potential

mechanism for communicating a need for vasodilation along the vasculature [71].

In summary, glucose is consumed by oxidative phosphorylation in neurons that is required for

maintaining membrane potentials and AP generation and by glycolysis in neurons and astrocytes

required for facilitating the glutamate-glutamine cycle and production of glutamate precursors.

Glutamate is the primary excitatory neurotransmitter allowing for synaptic transmission between

neurons. Glutamate has been shown to indirectly induce the release of several vasodilators in both

neurons and astrocytes that in turn elicit dilation of capillaries required to bring new glucose (and

oxygen) to the activated area.

2.4 Clinical Uses of Neuromodulation

Neuromodulation is the term used to describe techniques that modulate neuronal activity. Ther-

apeutic purposes of neuromodulation include the treatment of disorder such as neuropathic pain,

essential tremors, and mood disorders. Several clinical techniques have been developed towards

this end and typically act upon the electrochemical gradient in neurons directly by either injecting

electrical current or manipulating electromagnetic �elds. These techniques have been used widely

in clinical settings but have limitations that preclude their uses for an expanding set of indications.

Deep brain stimulation (DBS) is an invasive intervention used in the treatment of essential tremors

[72, 15], often associated with Parkinson's disease [73], that requires a surgical procedure to im-

plant electrodes into speci�c subcortical nuclei. Although this technique is very effective with

high spatial resolution, invasive brain surgeries increase the risk of mortality and discourage some

patients from opting in. Other electrical current-based techniques like transcranial direct current

stimulation (tDCS) allow for noninvasive delivery of neuromodulatory electrical current but with

poor depth penetration in the brain [74, 12]. Transcranial magnetic stimulation (TMS) is another

non-invasive technique that uses radio frequency coils to produce electromagnetic �elds that can

trigger neuron depolarization [13]. TMS is noninvasive like tDCS but exhibits poor spatial reso-
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lution in addition to inferior depth penetration. The poor depth penetration of TMS is due to the

quick drop in electromagnetic �eld strength with increasing distance from the coil. The use of

TMS is therefore typically restricted to the cortex. The spatial resolution can be improved using

different coil con�gurations but is still inferior to DBS. Since invasive techniques are only indi-

cated by severe pathology and existing noninvasive techniques are constrained by spatial resolution

and depth penetration limitations, there is a high level of clinical interest in developing a technique

that bridges these gaps and allow for highly-targeted and noninvasive neuromodulation anywhere

in the brain.

2.5 Conclusion

Ultrasound-mediated neuromodulation has gained signi�cant traction and interest among re-

searchers within the past decade and for good reason. There is a lot that is not understood and the

elucidation of the cellular mechanism of action is paramount to modifying the technology for clini-

cal use. It requires a multi-prong approach with interdisciplinary research involving furthering our

knowledge of the effect of ultrasound-induced mechanical manipulations on brain morphology,in

vivoanimal studies for increasing data available to metaphorically connect dots, quantitative mod-

eling on network activity for predicting modulation outcomes by cell type and brain region, and

pushing the envelope with human studies to realize the full potential of this emerging technology.
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Chapter 3: Ultrasound for Neuromodulation

3.1 The Basics of Focused Ultrasound

Focused ultrasound (FUS) is a therapeutic technique that involves targeting acoustic waves

from a transducer towards a point in space such that the acoustic waves coherently interfere and

form a high-pressure peak [29]. The pressure exhibited in the region between the transducer face

and the acoustic focus is typically orders of magnitude lower than the peak pressure at the focus

since the acoustic waves do not coherently interfere. In this manner, FUS provides a noninva-

sive tool for manipulating biological tissue at a distance without signi�cantly interacting with

tissue along the ultrasound beam path. The most common and simple approach is utilizing spher-

ical piezoelectric crystal transducers whose intrinsic geometries (e.g. radius of curvature, size of

spherical segment) de�ne the size and position of the acoustic focus in space. Ultrasound can

also be focused by �xing acoustic lenses to planar transducers [75, 76] that refract propagating

acoustic waves in a manner that effectively redirects them towards a desired focus de�ned by the

lens properties (e.g. material, thickness). Another method for focusing ultrasound involves the

use of multi-element arrays with individually programmable elements [77] that can be excited in

an experimentally designed sequence such that the acoustic waves from all elements coherently

interfere at a desired point. The electronic steering capability of multi-element transducers pro-

vides great �exibility but carries a signi�cantly higher price tag and therefore an entry barrier for

many researchers. Focused ultrasound has clinically relevant limitations as well. The size of the

acoustic focus is on the order of the wavelength of the acoustic wave. Accordingly, enhancing

the spatial resolution of the transducer therefore involves reducing the size of the acoustic focus

which necessitate increasing the ultrasound frequency. However, increasing ultrasound frequency

also increases the attenuation of the propagating wave as it passes through and interacts with bio-
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logical tissue. This is a particularly important consideration for transcranial applications in which

the greatest obstacle is correct focusing and targeting through the skull with adequate intensity for

perturbing neural tissue.

3.2 Ultrasound Bioeffects and Applications

Thermal Effects

Ultrasound produces frictional energy as it propagates which is absorbed by biological tissue

resulting in localized thermal elevation. However, the degree to which thermal effects modulate

neuronal activity is not yet fully clear. Studies have shown that temperature increases produce

suppressive effects on individual neurons by impeding nerve conduction [78, 79, 80]. A different

study demonstrated that inducing modest thermal elevation with infrared light generates action

potentials in neurons without additional interventions [81]. Considering that neural networks in

the CNS are systems with very complex excitation-inhibition interactions involving multitudes of

neuronal classi�cations and feedback loops, it is possible that suppressing, or promoting, one or

more neuron types in a circuit can result in the downstream effects observed in the literature, how-

ever, thermocouple studies have demonstrated that neuromodulation can still be achieved without

changes in temperature [82].

Mechanical Effects

The mechanical effects of ultrasound have been studied extensively. The most commonly stud-

ied effects and likely driving forces for FUS neuromodulation are cavitation and acoustic radiation

force (ARF) [83, 84]. It is not yet known whether one or both of these effects are involved in

generating action potentials. Cavitation is de�ned as the cyclic manipulation of gas nuclei within

a �uid that oscillate in size in response to the alternative positive and negative pressure phases of

a propagation acoustic wave. These gas nuclei can be generated in tissue by ultrasound under cer-

tain acoustic parameter spaces such that decreasing frequency or increasing pressure both increase

the likelihood of bubble formation but also tissue damage. Intravenously injected ultrasound con-
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trast agents called microbubbles have also been used for cavitation-mediated therapies because the

pressure required to sustain stable cavitation in circulating microbubbles is much less than what

is required to generate endogenous nuclei [85]. Microbubbles can undergo inertial cavitation if

suf�ciently high pressures are applied, resulting in the nonlinear expansion and explosive collapse

of these gas pockets with an increased likelihood of tissue damage.

A mechanical effect produced by these phenomena is cavitation microstreaming, a conse-

quence of nonlinear ultrasound propagation in biological tissue and resulting from the momen-

tum transfer of a compressible boundary to the surrounding �uid [86]. Microstreaming can occur

without the presence of microbubbles but the forces generated are markedly weaker. The move-

ment of �uid along a boundary exhibits shear forces which transiently alter membrane tension and

increase ion permeability in a process called sonoporation [87]. This change in permeability has

been proposed as one manner by which ultrasound can in�uence neuron excitability. Similarly,

bubbles collapsing due to inertial cavitation generate microjets which can puncture plasma mem-

branes, potentially forcing through extracellular �uid and locally depolarizing the membrane [86].

However, FUS neuromodulation can be successfully performed with low intensity ultrasound that

does not indicate these mechanisms are necessary for neuronal activity.

3.3 History of Ultrasonic Neuromodulation

Ultrasound has been shown to modulate activity in excitable tissue for many decades [88,

89] but resurfaced in force recently after ultrasound-induced neuronal activation was shown in

ex vivobrain slices using �uorescence imaging [28]. Alongside a coincident improvement of

focused ultrasound techniques for transcranial applications, interest in ultrasonic neuromodulation

was reignited for its potential in transcranially targeting deep brain structures with a high degree

of spatial resolution, thereby providing a new clinical modality for noninvasively and reversibly

modulating the activity of both the central and peripheral nervous systems in a variety of animal

species including humans. A fully non-invasive tool for neuromodulation would unlock a whole

new �eld of research for treating neurological and psychological disorders not indicated for other
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more invasive interventions.

Ultrasound has been successful in eliciting various physiological and behavioral responses in

animal models like mice, rabbits, rats, non-human primates, sheep, and humans [90, 91, 92, 93, 94,

95]. Although, ultrasonic neuromodulation has demonstrated extensive success in small animals

like rodents, their brains are small relative to the size of the acoustic foci used in most studies us-

ing kilohertz-range ultrasound. Further studies improved this technique by implementing focused

transducers with frequencies in the megahertz-range allowing for sub-millimeter spatial resolu-

tion [96, 94, 95]. This improvement was useful because using small animals incurs lower costs

and maintains ease of use while still containing biological similarities in brain morphology with

humans important for understanding the fundamentals of ultrasound-mediated neuromodulation.

Unfortunately, employing FUS with millimeter-scale acoustic foci in mice still results in the focus

containing a relatively large chunk of the brain making circuit speci�c investigations less plausi-

ble. While investigations into the possible uses of focused ultrasound neuromodulation persist in

small animals, it is widely understood in the �eld that ongoing and future studies in large animal

models like non-human primates are necessary for understanding the underlying mechanism of the

technique [29]. The two main branches of study involving ultrasonic neuromodulation are cen-

tered around understanding the mechanism of action at the neuronal and network levels of nervous

system organization and on forward-looking practical applications of the technology, which could

presumably move forward to clinical trials before the elucidation of a mechanism as long as safety

and reversibility have been thoroughly demonstrated.

3.4 Possible Mechanisms of Ultrasonic Neuromodulation of the CNS

Existing studies have implemented a wide array of experimental protocols with differing fac-

tors like animal model, means of sedation, acoustic parameters, and transducer geometries. These

differences often produce different outcomes and have made synthesizing published results into

a coherent mechanistic model dif�cult [97, 98]. The range of brain sizes and skull thicknesses

among different animal species are one source of disparities between published results. The var-
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ious types of anesthesia used can also result in different because each type induces sedation via

speci�c pathways that usually involve activating or inhibiting speci�c ion channels or affecting

membrane dynamics, which are the possible effector sites for FUS neuromodulation [99]. Sim-

ilarly, differences in the anesthetic depth between two studies can also produce different results,

even when using the same anesthetic [100]. Neural networks are exceedingly intricate systems

with complex positive and negative feedback loops. Two studies employing transducers operating

at the same frequency and peak focal pressure but with different geometries (i.e. different focal

size) are interfacing with different neural volumes, even if sonicating the same stereotactic coor-

dinates. In this manner, slight deviations in experimental protocols can be presumed to produce

results that also vary to a degree. It is therefore important to evaluate each publication on its own

merits without bias towards existing mechanistic models.

There are several proposed biophysical interactions that have been hypothesized to modulate

neuronal activity. They can be divided between two classes: thermal and mechanical effects. The

�rst hypothesis involves the thermal effects of ultrasound in biological tissue. It has long been

known that heat is generated in tissue in response to ultrasound application and that increases

in temperature impede nerve conduction, resulting in a suppressive effect on individual neurons

[78, 79, 82]. Keeping in mind that neural networks in the central nervous system (CNS) are

essentially electrical circuits with very complex excitation-inhibition interactions involving a mul-

titude of neuronal classi�cations and feedback loops, it is theoretically possible that suppressing

ultrasound-responsive neurons can result in the downstream effects observed in the literature, how-

ever, thermocouple studies have demonstrated that neuromodulation can still be achieved without

changes in temperature [80].

