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CHAPTER 1

Introduction

Ultrasound is the propagation of sound waves that when focused, creates a highly precise

area of concentrated energy without damaging intervening tissue, described as focused ul-

trasound (FUS). FUS is a noninvasive, nonionizing, therapeutic modality that is clinically

approved to treat prostate cancer, thalamotomy for essential tremor and tremor-dominant

Parkinson's disease, and pain management for bone metastases [2–4]. Unilateral thalamo-

tomy is currently the only approved transcranial FUS (tFUS) application and is performed

using thermoablation, utilizing the thermal effects of FUS to achieve high temperatures at

the target location, thereby inducing thermal coagulative necrosis [5]. The mechanical bio-

effects resulting from ultrasound have promising applications in various phases of testing

including blood-brain barrier opening for increased drug delivery to treat glioblastomas,

neuromodulation for chronic pain, and histotripsy for mechanical ablation of large tumors

[6, 7]. FUS is capable of a wide range of thermal and nonthermal applications, as modify-

ing the parameters of the ultrasound pulses signi�cantly changes the therapeutic outcome.

Accurate control ofin situ pressure is essential for achieving safe and accurate dosimetry

during transcranial tFUS procedures.

1.1 Motivation

The skull has been a major challenge for transcranial FUS procedures, initially requiring a

partial craniotomy to ensure adequate energy was delivered at the target and avoid heating

at the skull interface due to energy absorption [8]. Advancements in transducer technology

in the last several decades have optimized transducer operating frequency and the design of

large, multi-element arrays to reduce heating of the bone while maximizing transmission

through a fully intact skull [9]. The estimation of transmitted energy through the skull dur-

ing tFUS procedures can be complicated because the internal structure of the skull consists
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of three layers with distinctive characteristics. When ultrasound interacts with the complex

skull geometry, the resulting focus can be shifted, distorted, and attenuated. Along with

the irregular skull layers, the intersubject differences in head shape, size, and skull thick-

ness can be substantial [10]. To accurately predictin situ pressures for tFUS procedures,

patient-speci�c skull information should be integrated into the planning process.

Subject-speci�c information can be incorporated into the planning process from mag-

netic resonance (MR) or computed tomography (CT) imaging. MR imaging provides ex-

cellent contrast for soft tissues but traditional pulse sequences cannot capture the short-lived

signal from bone. Alternatively, CT imaging can image the microstructure of the skull, but

exposes patients to harmful ionizing radiation, along with the burden of �nancial costs and

added time for image acquisition. Yet, the intensity values from CT images can be related

to bone porosity and mapped to acoustic density, speed of sound, and absorption as inputs

for computational modeling [11]. The heterogeneous medium can be input into numerical

solvers for the acoustic wave equation to produce estimates of subject-speci�c skull trans-

mission and therapeutic extent [12]. For multi-element arrays, CT and MR images have

been used to modify the timing and amplitude of each element to correct for strong skull

effects during tFUS procedures. While CT imaging is most suitable for skull modeling, a

nonionizing approach is desirable.

Although acoustic simulations are a bene�cial tool for spatial and dose estimation of

tFUS procedures, there are currently limitations in the tFUS work�ow. Neuronvaigation

using optical tracking is a frameless transducer positioning method, allowing for real-time

tracking of the position and orientation of the transducer using preoperative imaging. Lo-

calization of the focal beam during tFUS procedures is typically performed with MR imag-

ing, directly measuring changes in temperature or displacement from ultrasound intensity

[13]. However, because optical tracking can be performed independently from the MR

scanner, tFUS applications such as neuromodulation monitor neurophysiological record-

ings such as task behavior or measuring neural changes with electrodes. To providein
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situ pressure information, several of these studies replicate experimental setups in acous-

tic simulations. The transducer models are positioned using transformations from optical

tracking but repeatable methods are not explicitly described. Optical tracking systems have

reported 1.9-5.5 mm of error [14–19] between the target and the actual focus location;

therefore, work�ows relying on optical tracking transformations for simulating tFUS ex-

periments require careful assessment of simulation accuracy.