The second class of hypotheses involves mechanical effects of ultrasound including acoustic

radiation force and cavitation, both stable and inertial. Cavitation is de�ned as the generation and

cyclic manipulation of small gas or vapor microbubbles within biological �uid that oscillate in size

in response to the changing pressure conditions [101]. Inertial cavitation occurs at higher pressures

than those required for stable cavitation. In inertial cavitation, the more extreme pressure condi-
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tions result in the nonlinear expansion and explosive collapse which can result in damaging effects

in tissue including the irreversible perforation of the plasma membrane [86]. One of the mechan-

ical effects that can result from these acoustic phenomena is acoustic streaming, a consequence

of ultrasound propagation through biological tissue resulting from the momentum transfer of a

compressible boundary to the surrounding �uid [86], the boundary being the plasma membrane

and the �uid being the cerebrospinal �uid (CSF). Acoustic streaming may result in eddy currents,

generated by the �ow of charged particles tangential to the membrane, and changes in membrane

tension from compression or bending forces, which are known to affect membrane permeability

and ion �ux [87]. Micro-jets are an observed consequence primarily of inertial cavitation wherein

a collapsing bubble generates a localized strong jet of �uid that can perforate the plasma membrane

and force through charged ions or increase overall leakage of the membrane, hence affecting elec-

trical activity [87]. An additional hypothesis that will be discussed herein involves intramembrane

cavitation in which transmitted ultrasound causes dissolved gas to diffuse into the intramembrane

space, forming a bubble that begins to oscillate and separate the lea�ets in a time-varying man-

ner that can alter membrane capacitance, generate capacitive currents, and change the threshold

potential for action potential generation [31].

The main biophysical interactions of ultrasound and tissue can be divided between thermal

and mechanical effects. The presence of both thermosensitive [102] and mechanosensitive [103,

48] ion channels in excitable cells suggest a plausible means by which FUS acts upon neurons.

These acoustic bioeffects are not isolated from one another and occur simultaneously with the

acoustic parameters dictating which effect is likely to dominate. The Hodgkin-Huxley model [35]

describes action potentials only in electrochemical terms, however recent research has shown that

action potentials are closely coupled to phase transitions in the plasma membrane that manifest

as thermodynamic and conformational changes and that furthermore such changes can be induced

by ultrasound [104]. The mechanism of FUS neuromodulation may also be multimodal involving

both thermal and mechanical effects or there may be multiple mechanisms. Whether ultrasound

interacts with neurons via thermal and/or mechanical effects and whether the effector sites on the
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cells are ion channels, plasma membranes, or something else entirely is not yet fully understood.

An alternative cavitation-related model has recently been proposed that suggests the driving

force for neuron depolarization is via intramembrane cavitation. Since the classical Hodgkin-

Huxley model describes the plasma membrane as a capacitor with �xed capacitance, the authors

integrate a time-varying capacitance term into the classical model. The authors propose that ul-

trasound causes dissolved gas to diffuse into the hydrophobic space between plasma membrane

lea�ets, during the rarefactional phase of the acoustic wave, forming acoustically response gas

pockets termed bilayer sonophores (BLS) [44]. The transmitted ultrasound causes the BLS to cav-

itate, resulting in time-varying changes in membrane diameter, which manifests in the model as a

time-varying capacitance term. More importantly, the time-varying capacitance changes produce

capacitive currents that accumulate over the length of the ultrasound pulse. In this manner, an

action potential is generated when the summation of capacitive currents exceeds the threshold po-

tential [31]. This model showed good agreement with many published results but BLS formation

has not been experimentally demonstratedin vivo.

Acoustic radiation force (ARF) has been widely studied for elastography imaging in ultra-

sound. It is a result of absorption of ultrasound energy wherein momentum is transferred from the

acoustic wave to the tissue through which it propagates [105]. This momentum transfer causes

tissue displacement proportional to the amount of absorption. Absorption of ultrasound in tissue

increases with frequency and intensity. Frequency can therefore be used to control whether cav-

itation or ARF is likely to dominate. A wide array of mechanosensitive ion channels found in

neurons have been shown to be responsive to ultrasound [39]. It has been proposed ARF-mediated

displacements induce conformational changes in these ion channels directly or indirectly through

tensile forces applied to plasma membranes. Inducing conformational changes in an ion channel

alters its open probability, thereby modifying its conductance and contributing to action potential

formation. Using a broader de�nition of neuromodulation, inducing bending forces in the plasma

membrane can affect intracellular processes important for modifying plasticity, initiating repair

mechanisms, and developing the brain during childhood by facilitating exocytosis and endocytosis
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in synaptic clefts.

3.5 Parameters of Ultrasonic Neuromodulation of the CNS

The electrically and mechanically relevant characteristics of a variety of brain cells were dis-

cussed in great detail in the previous chapter. At present, established clinical neuromodulation

techniques invariably act upon the electrical excitability of brain cells, primarily neurons. These

techniques rely on one of two primary electromagnetic driving forces: directly manipulating the

electrical excitable brain cells by transcranially delivering (either direct or alternating) currents or

inducing cellular depolarization via targeted time-varying magnetic �elds. Although the funda-

mental mechanism of ultrasonic neuromodulation in the CNS is not well understood, it is very

likely associated with the induction of mechanical forces and physical manipulation of brain cells.

Ultrasound can be transmitted using a wide range of acoustic parameters. As discussed previ-

ously, ultrasound transducers can be focused by using either spherical transducers with �xed focal

volumes and radii of curvature or by electronically steering multi-element transducer arrays such

that wavefronts from individual transducer elements constructively interfere at preplanned dis-

tances from the transducer surface. Ultrasound transducers can also be designed as a combination

of both, for example, a concentric array of spherical segments that would allow for modest adjust-

ments in focal distance, typically in the direction perpendicular to the transducer face. Focusing

ultrasound is likely to affect the ef�cacious parameter space because they exhibit more extreme

pressure gradients across a tight focus that in turn push and pull neighboring tissues in different

magnitudes, potentially inducing more extreme mechanical forces on closely spaced brain tissue.

Regardless of the geometric con�guration, the acoustic parameters used to describe the char-

acter of transmitted ultrasound waves are the same. A single pulse of ultrasound can be described

by its frequency, peak pressure (either positive or rarefactional), and pulse length. Pulse length

(PL), sometimes referred to as the tone burst duration, can be used almost interchangeably with

the number of cycles that �t in one pulse length given the period of one cycle at the center ul-

trasound frequency transmitted. Many ultrasound neuromodulation studies have employed pulsed
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ultrasound. Pulsed ultrasound can be further described by its pulse repetition frequency (PRF). The

inverse of the PRF is called the pulse period and the fraction of the pulse length relative to the pulse

period is called the duty cycle (DC), typically expressed as a percent. The sonication duration (SD)

is de�ned by the total number of pulses multiplied by the pulse period. The interval between the

starts of successive sonications is called the interstimulus interval (ISI). Pulse ultrasound often ap-

pear like it is gated by a square wave envelope oscillating at the PRF. However, recent evidence has

shown that sharp edged envelopes may induce auditory responses [106, 107] but that such effects

can be attenuated by smoothing the edges with given linear rise and fall transition times or alter-

natively by smoothed envelopes (i.e. Gaussian) [108] although there is no standard way to report

these modi�cations. One common alternative periodic modi�cation to pulsing is called amplitude

modulation (AM) wherein a continuous acoustic wave at a given ultrasound carrier frequency can

be modulated by a typically much lower AM frequency. AM has the intrinsic bene�t of reducing

the likelihood of inducing auditory responses.

Since both pulsed and amplitude-modulated ultrasound at a given frequency can exhibit the

same pressure, this characteristic alone is not suf�cient to describe the amount of energy deposited

or the level of acoustic exposure experienced in tissue. Ultrasound intensity is often used to com-

pare the energy exposures of different pulsing schemes, which involves the spatiotemporal inte-

gration of the the time-varying ultrasound pressure over set time periods and spaces along the

wavefront. The spacial peak refers to the maximum pressure along a wavefront while the spacial

average refers to the average pressure along a wavefront. The pulse average refers to integrating

the acoustic wave over the pulse length while the temporal average refers to integrating the acoustic

wave over the pulse period. Intensity can therefore be expressed in several different ways: spatial-

peak-pulse-average (I(%%�), spatial-peak-temporal-average (I(%) � ), spatial-average-pulse-average

(I( �%� ), and spatial-average-temporal-average (I( �) � ). However, the commonly reported intensi-

ties in ultrasonic neuromodulation studies are I(%%� (W/cm2) and I(%) � (mW/cm2). The general

formula for calculating intensity can be seen in 3.1.
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Figure 3.1: The temporal acoustic parameters of ultrasound are shown. These same parameters can
be used to describe both imaging and therapeutic ultrasound pulsing schemes.SD: sonication du-
ration,ISI : interstimulus interval,PRF: pulse repetition frequency,PL: pulse length,FREQ�" :
amplitude modulation frequency
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Ultrasound intensity is closely related to the energy deposited in the tissue and, by extension,

the potential thermal energy. Intensity does not directly provide information about the mechanical

forces experience by tissue, which include acoustic radiation force (ARF) and cavitation [109,

110], which better describe the mechanical forces experienced in tissue. Both were described in

greater detail in earlier sections. Brie�y, ultrasound is attenuated by tissue in several different

ways. The primary relevant manner for the current discussion is by absorption that can primarily

manifests as vibrational energy in the form of thermal elevation and momentum transfer. In the

case of ARF, directionally propagating ultrasound is absorbed in tissue resulting in a transfer of

momentum and movement. This constitutes a clear mechanical force in the tissue. The units for

ARF are expressed in:6
B22<2 and involves a frequency dependent absorption coef�cient. The ARF

can be estimated according to 3.2. ARF can be estimated with this formula but is best tested in

empirically, if possible.
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� �'� : acoustic radiation force (:6B22<2 )

U: attenuation coef�cient ( 3�
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I: intensity ( ,
2<2 )

c: speed of sound (2<
B )

f: frequency (MHz)
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P: pressure (Pa =:6<B2 )

A wide range of pressures and pulsing schemes have been employed in ultrasonic neuromodu-

lation experiments. Peak pressures have ranged from 40 kPa [111] to over 3 MPa [94]. Frequencies

have ranged from 250 kHz [112] to 5 MHz [95] and, more recently, as high as 43 MHz [113]. PRFs

have ranged from 100 to 3000 Hz [114] and the duty cycles therein have similar large ranges. Un-

fortunately, there is no standard set of parameters that are reported and the additional confounding

factor associated with differing anesthetics (or no anesthetics) as well as transducer geometries

with variable focal sizes make direct comparison of ef�cacious parameters dif�cult across studies.

A table summarizing some of the parameters used in studies in provided below.

3.6 Conclusion

Ultrasonic neuromodulation is an exciting and promising new technique for modulating ac-

tivity in the central nervous system. Ultrasound has been known to stimulate excitable tissue for

many decades but has only recently regained traction among scientists [28]. Most recent studies

have implemented focused transducers for improved spatial targeting, particularly in small animal

subjects, which have shown to be more effective at eliciting responses. Many possible mechanisms

of action have been postulated to contribute to facilitating ultrasonic neuromodulation [31, 39, 84].

Although one mathematically rigorous model involving cavitation as a unifying mechanism for

neuromodulation was developed that comported well with existing empirical results at the time,

newer experimental evidence suggests that cavitation is not suf�cient nor necessary for success-

ful neuromodulation. Convincing recent evidence suggests that the mechanical force associated

with acoustic radiation force is most likely the driving factor for neuromodulation with ultrasound

[84]. However, the contribution of thermal elevation cannot be ignored and make facilitate ultra-

sonic neuromodulation [94, 115, 81]. A wide range of ultrasound parameters has been employed

by different groups. In coming years, ultrasound parameters should be chosen based on several

important factors: physiologically relevant stimulus frequencies, overlaps in successful parameter
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spaces among studies, and favoring likely mechanisms of action, namely ARF.
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Chapter 4: Ultrasound for Functional Brain Imaging

4.1 The Basics of Diagnostic Ultrasound

Ultrasound waves are de�ned as acoustic waves with compressional frequencies above the au-

dible range of humans (>20 kHz) [16]. Scientists were �rst able to produce ultrasound following

the discovery of piezoelectric crystals in the late nineteenth century [17]. A piezoelectric crys-

tal changes its size when an electric current is applied and produces an electric current when a

compressional force changes its size. This discovery provided the basis for both transmitting and

receiving ultrasound waves. Applying an alternating electric current near its resonance frequency

causes it to oscillate in size accordingly. The �rst applications of ultrasound using piezoelectric

crystals in the form of transducers to detect sunken ships at the bottom of the sea by determining

the time-of-�ight between when the ultrasound pulse was generated and when the echo returned

from an object [21]. Ships could be found because sound was observed to re�ect with greater mag-

nitude off of the metal ships than the seabed. In other words, ultrasound could be used to detect

differences in objects based on their material characteristics and additionally provide information

on how far away a given re�ector is from the ultrasound source. These same principles were later

used for medical imaging, in which ultrasound could locate organs instead of ships and at depths in

the human body instead of the ocean. Scientists understood that ultrasound re�ects differently off

of tissues based on properties like density. The purpose of the �rst ultrasound brain imaging ex-

periment was therefore to detect tumors known to be stiffer than the surrounding brain matter [23].

Another important development of the time was that echoes from moving objects exhibited slight

frequency shifts proportional to the velocity known as the Doppler shift [24]. These early dis-

coveries of ultrasound-tissue interactions set the foundation for modern medical ultrasound, which

included the development of linear arrays that allowed scientists to electronically steer ultrasound
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in space to generate two-dimensional images and later incorporated Doppler effects allowing sono-

graphers to image vascular �ow.

The behavior of ultrasound as it propagates through the body depend on three main acoustic

properties that are tissue speci�c characteristics. Ultrasound propagates through the body at a

speeds speci�c to the tissue and temperature it travel through. The speed of sound of water at

body temperature (37°C) is approximately 1500 m/s. Since the soft tissues in the human body

are approximately 60-80% water the speed of sound in soft tissues are close to that of water,

ranging from 1450 m/s in fat to 1730 m/s in skin [116]. Bone is only about 30% water and has

much higher speeds of sound around 4000 m/s. Speed of sound is only one of three important

acoustic properties of tissue. Tissue density and acoustic impedance are the other two important

acoustic properties to consider in both diagnostic and therapeutic ultrasound utilization in the body.

As with speed of sound, soft tissue is similar to water, which has a density of 1 g/cm3. The

densities of soft tissue range from 0.95 g/cm3 in fat to 1.15 g/cm3 in skin [116]. Bone density

varies regionally depending on the nature of its cortical (outer layer) versus trabecular (porous

inner layer) content. The acoustic attenuation of soft tissue ranges from 1.38 kg/(sec·m2)x106 in

fat to 1.99 kg/(sec·m2)x106. Bone exhibits a much higher acoustic attenuation than soft tissue at

over 7.75 kg/(sec·m2)x106.

Ultrasound uses time-of-�ight information to detect the depth of different tissue boundaries.

These boundaries are visible because ultrasound re�ects at tissue boundaries according to the mis-

match in acoustic impedance, which is the product of density and speed of sound. The most simple

form of ultrasound imaging is called A-mode which uses a single element to determine the time-of-

�ight of tissue boundaries in one dimension. The form of ultrasound imaging the average person is

familiar with is called brightness mode, or B-mode. While A-mode can only detect boundaries in

one direction [117], B-mode uses multiple element arrays to spatially locate sources of re�ections

in two-dimensional space. Consider a hypothetical array with just two elements being used to im-

age a homogeneous medium with a singular object embedded within it with an acoustic impedance

different that the surrounding medium making it re�ect ultrasound at its boundary. The delays of
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the re�ector's echoes depend on their distances to each element. With just two elements, the object

can be triangulated in space by computing the distance away from each element where the echoes

would overlap. In practice, linear arrays are used containing on the order of 100 or more elements.

More elements can increase the accuracy of the location and improve the signal to noise sincein

vivo tissue imaging is far from the idealized homogeneuous medium in the above hypothetical.

In practice, this process of determining the delays from re�ectors, using geometric calculations to

determine their position in two-dimensional space, and summing the contributions from all ele-

ments is called delay-and-sum (DAS) beamforming. DAS is the simplest and most common type

of beamforming but far from the only one used clinically [118]. The spatial information from

the radio-frequency signals acquired from the ultrasound can be translated to predetermined re-

construction grids in order to form images. An important consideration is that �ner resolution

reconstruction grids have higher computational loads and slower to produce. The more technical

details of beamforming and ultrasonic bioinstrumentation can be found elsewhere [119].

The resolvability of ultrasound imaging is characterized by lateral and axial resolutions. Lateral

resolution are typically constrained by the size of the imaging aperture, which is essentially the size

of the array, and the spacing between neighboring transducer elements. The element con�gurations

also contribute to image artifacts like grating lobes which are beyond the scope of this dissertation

[119]. The axial resolution depends on the ultrasound frequency and the length of the pulse. Higher

frequency ultrasound has shorter wavelengths and can therefore more easily determine differences

between closely space boundaries. Longer pulse lengths similarly blur the differences between

closely spaced objects but can have bene�ts for some imaging modalities like in Doppler imaging

which detects frequency shifts from moving objects.

An important bene�t of linear arrays is that each individual element can be excited in a pro-

grammatically designed sequence called electronic steering. This allows us to input transmit delays

to focus ultrasound energy at points in space where the transmitted ultrasound coherently interferes.

This is an important tool used to increase the gain at these geometric foci and improve the signal

to noise. In this manner, ultrasound can be scanned in lines across two-dimensional space where

43



the signal is highest emanating from those scan lines, drastically improving the signal to noise.

An alternative to using focused transmits, we can also use plane wave imaging, in which linear

arrays are electronically steered to emit ultrasound with planar wavefronts at high frame rates on

the order of thousands of hertz. This allows us to image an entire space simultaneously instead

of relying on scan lines. Plane wave imaging has gained signi�cant popularity over the past two

decades dues to the advent of affordable graphics processing units (GPU) that can handle the much

larger computational loads associated with the beamforming of the larger data sets [120]. The

development of coherently compounding image planes acquired at different angles has reduced

the necessary amount of frames needed to create similar level of contrast to traditional plane wave

imaging [121]. Coherently compounded high frame rate imaging is what is now most commonly

used in Doppler imaging applications like functional ultrasound imaging in this dissertation.

4.1.1 Doppler Imaging

While traditional ultrasound imaging involves the investigation of static tissue, ultrasound can

also be used to image �ow, typically blood �ow, in what is referred to as Doppler imaging. Doppler

imaging takes advantage of the principle that waves re�ecting off a moving interface experience

a shift in their frequencies proportional to the velocity of the interface. This is referred to as the

Doppler shift. If the object is moving towards the source, the frequency shifts higher, and vice

versa. This is the same reason the pitch of an ambulance siren drops after it passes a you. In ul-

trasound imaging applications, the moving media of interest is typically blood. Blood may appear

as a homogeneous �uid but in reality its a heterogeneous �uid carrying many small ultrasound

scattering objects like blood cells. The Doppler shift can be computed according to 4.1.

� � = 250¹+•2º cos\ (4.1)

� � : Doppler shift frequency (Hz)

50: ultrasound frequency transmitted (Hz)

+ : velocity of re�ector (m/s)

44



2: speed of sound in the medium (m/s)

\ : angle between ultrasound direction and object direction

Using 4.1, the velocity of an object can be determined by measuring the shifts in frequency of

re�ected ultrasound. It should be clear from this equation that there is a directional component.

Applying either analog or digital narrow band �ltering on the acquired data to remove the trans-

mitted ultrasound frequency reduces the tissue signal, also known as clutter, leaving only behind

the signal associated with moving scatterers. This signal can be reconstructed into an image just

as with normal ultrasound B-mode imaging. Power Doppler Imaging (PDI) is an extension of

Doppler imaging that considers only the magnitude of the re�ected Doppler shifted signals [122].

This technique can be used broadly to detect the overall presence of blood. PDI is of particular in-

terest in this dissertation because for functional ultrasound imaging discussed later in this chapter,

we are primarily interested in tracking bulk changes of cerebral blood volume (CBV).

4.2 History of Functional Brain Imaging

Several brain imaging techniques have been developed for identifying functional changes in

brain activity. Positron emission tomography (PET) works by detects intravenously injected radi-

olabeled ligands with speci�c effector targets in the brain [123]. The imaging system measures

emitted gamma photons resulting from the decay of these short half-life radiotracers and localizes

the origin of decay. PET has poor spatial resolution (5-10mm) and is typically accompanied by

x-ray computed tomography (CT) in order to spatially orient the decay signals in the body. PET is

a very accurate method because it does not rely on complicated statistical techniques but exhibits

very poor temporal resolution on the order of tens of seconds. The exposure to radiotracer decay

from PET and ionizing radiation from CT limit its use. These systems also have high capital costs

and require an on-site cyclotron for producing the required short half-life radiotracers.

Functional magnetic resonance imaging (fMRI) works by detecting changes in blood oxygen

level-dependent (BOLD) signals [124]. The exact mechanism behind BOLD signals is still debated
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but fundamentally it represents relative differences in metabolic activity. Many factors are involved

such as cerebral blood volume (CBV), cerebral metabolic rate of oxygen (CMRO2), cerebral blood

�ow (CBF), and the ratio of oxygenated and deoxygenated hemoglobin [125]. Most metabolic

activity in the brain results from maintaining resting membrane potentials. Following activation,

a network of neurons must restore their resting potentials, which results in a relative increase in

metabolic activity. Since metabolic activity is occurring everywhere in the brain all of the time,

fMRI relies on statistical techniques to identify voxels with changes in BOLD signal that are highly

correlated with a designed train of stimuli. This technique has advantages over PET/CT because it

is non-ionizing and has a better spatial (3-4mm) and temporal (1-4 seconds) resolution. However,

the equipment required for fMRI carries a high price and cost of use.

4.3 Evaluation of Brain Activity with Power Doppler Imaging

Functional ultrasound (fUSI) is an emerging brain imaging technique [30, 126, 127] analo-

gous to functional magnetic resonance imaging (fMRI), that utilizes power Doppler imaging (PDI)

for detecting localized changes in cerebral blood volume (CBV) over time. Doppler refers to the

physical principle that frequency shifts are generated in re�ected waves that are proportional to the

velocity of an interface. In an ideal case, tissue is static and frequency shifts only arise from the

scattering elements found in moving blood such as red blood cells. In a more realistic case, small

movements by patients as well as respiration and the pulsatility of tissue due to cardiac activity

also produce detectable frequency shifts. The recent use of advanced spatiotemporal �ltering tech-

niques such as singular value decomposition (SVD) have greatly improved clutter removal (i.e.

tissue signal) while maintain the underlying functional signal [128, 129]. Similar to fMRI, statisti-

cal techniques are used to identify pixels with intensity time courses that are highly correlated with

designed stimulus patterns since localized changes in CBV are closely coupled with metabolic ac-

tivity in the brain. fUSI can be a useful clinical alternative to fMRI because it can be performed

at the bedside, has the potential for greater spatial and temporal resolution, and carries lower costs

than its MRI counterpart. However, its use has been limited to small thin-skulled animals like
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mice, craniotomized large animals, or through thinner parts of the skull like the temporal bone

often requiring contrast agents. The primary obstacle in using fUSI for transcranial applications in

animals with thicker skulls like non-human primates and, eventually, humans has been overcoming

the acoustic characteristics of the skull.

4.4 The Skull Problem

Acoustic impedance is a measurable physical characteristic in all materials and describes the

amount of resistance experienced by propagating acoustic waves. In heterogeneous media like

biological tissue, impedance mismatches cause ultrasound to re�ect and refract. The angle of

refraction (and re�ection) follows Snell's Law and power loss is described by the intensity re-

�ection coef�cient, which is proportional to the ratio of the two impedances. The re�ection of

acoustic waves at these boundaries is what allows for ultrasound imaging since simple geometric

calculations can be performed to determine where all boundary layers are within a �eld of view.

Ultrasound is a favored technique for soft tissue imaging for this reason and others such as its

lower capital cost, greater transportability, and non-ionizing energy. However, this principle is also

what precludes the use of ultrasound for transcranial applications since bone has a much higher

impedance than the surrounding soft tissue. Furthermore, ultrasound has to pass through the skull

twice (i.e. to the brain and back) when imaging transcranially. An obvious solution is to increase

the pressure of the transmitted wave, however doing so increases the risk of unintended bioeffects

like cavitation and tissue heating.

The loss of acoustic energy of a propagating acoustic wave is called attenuation. In addition

to re�ections at impedance boundaries, attenuation is cause mode conversion and absorption. The

skull bone has a stiff cortical layer and a porous trabecular layer. Ultrasound energy not re�ected

at the cortical boundary enters the skull bone and interacts with the porous trabecular bone. Its

complex microstructure scatters the ultrasound and turns some of the longitudinal forces into shear

forces in a process called mode conversion. Absorption results from viscoelastic tissue converting

vibrational energy into heat. The skull bone has a high absorption coef�cient because viscoelastic-
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ity is proportional to density. Absorption also increases with the transmitted ultrasound frequency.