Thermal simulations are a computational tool that can be integrated into the tFUS work-

�ow to assess experimental safety. While the exact mechanisms underlying tFUS neu-

romodulation are under investigation, neuromodulation stimulation parameters should be

carefully selected to remove confounding factors due to heating. There are a limited num-

ber of neuromodulation studies that have investigated heating of a pulsing scheme prior

to the experiment or validated the pulse in real-time using MR measurement tools such as

temperature mapping.

1.2 Synopsis

This dissertation aims to integrate patient-speci�c technologies for transcranial focused

ultrasound applications to circumvent current limitations identi�ed during the work�ow

which include:

1. Exposing subjects to harmful radiation to obtain a computed tomography (CT) im-

age, necessary to derive subject-speci�c characteristics of the skull.

2. Accurate positioning of transducer models in acoustic simulations to predict the pres-

sure �eld and thermal deposition after propagating through the skull during tFUS

procedures.

This dissertation is divided into three main parts: 1) evaluation of synthetically gen-

erated skulls from MR images as a substitute for CT images using acoustic modeling, 2)

proposal of an open-source work�ow to repeatably position a transducer informed by neu-

ronavigation transformations and assessment of simulation accuracy 3) application of the
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optically-tracked work�ow to neuromodulation experiments to validatein situ dosimetry

and assess thermal safety with MR validation scans.

Chapter 2 provides necessary background information integral to discuss before delv-

ing into the following aims. Ch. 2 begins with wave propagation for transmitting through

the skull. Transducers are brie�y described to understand the hardware used for FUS proce-

dures and methods to characterize the pressure �eld. The state of clinical and investigative

tFUS applications is detailed, with an emphasis on neuromodulation. The broad biolog-

ical effects are included to understand risk due to thermal and nonthermal mechanisms.

The tFUS work�ow including transducer positioning, MR localization, and computational

modeling has been summarized.

Chapter 3 describes the creation of synthetic CT images from T1-weighted MR im-

ages using a trained conditional generative adversarial (cGAN) network. To assess if the

synthetic CT volumes are suitable replacements for real ground truth CT images, skull

metrics used to evaluate eligible candidates for transcranial focused ultrasound procedures

were �rst compared for both volumes. The performance of aberration correction which is

essential for human tFUS applications was calculated from synthetic and real CT skulls

and compared for a fast simpli�ed phase calculation method and a computationally expen-

sive full-wave solution. A 5-fold cross validation scrutinized the performance of the cGAN

network to validate if a suf�cient number of MR-CT training pairs were included to fully

encapsulate the heterogeneity between subjects.

Chapter 4describes an open-source work�ow to repeatably position a transducer model

in simulation space using transformations from optical tracking collected during a tFUS

study to estimate the spatial location of the focus. An initial calibration with MR imaging

is required to create a new transformation between ultrasound and simulation coordinate

spaces, but then this transformation can be applied with the same transducer, transducer

model, and transducer tracker to simulate tFUS experiments. The accuracy of the simu-

lation work�ow was validated using MR localization in optically tracked phantom andex
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vivoskull phantom experiments to determine simulation accuracy. When external feedback

during tFUS procedures is available, a vector-correction method was proposed to improve

simulation accuracy, improving simulatedin situ pressure estimates. The tFUS work�ow

was demonstrated for a behaving NHP study as an example application of the simulation

pipeline.

Chapter 5 applies the optical tracking work�ow from Ch. 4 to tFUS neuromodulation

studies in non-human primates (NHPs). The neuromodulation studies included the collec-

tion of MR-acoustic radiation force imaging (MR-ARFI) to localize the focus location and

functional MR imaging (fMRI) data to detect blood-oxygen-level-dependent (BOLD) sig-

nal. Acoustic and thermal simulations compared the acoustic dose from ARFI and heating

from temperature maps created from fMRI scans. The validated simulation work�ow can

be used for tFUS planning for future experiments and evaluation of pulsing parameters to

limit heating during neuromodulation.

Chapter 6 summarizes the major contributions from each aim and discusses future di-

rections that should be explored when considering the translation of each proposed method

to human research and clinical settings.
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CHAPTER 2

Background

The work presented in this dissertation builds on fundamental concepts of ultrasound that

are reviewed in this chapter. Wave propagation is �rst described, as it is paramount for un-

derstanding the challenges of sound transmission through the skull. Transducer hardware

optimized for skull transmission and measurement tools to characterize the transducer �eld

are discussed. The selection of ultrasound pulse parameters is important for determining

research outcomes in clinical and research applications. For all ultrasound procedures,

achieving accurate targeting is essential for treatment ef�cacy. To validate transducer posi-

tioning methods, magnetic resonance (MR) imaging can directly measure the beam location

during experiments. However, MR methods may not be suitable for all tFUS procedures,

instead, computational modeling can simulate tFUS scenarios for treatment planning.

2.1 Ultrasound Physics

Ultrasound refers to sound waves greater than a frequency of 20 kHz, above the range of hu-

man hearing. When sound waves are generated and transmitted by a transducer, they prop-

agate through a medium such as tissue, creating a disturbance that displaces the medium's

particles, causing them to oscillate back and forth. The particle displacement results in

pressure and density changes, speci�cally when particles are closer together the pressure

and density of the region increase, and the area is described as compression. Conversely,

when molecules are farther apart the area is referred to as rarefaction. The classical wave

equation describing wave propagation is derived from three coupled �rst-order partial dif-

ferential equations [20]:

¶u
¶t

= �
1
r 0

Ñp (2.1)
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¶r
¶t

= � r 0Ñ� u (2.2)

p = c2
0r (2.3)

whereu represents particle velocity,p is acoustic pressure,r is the acoustic density,r 0 is

equilibrium density, andc0 is isentropic sound speed. These three �uid dynamic equations

describe the equation of motion in Eq. 2.1, the equation of continuity in Eq. 2.2, and the

equation of state in Eq. 2.3. The second-order linear, lossless wave equation in 3D is then

described by:

Ñ2p�
1
c2

0

¶2p
¶t2 = 0 (2.4)

When considering the propagation of a plane wave along thex-axis, the wave equation is

reduced to a single dimension:

¶2p
¶x2 =

1
c2

0

¶2p
¶t2 (2.5)

where Equation 2.6 is a solution to the one-dimensional wave equation:

p(x;t) = p0sin(wt � kx) (2.6)

p0 is ambient pressure,w is angular frequency, andk is wavenumber (equations for wavenum-

ber and wavelength are found in Eq. 2.7 and 2.8, respectively, wheref is fundamental

frequency):

k = 2pl (2.7)
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l =
c
f

(2.8)

The wave equations in 2.4 and 2.5 are for a homogeneous medium, but the propaga-

tion of sound through two different media has distinct physical properties resulting in an

acoustic impedance mismatch. The characteristic acoustic impedance (Z) for a plane wave

quanti�es the medium's density and speed of sound by the following relationship:

Z = r oc (2.9)

When a wave initially travels through medium 1, it undergoes partial transmission as it

enters medium 2, while the remaining portion of the wave is re�ected back into medium 1.

If the two example media had respective sound speeds ofc1 andc2 that are not equal, the

re�ection coef�cient for a wave approaching the boundary at normal incidence could be

determined from the media properties (where incident angle,qi = 0 and transmitted angle,

qt = 0) [21]:

R=
Z2cosqt � Z1cosqi

Z2cosqt + Z1cosqi
(2.10)

Between two �uids, the sum of the re�ection and transmission coef�cients are equivalent

to 1 (1+ R= T):

T =
2Z2cosqt

Z2cosqt + Z1cosqi
(2.11)

A wave approaching the boundary at a non-normal angle of incidence will be refracted,

changing the direction of the transmitted wave. If the speed of sound is greater in medium

2 the angle to the normal would increase and similarly, ifc2 < c1 the resultant angle to the

normal decreases. This relationship is described by Snell's law:
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sinqi

c1
=

sinqt

c2
(2.12)

It is important to note for the case ofc1 < c2, the relationship between the incident angle

and the critical angle (qc) can indicate if total re�ection occurs, where the critical angle is

determined by:

qc = arcsin
c1

c2
(2.13)

Speci�cally, the phenomenon of total re�ection is observed whenqi > qc.