This puts a theoretical limit on the spatial resolution safely attainable with transcranial ultrasound

imaging since spatial resolution is proportional to the transmitted frequency.

The refraction of acoustic waves in skull bone poses an additional challenge in both therapeutic

and diagnostic applications. Ultrasound image reconstruction relies on time of �ight information

of a re�ected wave. Such methods often assume only modest variations in impedances, which

generally holds true for soft tissues. The much greater refraction caused by the high impedance

skull bone, the complex heterogeneities within the skull bone, and laterally variable incidence

angle along the skull surface decoheres the ultrasound waves which complicates transcranial FUS

targeting as well as image reconstruction.

4.5 Conclusion

In this chapter, the basic principles behind diagnostic ultrasound imaging was discussed. Ul-

trasound imaging utilizes acoustic waves above the audible frequencies in humans to construct

clinically relevant medical images used to interrogate soft tissue and diagnose disease states. Dif-

ferent biological tissue exhibits acoustic properties including density, speed of sound, and attenua-

tion. Ultrasound propagates easily through soft tissue and is partially re�ect when it collides with

a tissues of mismatched impedance, a property most closely associated with the product of tissue

density and speed of sound. The re�ected wave from the impedance mismatch boundary can be

detected by an ultrasound transducer where the time-of-�ight can determine its distance from the

transducer. Multi-element arrays can reconstruct the distances of boundaries into two-dimensional

images using beamforming techniques. Coherently compounded ultrafast plane wave imaging al-

lows for the insonation of an entire �eld of view simultaneously and is the imaging methodology

of choice for Doppler �ow imaging. Power Doppler Imaging considers the magnitude of moving

objects as opposed to their directional components and can be applied to functional ultrasound

imaging in the brain by detecting changes in cerebral blood volume associated with neuronal ac-

tivation is a method analogous to the well-establish functional magnetic resonance imaging. The

48



main impediment to clinical applications of functional ultrasound imaging in the brain is the highly

attenuative properties of the skull. Transcranial imaging will necessitate the use of lower frequency

transducers, further improvements on beamforming and image reconstruction, and possible the use

of contrast agents like microbubbles.
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Chapter 5: Neuromodulation with Focused Ultrasound (FUS) in the CNS of

Mice In Vivo

5.1 Abstract

This chapter presents the �rst original contributions from this dissertation to the �eld of ultrasound-

mediated neuromodulation. The �rst section adapts a procedure from a foundational study in our

lab [94] that used a high-frequency (2 MHz) FUS transducer with millimeter-scale spatial reso-

lution for neuromodulation and acquired two-limb electromyography (EMG) to evaluate evoked

motor responses. The acoustic parameters were adjusted to reduce thermal contributions and four-

limb EMG was acquired in order to conduct a detailed investigation on motor response character-

istics. It was demonstrated for the �rst time that FUS could elicit target-speci�c EMG responses

in micein vivo. The next section evaluates the likely contributions of thermal elevation and startle

responses to evoked motor responses and demonstrates that these factors are unlikely to be the

primary mechanism by which the target-speci�c EMG characteristics were observed. The next

section usesin silico simulations to evaluate transcranial pressure �eld patterns generated by the

implemented acoustic parameters. A high degree of acoustic focusing is con�rmed but emphasized

that the intracranial pressure �elds are dif�cult to predict and that long pulse lengths are likely to

generate extra-focal pressure peaks due to intracranial reverberations that suggest evoked responses

may result from brain activation outside of the intended target. The �nal section employs an even

higher frequency FUS transducer (5 MHz) to improve spatial resolution. This study investigates

evoked changes in cardiac activity and implements an anesthetic that minimizes suppressive effects

on the autonomic activity. This study demonstrates that FUS elicits changes in cardiac activity in

deeply anaesthetised mice.
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5.2 Eliciting motor responses with Focused Ultrasound (FUS)

5.2.1 Introduction

Ultrasound can modulate activity in the central nervous system, including the induction of

motor responses in rodents [112, 94, 95]. Most recent studies investigating ultrasound-induced

motor movements have described only bilateral limb responses and quantitative evaluations have

failed to show lateralization or differences in motor response characteristics between limbs or how

speci�c brain targets dictate distinct limb responses. In general, little is still known about the

relationship between sonicated neural volumes and limb response characteristics and whether cer-

tain brain targets demonstrate lateralization of limb movements or preference for forelimb versus

hind limb movements. In this sub-aim, a high-resolution FUS transducer, driven by an ultrasound

pulsing scheme designed to favor non-thermal mechanisms, was used to elicit motor responses

in anesthetized micein vivo. Four-limb electromyography (EMG) was used to quantify the la-

tency, duration, and power of paired motor responses (n = 1768) in order to determine whether

FUS-elicited motor responses are target-speci�c and limb-dependent following sonication of brain

regions investigated in previous studies.

5.2.2 Methods

Animal Preparation

All animal procedures were reviewed and approved by the Institutional Animal Care and Use Com-

mittee of Columbia University. Wild-type mice (C57BL-6, 26.5 ± 3.2 g, n = 3) were anesthetized

with an intraperitoneal injection of sodium pentobarbital (65 mg/kg) and kept in the cage until

toe pinches resulted in no pedal re�ex. The hair was removed from the scalp and limbs using an

electric razor and depilatory cream. The subject was mounted in a stereotactic frame (David Kopf

Instruments, Tujunga, CA, USA), and an electric heating pad maintained the animal's body tem-

perature for the duration of the experiment. An infrared pulse-oximeter sensor (MouseOx Plus,

Starr Life Sciences Corp., Torrington, CT, USA) placed on the thigh indicated the depth of anes-
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thesia. A pair of bipolar EMG electrodes was placed in each limb. The EMG and pulse-oximetry

signals were recorded throughout the procedure (MP150, Biopac Systems, Inc. Santa Barbara,

CA, USA).

Ultrasonic Neuromodulation

The FUS transducer (Imasonic SAS, Voray-sur-l'Ognon, France) mounted onto a 3-axis posi-

tioning system and controlled programmatically with MATLAB was driven by a function generator

(33220A, Keysight Technologies Inc., Santa Rosa, CA, USA) with its signal ampli�ed by a 50-dB

power ampli�er (EI, Inc., Rochester, NY, USA). Water containers allowed for the acoustic coupling

of the mouse head to the transducer. Three sonication regions (5.1), each consisting of eight targets

in a 2 x 4 target grid, with targets spaced by 1 mm in both lateral dimensions, were chosen from

spatially separate areas of the brain corresponding to areas investigated in the literature. The motor

region (M) included most of the motor cortex. The two posterior regions were situated entirely

in the left or right hemispheres, denoted LP (left posterior) and RP (right posterior), respectively.

Each target was sonicated 10 times for statistical purposes before repositioning the transducer at

the next target. The transducer was returned to the origin of navigation after sonicating an entire set

of regional targets. Based on previous work [94] the acoustic parameters used in this study were:

peak pressure (P) of 1.76 MPa, pulse repetition frequency (PRF) of 1 kHz, pulse length (C?;) of 0.5

ms, spatial peak pulse average intensity (� (%%�) of 97 ,
2<2 ; calculated using 3.1 and the acoustic

impedance of brain tissue, Z = 1.6x106:6B�< 2 [116]. A summary of the transducer con�guration can

be seen in Table 1.

Different from our previous work [94], sonications were applied for 300 ms at 5-second in-

tervals (versus 1 s duration at 1 s interstimulus interval used before) in order to reduce potential

cumulative effects like thermal elevation associated with repetitive sonications like temperature el-

evation. These acoustic parameters were used throughout the study since the goal was to evaluate

differing response characteristics and not determine the ef�cacy of the full ultrasound parameter

space. The experiment was performed using light anesthesia levels with an average heart rate pre-

ceding the �rst successful response of 638 ± 69 min-1. Once responses were visually elicited and
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Figure 5.1:Experimental Setup. (a) The focused ultrasound system and signal acquisition equip-
ment are labelled on the diagram of a head-�xed mouse in a stereotactic positioner. (b) An outline
of the mouse brain is shown with the three brain regions investigated (M: motor, LP: left posterior,
RP: right posterior). The red line denotes the sequence of target sonication from 1 to 8. Two grey
boxes along the midline denote the bregma and lambda landmarks from top to bottom, respectively.
(c) A general outline of the experimental procedure.
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associated responses had been acquired from a region, the transducer was repositioned in one of the

two other regions. The process of sonicating all the targets within a region and then repositioning

the transducer in a different region was repeated until the animal showed signs of consciousness.

Electromyography (EMG)

Bipolar EMG electrodes were made in-house according to a published procedure [112] us-

ing 0.0018" polytetra�uoroethylene (PTFE) insulated stainless steel wire (California Fine Wire,

Grover Beach, CA). The electrodes were implanted into the triceps brachii and biceps femoris in

the forelimbs and hind limbs, respectively. Ground reference electrodes were implanted under-

neath the skin of the back. Signals were sent through EMG-speci�c ampli�er modules (EMG100C

in hind limbs and EMG2-R in forelimbs, Biopac Systems, Inc., Goleta, CA, USA) with bandpass

�ltering between 500 Hz and 5 kHz with a gain factor of 2000. The signal was then digitized at 10

kHz using the data acquisition board (MP150, Biopac Systems, Inc., Goleta, CA, USA). Response

latency and duration were evaluated using the root-mean-square (RMS) signals 5.2. Response

latency denoted the time between stimulus onset and when the signal surpassed the activation

threshold in the 300ms window (i.e., duration of sonication) following the onset. Response dura-

tion was the cumulative time that the signal was above the activation threshold between the onset

of the contraction (i.e., latency) and the 2 seconds following the FUS stimulus 5.3.

Statistical Analysis

Only trials that resulted in successful responses in all four limbs simultaneously were included

to compare limb differences and reduce intertrial variability. A total of 5 regions across 3 mice

produced suf�cient four-limb responses to perform statistical analysis. Only targets with at least

4 successful responses were included in this analysis to avoid outliers due to random or inconsis-

tent responses. A �xed-effects two-way ANOVA was used to determine the contribution of the

two main effects (target and limb) as well as determine interactions between the sonicated brain

targets and the motor responses in individual limbs. Tukey corrections were applied for multiple
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Figure 5.2:EMG Processing. (a) A raw EMG trace from a single limb is shown. The orange trace
represents the FUS stimulus on-time. (b) The fully processed (recti�ed and �ltered) signal of the
provided raw EMG trace is shown.

Figure 5.3:EMG Characteristics. (a) Latency refers to the time between the stimulus onset and
when the EMG signal surpasses the baseline activation threshold . (b) Power refers to the area
under the curve of an EMG signal. (c) Duration refers to cumulative time the EMG signal exceeds
the baseline threshold.

comparison tests when evaluating the main effects. Pearson correlations were used to evaluate the

relationship between limb responses and EMG characteristics.

5.2.3 Results

It was �rst important to determine the minimal required ultrasound pressure and sonication

duration that reliably elicits motor responses in anesthetized. Three pressures and three sonication

durations were tested and their success rate of generating motor responses was determined 5.4. It

was shown that 2 MPa peak pressure (Intensity (� (%%�): 99 ,
2<2 ) and 300 ms were suf�cient to
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Figure 5.4: (a) Representative EMG responses from two hind limbs in one subject are shown for
single target. Increasing pressure decreases response latency to a point of saturation in which the
latency cannot decrease further. (b) The EMG response success rates associated with a range of
ultrasound intensities (� (%%�) computed from pressures and a range of ultrasound durations are
shown.

produce robust and repeatable motor responses.

Three regions were investigated: LP, RP, and M. The LP region was evaluated in 3 subjects

(LP1, LP2, LP3), while the RP and M regions were each evaluated in one subject (RP1 and M1,

respectively). The two main effects (target-based and limb-based effects) were used to demon-

strate response differences without respect to the limb (target-based) and without respect to the

target (limb-based). Each of the �ve total regions evaluated demonstrated signi�cant target-based

differences (p < 0.05) for all EMG characteristics evaluated: latency, duration, and power 5.5.