Sound waves are attenuated as they propagate through tissue through mechanisms of

absorption and scattering [22]. The total attenuation (a ) is described as the sum of loss

resulting from the amplitude of the absorption (aa) and scattering coef�cients (as), a =

aa+ as [23]. Attenuation describes the loss of energy of a wave as it travels over a distance,

x, and is modeled as a power law relationship in Eq. 2.14,

p = p0e� a ( f )x (2.14)

where the attenuation coef�cient increases with frequency (a ( f ) = a fb). a andb are tissue-

dependent parameters and commonly 0.7dB=cm=MHzb and 1.1, respectively for soft tissue

[23]. Absorption occurs when a portion of the energy carried by a wave is retained in the

medium and not passed back to the propagating wave. The energy is converted into heat,

resulting in heating of the tissue. Scattering arises when a propagating wave re�ects off

targets that are smaller or comparable to the wavelength due to slight variations in the

acoustic properties of the medium. Scattering causes redirection of the wave in various

directions, ultimately leading to changes in amplitude and phase.
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2.2 Ultrasound Generation and Measurements

2.2.1 Ultrasound Transducers

To generate mechanical sound waves, transducers containing piezoelectric elements con-

vert electrical signals into mechanical vibrations [22]. When an electrical voltage is applied

to a piezoelectric element, the polarized molecules re-align to the electrical �eld and the

element expands and contracts as a result of the mechanical stress. The changes in the

shape of the piezoelectric element produce an ultrasound pulse, described by the converse

piezoelectric effect [24]. In receive mode, a transducer experiences molecular dipole re-

alignment and changes in material dimensions as a result of mechanical forces exerted by

received echoes. These alterations lead to the generation of a voltage that is proportional to

the pressure variations caused by the echoes.

Transducers for therapeutic tFUS applications are usually spherically curved, emitting

sound waves that converge at an area of maximum pressure known as the natural focus. The

natural focus location of a transducer is determined from the radius of curvature shown in

2.1A, also referred to as the focal length of the transducer. The natural focus is only an ap-

proximate location, as the frequency may shift the focus along the transducer's axis, further

from the transducer's surface. This behavior was observed in studies that experimentally

measured and simulated the same transducer geometry for multiple frequencies [25, 26].

Concave transducers produce an ellipsoidal-shaped focal volume that can be on the or-

der of millimeters depending on the transducer's speci�cations including the fundamental

frequency, the outer diameter, and the radius of curvature, labeled in 2.1A.

Multi-element arrays consist of a culmination of single-element transducers af�xed

along a spherically curved transducer surface. The element size, element arrangement,

and number of elements are additional parameters that in�uence the focal size of a multi-

element array. 3D volume renderings of a typical single-element transducer in Fig. 2.1B

and a multi-element array in Fig. 2.1C are shown, where the natural focus locations are in-

dicated with the cubes. Arrays can be bene�cial over single-element transducers as each el-
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Figure 2.1: A) A 2D transducer schematic demonstrates the characteristics of a single-element
transducer. The natural focus is marked by the red star. Spherically curved transducers create an
ellipsoidal-shaped focus, where only a cross-section is shown. B) A 3D volume rendering of a
single-element transducer, where the cube represents the natural focus location. C) Similar to panel
B, but for a 128-element random con�guration array as described in [1].

ement can be �ne-tuned to compensate for skull aberrations, electronically steer the focus to

multiple targets during a single session without mechanically repositioning the transducer

[27], or create multiple foci simultaneously [28]. However, single-element transducers are

more cost-effective and user-friendly, with toolboxes speci�cally developed to overcome

technical barriers for researchers [29].

2.2.2 Ultrasound Measurements

To characterize a transducer's pressure �eld, a hydrophone can be used to obtain the trans-

ducer's spatial and temporal pro�le. Hydrophones are essentially underwater microphones

that convert measurements of pressure to an electrical voltage that is analyzed using an

oscilloscope. Several types of hydrophones exist that vary in sensitivity and directivity,

where the appropriate hydrophone is selected based on the speci�c application require-

ments [30]. For most biomedical therapeutic purposes, needle or �ber-optic hydrophones

(FOH) are suitable. Needle hydrophones have a small active element diameter that provides

high measurement sensitivity but is susceptible to damage at high pressures. FOH simul-
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taneously collects temperature and pressure measurements and is capable of withstanding

high pressures [31]. To ensure robust performance, hydrophones require calibration of the

sensitivity and directivity across a wide frequency range.

Hydrophones measure a transducer's output to create a calibration curve and obtain a

raster scan of the transducer's beam pro�le called a beam map. The setup to characterize a

transducer's output consists of mounting a hydrophone on a three-axis stage and submerg-

ing it in a water tank in front of the transducer at the natural focus. While the transducer is

emitting short and low-pressure pulses, the hydrophone is used to identify the spatial peak

using a digital oscilloscope to monitor the output amplitude from the waveform. Once the

peak is identi�ed, the transducer's input amplitude can be increased while recording the

output voltage [32]. A linear relationship is created between the input voltage and pressure

for a transducer at low pressures and linearly extrapolated for higher pressures to avoid

damaging the hydrophone. However, it is known that nonlinearity exists at higher pressure

and can potentially be quanti�ed using a FOH.

An example of the rarefactional (Pr ) and compressional (Pc) peaks of a pressure wave-

form is shown in Figure 2.2A. The instantaneous intensity (I ) for a given time point (t) can

be calculated from the pressure waveform (P) using Equation 2.15:

I (t) =
P(t)2

2r c
(2.15)

It can be useful to describe an ultrasound pulse by the average intensity over space shown

in Figure 2.2B or time shown in Figure 2.2C. Intensity metrics �rst require calculating the

pulse intensity integral (PII ) for two time pointst1 andt2:

PII =
Z t2

t1
I (t)dt (2.16)

The average intensity over a single pulse is the spatial-peak pulse-average intensity (ISPPA

in units ofW=cm2) where the pulse duration (PD) is the duration the sound is on:
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Figure 2.2: A) A pressure waveform demonstrates peak rarefaction (Pr ) and compression (Pc),
which correspond to the peak negative and positive pressures. B) The beam's intensity pro�le over
space can identify the spatial peak and average, and C) intensity plotted over time can be used to
identify the temporal peak, pulse average, and temporal average.

ISPPA=
PII
PD

(2.17)

Similarly, the spatial-peak temporal-average intensity (ISPTA) is the average intensity over

the entire sonication duration.ISPTA is calculated using the pulse repetition frequency

(PRF), or the number of ultrasound pulses per second:

ISPTA= PII � PRF (2.18)

Less commonly used acoustic intensity measurements for therapeutic ultrasound are

determined from other characteristics of the intensity waveform shown in Fig. 2.2B and

2.2C. These metrics describe the spatial-average over the temporal-peak (ISATP), the spatial-

average over the pulse duration (ISAPA) or the pulse repetition frequency (ISATA), or the

intensity at the spatial and temporal-peak (ISPTP) [33].
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2.3 Transcranial Focused Ultrasound

The skull is comprised of three distinct layers shown in Fig 2.3A: the inner and outer tables

and a trabeculae layer in the center called the diploë [34, 35]. The inner and outer tables of

the skull are dense cortical layers that are largely homogeneous. In contrast, the trabecular

layer is characterized by the presence of large pores, which have a signi�cant impact during

tFUS procedures. This impact is particularly notable due to the observed heterogeneity in

the diplöe, as observed in the computed tomography (CT) image of anex vivohuman skull

sample in Figure 2.3B [36]. CT images are considered the gold standard for obtaining

skull characteristics and for estimating acoustic properties [11]. CT images offer excellent

contrast between bone and soft tissue and can provide the microstructure of the skull layers.

Figure 2.3: A) A computed tomography (CT) image of anex vivoskull sample showing the ho-
mogeneous inner and outer cortical layers and the porous diploë layer. B) The CT intensity in
Houns�eld units (HU) is plotted for all spatial points that correspond with the dashed red line in
subplot A. The colored markers in subplot B correspond with the colored labels in A to demonstrate
the HU for each layer.