Limb-based evaluations revealed signi�cant differences (p < 0.05) among limbs in all regions

for each EMG characteristic except for latency in regions LP3 and RP1 5.6. The target-based

effect on the EMG characteristics typically modulated limb responses in the same manner such

that a target eliciting shorter average response latencies would result in shorter latencies among all

limbs.

Correlation analysis on the response latencies between each limb pair showed that limb activity

was highly correlated, such that 25 of the 30 possible limb pairings across the 5 regions (6 pairwise

comparisons per region) demonstrated signi�cant positive correlations (p > 0.05) between limbs.

However, the comparison using two-way ANOVA revealed signi�cant interaction terms (p < 0.05)

56



Figure 5.5: The four-limb EMG response (a) latency, (b) duration, and (c) power for the �ve
regions (left posterior: LP1, LP2, LP3; right posterior: RP1; motor: M1) are shown grouped by
targets (Targets 1-8). The geometric mean (+/- standard deviation) are denoted on each plot. A
two-way ANOVA using target and limb as main effects and multiple comparison tests with Tukey
correction were used to evaluate the signi�cant main target effect. The signi�cant pairings of
targets (p < 0.05) are labeled by the target number showing signi�cance. Signi�cant pairings are
not labeled reciprocally.
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Figure 5.6: The four-limb EMG response (a) latency, (b) duration, and (c) power for each region
(left posterior: LP1, LP2, LP3; right posterior: RP1; motor: M1) are shown grouped by limb (LH
= left hind limb, RH = right hind limb, LF = left forelimb, RF = right forelimb). The geometric
mean (+/- standard deviation) are denoted on each plot. A two-way ANOVA using target and
limb as main effects and multiple comparison tests with Tukey correction were used to evaluate
signi�cance (* p < 0.05, ** p < 0.01, *** p < 0.001, **** p < 0.0001).
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between the limb and target effects in multiple regions for latency (RP1, M1), duration (LP1,

LP3, RP1, M1), and power (LP1, LP2, LP3, RP1, M1). These interaction terms between the

target- and limb-based effects revealed that although response characteristics tended to be highly

correlated, particular targets in regions with signi�cant interaction terms affected limbs differently.

The combined overall success rate for acquisitions from all limbs and subjects (n = 1874) was

81.1%. The mean latency and duration for these successful motor responses (n = 1521) were

104.83 ± 54.3ms and 433.5 ± 108.6ms, respectively. No differences in success rate were identi�ed

between limbs or between regions.

A more detailed evaluation of regions that exhibited limb-target interaction terms can be used to

investigate how individual targets affect limbs differentially. Four targets with the highest response

rate (n > 6) from region RP1 highlight the interaction effect on latency (5.7). Targets 2 and 3

both revealed signi�cant differences in latency between the hind limbs (p < 0.05 and p < 0.01,

respectively). However, the left hind limb had a shorter latency than the right hind limb at Target 2

(78.4 ± 27.2ms and 117.6 ± 22.4ms, respectively) while the right hind limb had a shorter latency

than the left at Target 3 (61.4 ± 21.7ms and 117.2 ± 27.7ms, respectively). The response latencies

between limbs showed no differences at Targets 5 and 6.

Similarly, four high response targets (n > 6) from region M1 show that the response duration

in the four limbs depended on the target sonicated 5.8. In Target 3, the response duration of the

left hind limb (461.2 ± 162.3ms) was signi�cantly shorter than those of the left and right hind

limbs (1178.6 ± 137.4ms and 998.3 ± 105.3ms, respectively). However, at Target 8, there is no

difference between response durations of the left hind limb, left forelimb, and right forelimb (605.7

± 153.0ms, 632.9 ± 125.7ms, and 617.6 ± 141.6ms, respectively).

The target-limb interaction in response power was evaluated in region M1 5.9 for four high

response targets (n > 6). In this example, the left hind limb revealed signi�cantly higher power

than the other three limbs at Targets 7 and 8 (p < 0.05). Although there were no power differences

between limbs at Targets 2 or 3, it may be seen qualitatively that the left hind limb is either the

same or trends towards having a lower power than the other limbs.
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Figure 5.7: The effect of a signi�cant interaction term for response latency is shown for four
targets in the right posterior region (RP1 from Figure 3.1.2). The response latencies for each limb
and target of interest are shown (geometric mean +/- geometric SD). Tukey's multiple comparison
test was used to evaluate the simple effects between limb groups for each target (* p < 0.05, ** p
< 0.01, *** p < 0.001, **** p < 0.0001).

Figure 5.8: The effect of a signi�cant interaction term for response duration is shown for four
targets in the motor region (M1 from Figure 3.1.2). The response durations for each limb and
target of interest are shown (geometric mean +/- geometric SD). Tukey's multiple comparison test
was used to evaluate the simple effects between limb groups for each target (* p < 0.05, ** p <
0.01, *** p < 0.001, **** p < 0.0001).
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Figure 5.9: The effect of a signi�cant interaction term for response power is depicted for four
targets in the motor region (M1 from Figure 3.1.2). The response power for each limb and target
of interest is shown (geometric mean +/- geometric SD). Tukey's multiple comparison test was
used to evaluate the simple effects between limb groups for each target (* p < 0.05, ** p < 0.01,
*** p < 0.001, **** p < 0.0001).

Detailed analysis of the individual motor unit action potentials (MUAP) revealed multiple dis-

tinct distributions of action potential amplitudes corresponding to neighboring motor units as seen

in 5.10. The mean amplitudes of these respective action potential distributions did not change with

time (i.e. likely unaffected by depth of anesthesia), however the quantity of these spikes often dif-

fered signi�cantly by target, especially in the region spanning the motor cortex. Close evaluation

of the motor unit action potentials that comprise the EMG response revealed distinct spike ampli-

tude distributions. The mean amplitude of these spike distributions remained constant throughout

the experiment however the number of spikes varied between trials. Motor responses showed two

distinct MUAP amplitude distributions. Secondary motor units appear to have been recruited.

The primary motor unit �ring rate was always signi�cantly greater than that of the primary

motor unit 5.11. The �ring rates of these different spike amplitude classes were also evaluated

and shown to likely represent primary and motor-recruited secondary responses. We also found

that the mean latency decreased linearly with decreasing variance. In other words as the temporal

grouping of responses became more narrow, the mean latency tended to decrease towards a lower
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Figure 5.10: Detailed evaluation of the motor unit action potentials generated from sonicating a
target within the motor cortex revealed distinct spike amplitude distributions. a) An example of
a �ltered and recti�ed EMG response with two clear spike amplitude distributions. Histograms
of spike amplitudes for the (b) low amplitude primary and (c) high amplitude secondary MUAP
groups across 40 trials. (d) The mean spike amplitude for the primary and secondary MUAP groups
for each of 40 trials. (e) The number of secondary MUAP spikes across 40 trials.
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Figure 5.11: The mean �ring rates for primary and secondary MUAPs are shown for four FUS
sonicated targets in the motor cortex. The �ring rate of primary MUAP were signi�cantly higher
than that of secondary MUAP for all for targets. (Student-t test: *p < 0.05, *p < 0.001)

limit.

Although there was a slow decrease in latency over the course of entire experiments, the trends

in latency of responses were demonstrated to be repeatable even after spans of over 15 minutes.

One such example is provided in 5.12. Although the latency decreased between the two sessions

separated by 15 minutes, the relationship in latency differences between targets was consistent.

5.2.4 Discussion

In this study, FUS brain neuromodulation was shown to elicit a variety of motor responses.

Brain structures explored in previous studies were investigated with detailed quantitative EMG

analysis of four-limb motor movements in mice. We found that given the size of the acoustic fo-

cus relative to the mouse-head and the distortion it undergoes passing through the skull, motor

responses are more likely the outcome of a multitude of simultaneously activated (or inactivated)
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Figure 5.12: An example of the high degree of repeatability of EMG characteristics between a set
of regional targets is shown. One full set of FUS stimulations was performed (brown) and then
repeated 15 minutes later (orange). The overall latency among all the targets was lower for the
later stimulation session, however the relative differences in latency between targets (i.e. the trend)
was similar across both stimulation sessions indicating that the observed EMG characteristics are
highly repeatable.
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circuits that interact in complex ways, which may explain the inconsistent bilateral responses in

previous studies. The distinct EMG responses obtained from the limbs show that unilateral son-

ications can modulate brain circuits that generate bilateral motor movements with target-speci�c

characteristics. Our results suggest that bilateral responses are primarily elicited by subcortical

activation and that FUS modulation of speci�c cortical and subcortical circuits generates target-

speci�c motor responses.

The results for EMG response latency, duration, and power demonstrate the spatial speci-

�city of FUS neuromodulation in all four limbs. EMG response characteristics varied signi�-

cantly between brain targets. Although responses from all four limbs were signi�cantly correlated

and almost exclusively bilateral, individual brain targets did not always produce the same target-

dependent differences across all limbs. In fact, the interaction terms from the two-way ANOVA

identi�ed brain targets producing unique divergences from the highly correlated responses such

that limbs appeared to be affected differentially. This observation suggests that different neural

circuits may be innervated at different targets. In other words, FUS does not necessarily elicit a

whole-brain, non-speci�c, or startle response that results in motor movements. The correlation

analysis between EMG characteristics evaluation revealed signi�cant and intuitive relationships

between the response latency, duration, and power. Faster latencies can be associated with more

excitable brain targets and are therefore likely to result in more robust and more extended duration

motor responses. A long latency brain target is either not very excitable or involves a preference

towards inhibitory activity in those neural volumes, which would negatively affect the duration

and magnitude of responses. Divergences from these trends may provide additional evidence of

the relative excitability and functioning of the underlying neuroanatomy.

Conducting detailed analysis of the details found within an EMG signal like the amplitude,

quantity, and �ring rates of individual groups of motor unit action potentials can help elucidate

the subtle spatially selective response differences among cortical targets. This kind of analysis

may be able to allow for exploring the absolute spatial limits of FUS neuromodulation as well as

evaluate the ef�cacy of certain acoustic parameters by, for example, evaluating the threshold at
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which secondary motor units are recruited or standard deviation and latency are minimized and a

given cortical location. This will help further our knowledge of appropriate therapeutic parameter

sets for treating neurodegenerative disease as well as aid in non-invasive, high-resolution functional

brain mapping. The calculated motor unit action potential �ring rates are consistent with those

found in literature that show �ring rates above 30 Hz capable of recruiting secondary motor units.

The results presented show that FUS can generate target-speci�c differences in EMG character-

istics and that brain targets separated by as little as 1 mm can modulate the responses in individual

limbs differentially. FUS neuromodulation elicited limb movements at an array of brain targets

both near the motor cortex and posterior brain regions. Our previous study using the same FUS

transducer demonstrated lateralization of limb responses for the �rst time [94]. In that study, se-

lective brain targets produced singular contra- or ipsilateral limb movements, and some of those

targets elicited equal and opposite responses following sonication of the paired target in the op-

posite hemisphere. The current study implemented a sonication scheme that favored non-thermal

mechanisms and it is unknown whether heat generation due to the greater ultrasound exposure

used in the prior work is responsible for the unilateral responses, which has been suggested [115],

and then compared with the bilateral responses in the current work. It is also possible that mo-

tor movements were more readily induced because a lighter plane of anesthesia was used in the

present study compared with the previous. In this manner, local temperature elevations may in-

crease the excitability of neurons in spite of deeper anesthesia states, allowing for highly-targeted,

thermally facilitated FUS neuromodulation.In vivo temperature evaluations will be discussed in

the following section.

The mechanism of FUS neuromodulation likely involves cell-type-selective activation that af-

fects the ion channels of neurons either directly or indirectly via manipulations of the plasma

membranes [98]. It has been proposed that a neuron's susceptibility to FUS is determined by its

unique ion channel expression [31]. In this manner, neural volumes in the brain, each with a high

diversity of neuron classi�cations, are likely to have markedly different activation thresholds that

can be independently manipulated by adjusting ultrasound parameters like pressure, pulse repe-
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tition frequency, and duty cycle. However, investigations of the parameter dependence of FUS

neuromodulation are still in their infancy and the variability of neuron-type susceptibility in the

brain it is not yet known, which confounds investigations like the present study because activation

of, for example, low-threshold locomotion-associated regions in the midbrain may be the driving

force for the bilateral motor responses observed presently and in literature. Parametric studies

employing functional brain imaging techniques can be used to help elucidate such differences.