CT scanners measure the attenuation of X-ray beams while imaging a subject [37]

and use �ltered back-projection for image reconstruction. The intensity of CT images are

measured on a Houns�eld scale given by [38]:
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HU = 1000
m� mw

mw
(2.19)

wheremis the linear attenuation coef�cient of the X-ray beam for a given voxel andmw is

the coef�cient of water used to calculate the Houns�eld unit (HU). The HU scale assigns

a value of 0 to water, where materials less dense than water like air are assigned negative

values. Conversely, more dense materials such as bone and tissue are assigned positive

values.

In addition to providing detailed skull layers, CT imaging can be used to segment the

skull and derive skull metrics such as skull density ratio (SDR), skull thickness, and skull

volume which are used to determine patient eligibility for clinical tFUS applications [39].

SDR is de�ned as the ratio of HU between the cortical and trabecular skull layers [40]. To

calculate SDR, rays are drawn between the target location and each element comprising a

hemispherical array (� 1000 elements). In the case of a single element example depicted

in Figure 2.3B, SDR is calculated from the average HU of the trabecular layer (represented

by the blue bar) and the cortical layers (yellow and green dots) [41]. SDR is averaged

for all elements that make up the hemispherical array and is a target-speci�c metric. A

higher SDR is generally associated with higher energy transmission through the skull, as it

is believed a lower ratio is due to the marrow-rich cancellous bone that absorbs the majority

of the sound [5].

A correlation between SDR and the maximum temperature reached during clinical

tFUS ablation treatments has been demonstrated in studies, where the goal is to reach high

temperatures to create a lesion [40, 42]. Conversely, a negative correlation was observed

between skull volume and maximal temperature during thermoablation. This negative re-

lationship suggests that a bigger skull volume would absorb energy considerably faster at

the skull than the intended target [40]. New skull metrics have been proposed to individu-

ally analyze re�ection and refraction at skull-tissue interfaces [39]. The proposed metrics

include SDRin and SDRout, calculated for the respective table-diploë interface and bone
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density of the outer and inner interfaces.

2.3.1 Biological Effects of Ultrasound

The safety risks and concerns during tFUS procedures are related to thermal and non-

thermal mechanisms that are known to cause damage from the interactions between ultra-

sound and biological tissues or bone [43]. Guidelines currently set for ultrasound safety by

the U.S. Food and Drug Administration (FDA, Silver Spring, MD, USA) were developed

to provide guidance for diagnostic ultrasound imaging of the brain, with standard values set

for thermal index (TI),Ispta, mechanical index (MI), andIsppaof less than 6, 720 mW/cm2,

1.9, 190 W/cm2, respectively [35]. TI andIsptaquantify the risk towards thermal bioeffects

while MI and Isppa are associated with mechanical effects. These metrics are a result of

the application-speci�c pulse parameters and likely exceeded in the context of tFUS proce-

dures [44]. An international consortium, International Transcranial Ultrasonic Stimulation

Safety and Standards (ITRUSST)1, is currently working towards establishing more relevant

safety guidelines for tFUS procedures, especially for novel, nonthermal applications such

as neuromodulation and BBBO.

Thermal bioeffects are related to the absorption of energy as described in section 2.1.

The thermal index is a metric used to assess the potential risk of an adverse effect resulting

from the thermal mechanism [45]. TI is the ratio of the attenuated acoustic power at a point

(e.g. tissue, bone, or cortical bone),P, and attenuated acoustic power required to raise the

temperature at that point by 1 °C:

T I =
P

Pdeg
(2.20)

TI is a unitless value where a large value indicates a higher risk of heating.ISPTA is de-

pendent on the intensity and pulse repetition frequency as described by Eq. 2.18. Thus,

changes in the ultrasound amplitude or pulse duration increase the risk of thermal effects.