Motor movements were elicited following sonication of an anterior region encompassing the

motor cortex and two posterior regions spatially segregated from the motor cortex. Cortical mi-

crostimulation in the motor-related monkey precentral gyrus has shown that while short duration

electrical stimuli generated muscle twitches, stimuli with behaviorally relevant durations (100-500

ms) resulted in a wide array of repeatable complex movements [130] like bringing the subject's

hand to its mouth and even opening its mouth. The long duration motor responses typically ob-

served in this study may similarly represent such coordinated movements. Although cortical ac-

tivity is canonically contralateral to its physiological function, the ubiquity of bilateral responses

observed in the present study and others may result from subcortical activation, either exclusively

or in addition to cortical activation. Literature suggests that bilateral motor movements following

unilateral stimulation of the motor region in mice can result from cortical activation under certain

conditions. For example, eliciting ipsilateral movements requires much higher intensity stimuli

than required to produce contralateral movements [131]. The ultrasound pressure employed in this

study (1.76 MPa) may be high enough to elicit ipsilateral movements in a similar manner, or via

activation of subcortical interhemispheric connections considering that FUS can induce subcortical

activation at pressures as low as 1.20 MPa [94].

Stimulation of posterior regions in electrical and optogenetic experiments have also yielded

bilateral motor movements. Posterior regions such as the mesencephalic locomotor region (MLR)

[132], which includes the cuneiform (CnF) and pedunculopontine (PPN) have been associated with

locomotor control, although other nearby areas of the midbrain have also been indicated [133, 134,

135, 136]. Locomotor control allows for the organization of stepping order and speed that result
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in different gait patterns like walking or galloping [137, 133], which can be selectively induced

by adjusting electrical stimulation parameters like frequency and intensity [134]. Optogenetic

stimulation of the CnF and PPN has also been shown to produce a wide range of speed and gait

patterns with a latency of 100 to 150 ms [135]. These observations indicate the possibility of

locomotion-associated regions being responsible for the diversity of motor movements observed

with FUS neuromodulation in posterior regions. FUS may elicit speci�c gait patterns like those

demonstrated with established techniques, which could explain the differences in latencies between

limbs observed in this study as latency differences would amount to a planned stepping order. For

example, the alternating stepping order observed between neighboring targets in 5.7e could simply

represent different gait patterns. Differences in duration and power may similarly be explained with

different gait patterns since more robust and more extended responses would correspond to stronger

movements like bound or gallop [137]. For example, 5.8e shows the forelimbs presenting a longer

duration than the hind limbs at one posterior location while demonstrating little or no difference

at another. Optogenetic investigations of the basal ganglia have demonstrated that motor-related

striatal neurons project to the MLR and that activating those neurons results in the initiation of

locomotion and a general increase in spiking activity throughout the MLR [133]. FUS-induced

subcortical activation of motor-related striatal neurons may, therefore, also initiate locomotion.

Another limitation was the anesthesia utilized. Injectable anesthetics have inherently decreas-

ing ef�cacy over time, and it is unknown how anesthetic mechanisms interact with that of FUS,

making it dif�cult to determine whether changes in responses over time are due to the waning of

anesthesia or that responses are not repeatable at individual brain targets [138]. Response latency

trends were nevertheless demonstrated to be consistent over long periods but showed an overall

decrease between rounds, likely a consequence of waning anesthesia. It is, therefore, possible that

waning anesthesia levels during the regional sonication period ( 7 mins) affect the observed dif-

ferences between sequentially sonicated regional targets. Although this effect was not evaluated

exhaustively, the results in Figure 2a suggest that the large non-linear changes in response latencies

between targets were not primarily a result of lower levels of sedation. Nevertheless, randomizing
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the sonication order of targets and employing controlled rate infusions of anesthesia or non-sedated

studies are recommended for all future investigations.

5.2.5 Conclusion

In summary, quantitative EMG analysis of FUS-elicited motor movements in anesthetized mice

showed that limb sequence and contraction robustness depend on the neural target subject to FUS.

Such differences are potentially a manifestation of activating subcortical locomotor-control regions

shown capable of generating speci�c gait patterns in mice. The ability to generate bilateral motor

responses is likely driven primarily by subcortical activation and potentially selectively modulated

by inputs from activated areas of the cortex. These results also provide further evidence for neuron-

type speci�c susceptibility to FUS and provide a quantitative technique for investigating the effects

of employing a wider subset of the ultrasound parameter space in future work.

Detailed quantitative EMG analysis of four-limb bilateral motor responses elicited by FUS in

micein vivoreveals that response characteristics do not solely depend on the brain target subject to

the sonication. Brain targets both anteriorly located near the motor cortex and posteriorly located

near areas of the midbrain associated with locomotor control, respond to FUS in limb-dependent

manners such that four-limb responses may even represent different gait patterns like those ob-

served with established electrical or optogenetic techniques. These differences arise from sonicat-

ing targets separated by as little as 1 mm. Our results provide further evidence for the proposed

neuron-type speci�city of FUS neuromodulation and introduce a quantitative metric for evaluating

the effects of a wider subset of the ultrasound parameter space by identifying changes in limb pat-

terns at individual targets and help understand the susceptibility of underlying neural volumes to

FUS. This can facilitate future mechanistic studies of ultrasound neuromodulation techniques and

guide future investigations towards clinical applications.
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5.3 Determining contribution from confounding mechanisms

5.3.1 Introduction

It was unknown whether excitatory or inhibitory cumulative effects from thermal elevation, due

to repetitive sonications at individual targets, in�uences the motor response characteristics. The

sonication scheme used in our previous study [94], which elicited unilateral motor responses, was

later hypothesized to induce a high degree of heating in near the skull [115, 139]. It was proposed

that the temperature elevation, resulting from the increase of the acoustic pressure necessary to

transmit high-frequency pulses through the skull, may have been the factor that induced the unilat-

eral responses in the �rst study compared with bilateral responses in this study. The FUS sequence

in the present study was therefore designed with shorter sonication durations and longer interstim-

ulus periods in order to reduce thermal accumulation between successive sonications. The mice

in the present study were also under a light plane of anesthesia which allowed for a higher overall

success rate of motor response elicitation. It was additionally of interest to determine whether re-

sponses could be associated with startle re�exes from auditory stimulation associated with intense

skull vibrations due to FUS sonications.

5.3.2 Methods

A �ne wire T-type thermocouple probe (maximum diameter: 0.28 mm, accuracy: ±0.1°C, time

constant: 0.005 s; model IT-23, Thermoworks, USA) was used to measure sub-cranial temperature

elevation associated with sonication. A small window craniotomy was performed towards the

lateral edge of the skull in an anesthetized mouse. The thermocouple was inserted towards the

midline just below the skull surface, where the peak temperature rise is expected. A data logger

(DI-245, DataQ Instruments, Inc., USA) connected via USB port to a computer acquired the data at

2-kHz sampling frequency. The transducer was positioned over the location of the thermocouple.

The full sonication scheme was then performed while the acquiring temperature readings from the

thermocouple. Modeling of the Bioheat equation [140] based on previously developed techniques
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was used to remove the viscous heating effect [139].

Linear regressions were performed on the EMG characteristics at each target for all limbs

and regions to evaluate whether repetitive sonications at 5-second intervals promoted or impeded

responses in successive sonications. The slopes from the regressions were statistically tested to

determine whether they were non-zero. In this manner, it could be determined whether any ap-

preciable temperature elevation was paired with changes in response characteristics. The stack

of p-values associated with tests for non-zero slopes was subject to Holm-Sidak corrections for

multiple comparisons.

To address a potential effect related to the startle responses from indirectly activating auditory

pathways by FUS [107, 106], an experiment was performed at two targets (Targets 6 and 7 in the

RP and LP regions, respectively) in one subject to compare the responses from ultrasound stimuli,

auditory stimuli, and a sham condition in which the function generator produced no output. Fifteen

trials from each group were performed in a fully-randomized order at each location for a total of

30 from each group. The audible tone used was a 93.7 ± 2 dBC, 16 kHz tone, which is the

peak hearing frequency of mice [141], applied for the same duration as the 300 ms ultrasound

stimulus. The responses from all conditions were bandpass �ltered between 500 Hz and 3 kHz to

remove interference arising from the auditory stimulus. The 300 ms window following the onset

of the stimulus was evaluated. The tone was generated in MATLAB and broadcast through two

computer speakers (Dell A225, Dell Technologies, Round Rock, TX, USA) placed approximately

7 cm on either side of the head-�xed mouse. The sound level of the tone was measured by a sound

level meter application developed by the National Institute of Occupational Safety and Health at

the Center for Disease Control and Prevention [142].

5.3.3 Results

An in vivo thermocouple experiment was performed to evaluate the thermal effects of the tran-

scranial FUS. The parameters used in this study resulted in a peak temperature rise of 2.3 ± 0.1ºC

at the end of the last 300ms pulse. The thermal energy did not accumulate over successive sonica-
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Figure 5.13: (a) Transcranial thermocouple measurements were recorded in mouse brainin vivo(n
= 3) with the viscous heating component removed using an iterative curve �tting technique [139].
The temperature elevation measured directly under the skull is shown for the parameters used in
this study (0.3/4.7s on/off) and in the prior (1/1s on/off) study [94]. The peak temperature elevation
was 2.3 ± 0.1ºC and 6.8 ± 0.7ºC for the two studies, respectively. The results of the cumulative
effect investigation of repetitive sonications are shown. Linear regressions were performed on
the response sets. The p-values from tests for non-zero slopes were calculated and plotted for (b)
latency, (c) duration, and (d) power. The stack of all p-values was subject to Holm-Sidak correction
for multiple comparisons revealing no signi�cant trends (i.e. non-zero slopes) for any target.

tions, as observed in our previous study [94], where the peak temperature elevation at the end of

10 successive 1-s pulses was 6.8 ± 0.7ºC. 5.14a. The initial temperature before sonication, mea-

sured right below the skull 2mm anterior and 2mm lateral from the lambda skull suture, was 24.5

± 0.1°C in both set of acquisitions. The low temperature measured at this position was caused by

the heating dissipation from the water coupling tank at similar temperature and the hypothermia

caused by the anesthesia.

An analysis of cumulative effects revealed no signi�cant non-zero slopes for either response

latency, duration, or power 5.14b-d. The motor response characteristics did not change following

successive sonications. An analysis of the effect of mediolateral positioning of the FUS trans-

ducer determined that there were no consistent signi�cant differences between medial or lateral

targets. Only the duration characteristic for the forelimb comparison revealed slight signi�cance

(p = 0.0436) such that lateral targets exhibited longer response durations than medial targets.

An additional experiment was performed to test the likelihood of whether auditory mechanisms

inducing startle responses could be associated with the observed motor activity. The comparison

of auditory stimuli, FUS, and sham demonstrated that FUS was signi�cantly more effective at

eliciting motor responses (p < 0.05). Of the 30 combined randomized trials, the auditory stimulus
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failed to elicit any motor responses, while FUS generated motor responses in 77% of trials with

a mean latency of 54.6 ± 22.7 ms (n = 23). The sham condition yielded responses in 7% of trials

with a latency of 171.9 ± 181.1 ms (n = 2).

5.3.4 Discussion

The FUS sequence used in this study was designed with long interstimulus periods to mitigate

thermal accumulation between consecutive sonications. Results showed that repetitive sonications

did not produce the same accumulation of thermal energy between trials that may explain the

unilateral responses observed in a previous study [94, 139]. Although high-temperature elevations

are suf�cient to induce neuron depolarization [81], the temperature rise measured in this study was

modest and occurred predominantly near the skull interface, making it unlikely to affect subcortical

regions, particularly over the 40 ms period of some short-latency targets. It was also unknown

whether repetitive sonications at individual targets could still result in excitatory or inhibitory

cumulative effects from other factors like the depletion of neurotransmitters. However, linear

regression analysis revealed that repetitive sonications at the interval applied in this study did not

affect the EMG characteristics of successive sonications and were, therefore, determined to be

independent of one another.

Recent studies have hypothesized that ultrasound-elicited motor responses may result from

startle re�exes via the indirect activation of auditory pathways [106, 107]. However, a follow-up

study [108] demonstrated that eliminating auditory pathways did not affect the ultrasound-elicited

motor responses and that latencies of responses generated by ultrasound signi�cantly exceed those

from startle re�exes ( 10 ms). The argument made by the authors was that, although the pulse

repetition frequency and ultrasound frequency in most studies fall outside the established hear-

ing range of mice (2.3-85.5 kHz), the square pulse envelopes induce high-frequency vibrations in

the skull that do fall within that range [141]. The 16-kHz tone was therefore chosen in order to

maximize the animal's perception to auditory stimuli. The crude auditory evaluation performed

in this study showed that responses from loud auditory stimuli (93.7±2 dBC) were no different
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from sham group responses. An important limitation in this evaluation is that the exact magnitude

of a perceived audible tone generated by FUS is unknown. However, the large differences ob-

served in EMG characteristics, including the speci�city of limb response sequences found in this

study, provide support for a non-auditory mechanism since an auditory mechanism would likely

demonstrate a non-speci�c response. Furthermore, the changes in conduction time of an auditory

stimulus through the skull bone at neighboring targets are several orders of magnitude shorter than

the differences in latency observed between them.

Althoughin vivo transcranial thermocouple experiments revealed a mean baseline temperature

rise of 0.4°C, measured right below the skull, where the highest temperature elevation was expected

due to the large re�ection incurred, and just prior to the �nal sonication. Results showed that

repetitive sonications did not result in the accumulation of thermal energy between trials that may

explain the unilateral responses observed in a previous study [94, 139] since high-temperature

elevations from other heat sources are suf�cient to induce neuron depolarization [81]. However,

the temperature rise measured in this study was modest and occurred predominantly near the skull

interface, making it unlikely to affect subcortical regions, particularly over the 40 ms period of

some short-latency targets. The thermal accumulation that occurred with successive sonications

did not enhance or suppress successive responses in any predictable manner. Sonications at the

interval in this study also did not affect the EMG characteristics of successive sonications and any

potential thermal effects can be considered trial-independent. An auditory stimulus may elicit more

responses than sham condition, however the measured latencies are not signi�cantly different. FUS

responses are very tightly grouped and highly successful.

5.3.5 Conclusion

Alternative driving forces like thermal accumulation, transducer orientation, or activation of

auditory pathways do not account for the types of responses observed here. Our results provide

further evidence for the proposed neuron-type speci�city of FUS neuromodulation and introduce

a quantitative metric for evaluating the effects of a wider subset of the ultrasound parameter space
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by identifying changes in limb patterns at individual targets and help understand the susceptibility

of underlying neural volumes to FUS. This can facilitate future mechanistic studies of ultrasound

neuromodulation techniques and guide future investigations towards clinical applications.

5.4 Predicting pressure �eld patterns with in silico simulations

5.4.1 Introduction

The skull attenuates, distorts, and reverberates propagating ultrasound resulting in defocusing

and possible forming standing waves (i.e. extra-focal pressure peaks) inside the cranium. The lack

of limb movement lateralization found throughout recent ultrasonic neuromodulation studies has

been conveniently attributed to simultaneous activation of subcortical structures arising from long

acoustic foci and standing waves due to the long pulse lengths typically implemented [143]. In

order to qualify this effect under the experimental conditions implemented in the current study,

simulations were necessary to include or preclude the possibility of standing wave formation ef-

fecting the resulting motor responses.

5.4.2 Methods

K-Wave, an open-source MATLAB-based simulation package for modeling ultrasound �elds

[144], was used to estimate the transcranial beam pro�le and pressure �eld patterns, including

the formation of standing waves due to skull reverberations. A mouse micro-CT with 0.08 mm

isotropic resolution, and a Houns�eld unit conversion k-Wave script was used to determine the

properties of the simulated skull-brain medium [143]. Free water simulations were performed

to �nd the optimal in silico transducer geometry to match water tank measurements using a hy-

drophone. This geometry was implemented in simulations using the simulated skull-brain medium.

Two-dimensional simulations were performed for every brain target in the experiment.

75



5.4.3 Results

Simulations revealed that focusing through the skull was possible but that standing waves were

present at locations in the skull cavity outside of the predicted acoustic focus, particularly near

the center and base of the skull 5.14. Unsurprisingly, it was also observed that the defocusing of

the ultrasound beam increased at more lateral transducer positions where the incidence angle with

the skull became less orthogonal. Lastly, simulations found that the side lobes of the ultrasound

beam in certain transducer positions exceed -3dB of the peak negative pressure measured inside

the focus.

5.4.4 Discussion

One limitation in this study was that the skull attenuates, distorts, and reverberates propagating

ultrasound resulting in defocusing and standing wave formations. Simulations con�rmed that extra

focal pressure peaks are generated in regions of the midbrain and near the base of the skull for both

lateral and medial targets and that the long acoustic focus penetrated both cortical and subcortical

brain regions. It is therefore not de�nitive where activation that initiated locomotion originated.

Comparisons between motor responses from lateral and medial targets did not show consistent

differences in their activity. However, the orientation of pyramidal axons differs between medial

and lateral targets, which has an unknown effect on the activation threshold. Future work will

require greater focal control of the acoustic energy in order to restrict activation more locally, for

example, using coded excitation [143] or short-pulses [146, 147].

Simulations revealed that ultrasound can be successfully focused transcranially, however extra-

focal pressure peaks from standing waves are highly prevalent at all targets, particularly in areas

of the midbrain and base of the skull. A limitation of transcranial ultrasound techniques is that

the skull attenuates, distorts, and reverberates propagating ultrasound resulting in defocusing and

standing wave formations. The previous lack of limb movement lateralization has conveniently

been attributed to simultaneous activation of subcortical structures arising from long acoustic foci

or the formation of extra-focal pressure peaks from standing waves due to the long pulse lengths
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Figure 5.14: Simulations were performed using k-Wave (Treeby and Cox 2010). The coronal
slices corresponding to the front and back rows of the (a) M and (b) RP regions, respectively, were
selected from a mouse micro-CT and used to determine the properties of the simulated propagation
medium. Each of the eight targets of the two regions are shown and labelled by their mediolateral
(ML) distance from the midline and their distance from the interaural line (IA) in millimeters using
Paxinos Mouse Brain Atlas coordinates [145]. The peak pressure �elds (dB scale) within the skull
(black) are shown. Areas with pressure below -6dB are not colorized. The blue region represents
the approximate location of the striatum in (a) and the mesencephalic locomotor region in (b).
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typically implemented [143]. Stimulation of subcortical regions in electrical and optogenetic ex-

periments have similarly yielded bilateral motor movements. The mesencephalic locomotor region

(MLR), which includes the cuneiform (CnF) and pedunculopontine (PPN) is associated with lo-

comotor control, although other nearby areas of the midbrain have also been indicated [132, 136,

148, 149]. Locomotor control allows for the organization of stepping order and speed that result

in different gait patterns like walking or galloping [137, 133], which can be selectively induced by

adjusting electrical stimulation parameters like frequency and intensity [134]. Optogenetic stimu-

lation of the CnF and PPN produces a wide range of speed and gait patterns with a latency of 100

to 150ms [135].

5.4.5 Conclusion

Simulations con�rmed that extra focal pressure peaks are generated in midbrain regions and

near the base of the skull for both lateral and medial targets and that the long acoustic focus pen-

etrated both cortical and subcortical brain regions. It is therefore not de�nitive where activation

that initiated locomotion originated. These observations indicate the possibility of locomotion-

associated regions being responsible for the diversity of motor movements observed with FUS

neuromodulation in posterior regions. FUS may elicit speci�c gait patterns like those demon-

strated with established techniques, which could explain the differences in latencies between limbs

observed in this study since latency differences would amount to a planned stepping order. Future

work will require greater focal control of the acoustic energy in order to restrict activation more

locally, for example, using coded excitation [143, 147, 146].

5.5 FUS effects on cardiac activity

5.5.1 Introduction

In our earlier work, heart and breath rate data was always being acquired for the purpose of

monitoring the depth of anesthesia in each animal. This was done primarily to determine if there

were any trends in when successful neuromodulation could be performed. In other words, whether
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there was any approximate heart rate beneath which neuromodulation could not be performed

because the anesthetic depth was too extreme for FUS to overcome. However, it was observed that

FUS would at times transiently increase the heart rate in subjects, which we decided to investigate

in a standalone study.

Our previous experiment utilized pentobarbital as the primary experimental anesthetic, how-

ever it is known to have particular depressive effects on cardiorespiratory activity. Urethane is a

long acting anesthetic that has minimal effects on cardiorespiratory activity compared with other

anesthetics and was chosen as the primary anesthetic for this study in which we focus on deter-

mining the ef�cacy of FUS in modulating autonomic activity like heart rate??. Anesthetic concen-

trations of urethane have been shown to enhance GABA function, glycine, and nACh receptors by

23%, 33%, and 15%, respectively, while inhibiting the function of NMDA and glutamate AMPA

receptors by 10% and 18%, respectively. The anesthetic effect of urethane is more similar to

ethanol. In this experiment, we demonstrate that pulsed FUS signi�cantly elevated the heart rate

in urethane anesthetized mice.

5.5.2 Methods

The experimental con�guration is similar to that of the previous section. All animal procedures

were reviewed and approved by the Institutional Animal Care and Use Committee of Columbia

University. Wild-type mice (C57BL-6, n = 4) were anesthetized with an intraperitoneal injection

of urethane (1500 mg/kg) and kept in the cage until toe pinches resulted in no pedal re�ex. The hair

was removed from the scalp and limbs using an electric razor and depilatory cream. The subject

was mounted in a stereotactic frame (David Kopf Instruments, Tujunga, CA, USA), and an electric

heating pad maintained the animal's body temperature for the duration of the experiment.

An infrared pulse-oximeter sensor (MouseOx Plus, Starr Life Sciences Corp., Torrington, CT,

USA) placed on the thigh recorded the pulse waveform throughout the procedure to monitor the

level of anesthesia. The pulse-oximetry system allowed for an auxiliary output of the un�ltered

pulse waveform signal that could be acquired with a data acquisition system (DAQ) digitized at 4
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kHz (MP150, Biopac Systems, Inc. Santa Barbara, CA, USA). The DAQ was also used to acquire

triggers from the function generator that drove the ampli�er and, in turn, the FUS transducer. This

allowed for the accurate alignment of pulse-oximetry data with the stimulus onsets and offsets

necessary for the analysis. Heart rate data was extracted from the raw signal by applying a 4C�

order bandpass Butterworth �lter with cutoff frequencies corresponding to heart rates of 100 and

800 beats/min. The heart cycle was computed by calculating the time difference between each

heart rate cycle in the �ltered signal, providing a beat-to-beat readout that could be compared with

the stimulus vectors. The difference between the prestimulus and poststimulus heart rates were

determined for each sonication was also determined.

The 5 MHz center frequency FUS transducer was a driven at its center frequency using a

function generator and ampli�er. The pulse-echo time was calculated at each target to compensate

for differences in skull curvature such that the focal center could be reliably placed 2 mm beneath

the skull surface at each sonicated target. Sonications were performed at positions centered 3

mm anterior of the lambda skull suture and +/-2 mm from the midline, targeted according to the

methods in the previous section, brie�y utilizing raster scan to locate the metal cross positioned

over lambda. FUS was applied at a 1 kHz PRF, 50% duty cycle, 2 MPa peak negative pressure,

1 second sonication duration, 1 second interstimulus interval, and 9 total sonications per stimulus

session.

5.5.3 Results

Heart rate (cardiac cycles/min) was computed from pulse-oximetry signals during FUS neuro-

modulation. The heart rate from each sonication (n = 54) across the four subjects was shown to

increase during stimulation and fall after the the onset. Repeated stimulations at shorter intervals

prevented the heart rate from returning to baseline levels in a nearly linear manner. This result can

be seen for two such subjects in 5.15 who were each subject to one session of 9 sonications using

the parameters noted in the methods above.

A follow up experiment was performed to further evaluate this near linear relationship between
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Figure 5.15: FUS elicited heart rate (2H2;4B
<8= ) changes in four subjects. The grey shaded areas

represent the presence of the FUS stimulus. The heart rate is observed to readily increase during
FUS application and monotonically decrease following the offset.

repeated FUS stimuli and heart rate changes. It was observed previously that the heart rate would

increase during FUS and fall following the offset, presumably towards the baseline. However,

successive FUS exposure prevented a return to the baseline heart rate. It was of interest to establish

whether, in a similar manner, if whole multi-sonication ultrasound sessions were performed with

a 60 second interval between. The trend identi�ed for singular sessions held for multiple set

of sonications. However, it is unclear whether the heart rate would fully return to the baseline.

The results for two subjects using the multi-session multi-sonication approach is shown in 5.16.

Interestingly, just as with the single multi-sonication sessions, the linear trend appears to continue.

The mean heart rate elevation across the combined sonications across all four subjects (n = 54)

was 3.2 +/- 1.8 (mean +/- standard deviation). No decreased in heart rate were observed for any

of the sonications in any of the subjects. The heart rate changes were also uncorrelated with the

starting heart rate, where the starting heart rate is de�ned by the average heart rate over the 30

seconds window preceding the �rst sonication in a subject.
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Figure 5.16: FUS elicited heart rate (2H2;4B
<8= ) changes in four subjects. The grey shaded areas

represent the presence of the FUS stimulus. The heart rate is observed to readily increase during
FUS application and monotonically decrease following the offset.

5.5.4 Discussion

The regions targeted in this study may include subthalamic targets associated with homeostatic

control. It is important to recall that size of the ultrasound focus is adequately small in the lateral

direction to target some isolated and larger targets in the mouse brain, however the axial focal

diameter extends most of the way through the cortex and subcortical areas below. It cannot be said

for certain which brain structures were responsible for the observed cardiac activity changes. What

is the likelihood of thermal contribution. It is unlikely that the cardiac activity changes are linked

to startle responses considering the heart rate dropped monotonically immediately following the

offset of ultrasound. Multiple sonication sessions similarly saw monotonic decreases following the

offset of sonications. In fact the whole response were indeed very linear. If this is related to altering

the ef�cacy of anesthesia, then it is conceivable that this technique could be developed further as

a device to wake patients from anesthesia following surgery, improve disorders of consciousness

in coma patients, or function as a means of decreasing the effects of an opioid overdose in a

hospital setting. A higher frequency FUS transducer with a smaller focus was utilized compared

with the previous section in an attempt to increase spatial resolution and better understand target
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speci�c differences. However, target speci�c differences did not reach signi�cance and were not

thoroughly investigated in this study.

5.5.5 Conclusion

This was the �rst time that cardiac activity changes were observed in animal subject induced

by FUS neuromodulation. cardiac activity changes can surely be considered a form of neuromod-

ulation considering that FUS was applied to the brain and there was a measurable functional and

physiological outcome. This experiment used urethane as the primary anesthetic and a 5 MHz

FUS transducer in order to increase spatial resolution of sonications and allow for better study of

autonomic effects like heart rate. Target speci�c differences were not exhaustively studied and are

the focus of ongoing work in our lab.
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Chapter 6: Functional Ultrasound Imaging (fUSI) of Neuromodulation in

the CNS in Mice In Vivo

6.1 Abstract

The previous chapter introduced a robust technique for performing FUS neuromodulation in

micein vivo. However,in silico simulations suggested that intracranial pressure �elds are dif�cult

to predict and that extra-focal pressure peaks may be generated due to intracranial reverberations

resulting in brain activation outside of the intended target. It was discussed that physiological re-

sponses in the peripheries are therefore not particularly useful in deducing the sources of activation

in the brain and suggested that direct measurements of brain activity are preferred. This chapter

addresses those concerns with the introduction of a recently developed technique called functional

ultrasound imaging (fUSI) used to monitor stimulus-evoked responses in mouse brains. The �rst

section validates the fUSI technique for the fully noninvasive detection of somatosensory-evoked

responses elicited with electrical peripheral nerve stimulation. The following section presents fUSI

as a companion tool in noninvasive optogenetic experiments in which it successfully validates vi-

ral transduction. The �nal two sections recenter the dissertation of the primary object of this

dissertation, FUS neuromodulation. A procedure for performing fUSI of FUS-evoked responses

is developed and tested in micein vivo using a dual transducer system composed of an annular

FUS transducer and confocally aligned imaging array. This study for the �rst time demonstrates

the feasibility of using a fully noninvasive ultrasound-based technique for evoking and monitoring

brain activity.
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6.2 Validating functional ultrasound imaging (fUSI) technique with electrical hind limb

stimulation in mice in vivo

6.2.1 Introduction

Functional ultrasound imaging (fUSI) is an emerging ultrasound-based functional brain imag-

ing technique. In short, fUSI involves the acquisition of a time-series of Power Doppler Images

(PDI) and computing correlation coef�cients between the intensity of individual pixels over time

and the anticipated hemodynamic response associated with an designed stimulus pattern. This

correlation analysis is analogous to what is routinely used in functional magnetic resonance imag-

ing (fMRI) studies. fUSI plays a central role in the remainder of this dissertation. To this end, it

is crucial to validate the technique using a canonical somatosensory-evoked response that can be

compared with existing results across literature.

A common somatosensory-evoked response used across disciplines in neuroscience studies in-

volves peripheral sensory stimulation using electricity. The mouse brain has been well-characterized

using established functional brain imaging techniques including electroencephalography (EEG)

[150, 151] and fMRI [152, 153]. The fore paws and hind paws in mice have dense networks of

sensory nerve endings that allow the animal to perceive touch sensation and maintain a high level

of discriminatory ability necessary for survival. Peripheral sensory inputs travel to the brain and

elicit activity in the area of the somatosensory cortex associated with its source. Electrically stim-

ulating the fore or hind paws in mice is therefore expected to elicit activity in the somatosensory

cortex mapped to those limbs. Unilateral sensory activity canonically induces brain activity in the

hemisphere contralateral to the side of the body stimulated. However, there are known exceptions

to this that were discussed in detail earlier in this dissertation in Section 5.1.4. There are many

interconnections between the hemisphere that can result in the induction of bilateral responses fol-

lowing unilateral stimulation directly in the brain. Additionally, evidence suggest that differing

anesthetics produce different activity patterns in the brain in response to the same stimulus. Im-

portantly, fMRI studies in mice receiving unilateral electrical stimulation in the hind paw revealed
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repeatable bilateral responses in the brain when the subject was anesthetized with iso�urane [154],

the anesthetic used for sedation in the current study. Interestingly, this same effect is not commonly

observed in rats.

Recent improvements in clutter rejection have been achieved with a spatiotemporal �ltering

technique called singular value decomposition (SVD). While SVD has been widely used for the

trivial segregation of blood �ow from spatially coherent tissue signal, we have demonstrated that

improved frequency-based selection of Eigenvalues allows for the visualization of multiple, simul-

taneously occurring blood �ow patterns. The ability to study changes in different cerebral blood

volume patterns with high temporal resolution (> 1 Hz) will provide important new information

on brain hemodynamics and further our understanding of its contribution to the canonical blood

oxygen level dependent (BOLD) signal measured with functional magnetic resonance imaging

(fMRI). In this study, transcranial power Doppler images were acquired in anesthetized micein

vivo using a recently developed spatiotemporal �ltering technique utilizing singular value decom-

postion (SVD) for separating slow and fast blood volume patterns following electrical hind-paw

stimulation.

In this study, we use electrical hind paw stimulation to induce canonical somatosensory-evoked

responses in iso�urane anesthetized micein vivo in order to validate the transcranial functional

imaging technique used in the studies in following sections and later adapted for use in nonhuman

primates. We demonstrate that fUSI can successfully detect changes in cerebral blood volume that

associated with increases in local brain activity following electrical stimuli. The results in this

study are consistent with those in literature in which bilateral cortical responses are observed.

6.2.2 Methods

Animal Preparation

Young wild-type mice (C57BL/6) weighing between 20-25 grams were used in this study.

Anesthesia was induced with 1-3% iso�urane and supplementary oxygen (0.8 L/min). The absence

of a pedal re�ex con�rmed induction and the iso�urane was decreased and adjusted between 0.5-
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Figure 6.1: A diagram describing the hardware and software used to acquire fUSI data of
somatosensory-evoked responses is shown. The cable connector types are also labeled. (FGEN:
function generator, Pulse Ox: pulse oximeter, L22: ultrasound imaging transducer).

1% to maintain full depth of anesthesia without producing gasping from low oxygenation which

can cause motion artifacts in imaging. The animal's head was shaved and depilatory cream was

used to remove all remaining fur in order to optimize acoustic coupling.

A data acquisition (DAQ) system (MP150, Biopac Systems Inc, Goleta, CA) was used to ac-

quire pulse-oximetry signals using a infrared sensing pulse-oximetry clip placed on the shaved

thigh (MouseOx+, Starr Life Sciences, Oakmont, PA, USA) and triggering/sync pulses from both

the stimulus unit and the Vantage platform used to later align physiological recordings with the

timing of applied stimuli and acquired frames 6.1. The pulse-oximeter was used in conjunction

with intermittent toe pinches to monitor the depth of anesthesia.

Proper immobilization is an understated piece of proper preparation prior to imaging. fUSI

is highly susceptible to motion artifacts and �ltering performance is greatly diminished with high

degree of animal motion, typically due to respiration. Several steps are taken to ensure proper
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Figure 6.2: The full animal preparation is shown including all the best practices learned for proper
immobilization like the head cover and elastic bands used to reduce the likelihood of motion arti-
facts from animal movement or respiration being transducer through the coupling gel.

immobilization. The subjects head is �xed in a stereotactic frame (Model 900, David Kopf Instru-

ments, Tujunga, CA, USA) using ear and bite bars to immobilized the head. Sliding the anesthesia

mask as far back as it allows is an additional helpful tool for further restraining the head. A piece

of polyethylene was cut with a hole the size of the head and with wings to allow for fastening it to

the ear bars. This prevents body motion from being transduced through the acoustic coupling gel,

which is place after all the immobilization steps. Elastic bands are then placed around the ear bars

such that they pass over the animals body, further reducing the likelihood of respiration or other

animal motion being transduced through the coupling gel. Acoustic coupling gel is then applied.

The animal full animal preparation can be seen in 6.2.

Peripheral Electrical Stimulation

Electrical stimulation was performed by unilaterally implanting a concentric bipolar electrode

in the skin pad of either the right or the left hind paw (opposite the location of the pulse-oximeter).

A function generator was programmed to drive an electric pulse generator (Model 2100, AM Sys-
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tems, Sequim, WA). Electricity was pulsed at a 5 Hz frequency, 1-2 mA intensity, 200` s pulse

duration, for a total duration of 20 seconds . A current sampling cable was used to monitor the

actual current delivered and to maintain subject safety by preventing the delivery of high noxious

levels of electrical current. High levels of current could also produce unexpected brain activation

that could confound the results. A set of four stimuli were applied at an interval of 45 seconds in

order to allow any induced hemodynamic changes to return to a baseline resting level.

Functional Ultrasound Imaging

fUSI was implemented to detect and characterize stimulus-evoked activity patterns in mouse

brains. This study utilized a high-frequency ultrasound imaging transducer (L22-14vX, Vermon

S.A., Tours, France) and a research ultrasound system (Vantage 256, Verasonics, Kirkland, WA) for

performing ultrafast ultrasound compounded plane wave imaging. The ultrasound imaging trans-

ducer was place orthogonally on top of the scalp of a head-�xed and anesthetized mouse. fUSI

was performed by acquiring a time series of coronal power Doppler images (PDI) 6.3. A single

compounded image was generated by averaging delay-and-sum reconstructed ultrasound images

acquired from planar transmits at 11 equally spaced angles (-6° to 6°). Compounded images were

acquired at a rate of 500 Hz. A single power Doppler image (PDI) was then generated by �rst ap-

plying a high-pass �lter (4th order Butterworth; w2 = 15 Hz) to a stack of 200 compounded images

followed by spatiotemporal �ltering with singular value decomposition (SVD) [128]. PDI were

acquired at a rate of approximately 1 Hz. A second high pass �lter can be applied to the time series

of PDI to remove any long term trends like baseline drifts that negatively impact the following

correlation analysis. The �lter was designed to remove oscillations slower that 45 seconds, i.e. the

interval between successive electrical stimulation blocks. The ultrasound scanner output a trigger

signal with each imaging frame that was acquired with the DAQ along with the stimulus triggers

and were used to average the pixel intensity data across stimuli in each session in order to improve

signal quality.

The imaging transducer was mounted in a custom 3D-printed holder that was in turn �xed to

a stereotactic micromanipulator connected to the stereotactic frame. Fixing the transducer to the
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