1https://itrusst.github.io/
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The mechanical index, like the thermal index, is a metric that provides information

about the potential risks associated with mechanical bioeffects. Speci�cally the MI is an

indicator of the occurrence of inertial cavitation where larger values result in a greater

likelihood of a cavitation event [35]. The MI is described by the relationship between the

peak rarefaction pressure,Pr [units in MPa], and the center frequency,fc [units in MHz],

of the waveform:

MI =
Prp

fc
(2.21)

2.4 Trancranial Focused Ultrasound Applications

Figure 2.4: A) A continuous waveform (duty cycle = 100%) is plotted in contrast to B) pulsed
mode where the sound is not on for the full duration of the pulse. The pulse diagram is magni�ed
to show the parameters de�ning C) the sonication duration and D) the pulse duration.
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The therapeutic outcome of tFUS applications is dependent on �ve key sonication parame-

ters [46]: the fundamental frequency (f0), PRF, duty cycle (DC), sonication duration (SD),

andISPPA that are labeled on the waveforms in Figure 2.4. The duty cycle of a pulse is

determined from the “on time” when sound is being applied over the total duration of the

pulse, reported as a percentage. For a continuous waveform (CW) with no on/off cycles

shown in Figure 2.4A, the duty cycle is equivalent to 100%. A continuous wave pulse at

high pressures is used to generate heating for thermoablation procedures [47]. A pulsed

waveform (PW) in Figure 2.4B shows sound can be delivered in intervals (DC< 100%)

and is applied for nonthermal tFUS applications to minimize heating at the skull and target.

The inter-stimulus interval (ISI) is the time between the onset of two sonications. A single

sonication duration (SD) can consist of a pulse train observed in Figure 2.4C. The pulse

train is de�ned by the PRF or the number of pulses delivered atf0 and the pulse duration.

The fundamental frequency (f0) of a transducer refers to the rate at which the transmitted

wave oscillates within one second.f0 is inversely related to the period (Fig. 2.4D), which

represents the time required to complete one cycle of the wave. For tFUS applications,

lower to mid-range frequencies (0.2-3 MHz) have been used for therapeutic applications

compared to high frequencies used in diagnostic imaging (1-20 MHz) [48, 49].

2.4.1 Clinically Approved Applications

The ExAblate Neuro 4000 (Insightec, Tirat Carmel, Israel) is currently the only transcra-

nial MR-guided focused ultrasound (MRgFUS) device that is FDA-approved to perform

unilateral thalamotomy to treat Essential Tremor (ET) and Tremor-Dominant Parkinson's

Disease (TDPD) [4]. ET is one of the most common movement disorders that is usually

de�ned by involuntary kinetic tremors of the upper extremities [50]. TDPD is the second

most common neurodegenerative disorder with symptomatology that includes bradykine-

sia, rigidity, and resting tremor [51]. Both disorders have shown improvements from central

lesions targeting the Ventral Intermediate Nucleus (VIM) of the thalamus using deep brain
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stimulation and radiofrequency ablation for patients who have medication refractory ET

and TDPD [47]. The contralateral thalamus of the tremor-dominant arm is targeted for ab-

lation because the thalamus serves as an important relay center for the control of voluntary

movement.

MRgFUS was �rst demonstrated in an initial study to treat four patients with ET. The

patients underwent unilateral thalamotomy, which resulted in a reduction in tremor symp-

toms as evaluated by the Clinical Rating Scale for Tremor (CRST) [52]. The promising

pilot study later led to a multi-site clinical trial [53] that reported improvement in hand-

tremor scores compared to sham procedure groups. Reported adverse effects included gait

disturbances and paresthesias that persisted 12 months post-operation. In a subsequent

study, diffusion-weighted images were used to assess the impact of extending the treatment

envelope beyond the intended target on major white matter tracts. The �ndings revealed a

correlation between lesion size and adverse effects following MRgFUS thalamotomy [54].

Thermoablation demonstrated ef�cacy in the treatment of TDPD targeting the VIM [55].

However, alternative targets for TDPD, such as the pallidothalamic tract, subthalamic nu-

cleus, and globus pallidus internus, are being investigated based on the successful outcomes

of deep brain stimulation in improving tremors [47].

The ExAblate transducer is a large (30 cm outer diameter), hemispherical array that

consists of 1,024 elements operating at a frequency range of 650-720 kHz for ablation

procedures [5] and a lower-frequency range for blood-brain barrier opening clinical trials

(220-230 kHz) [56–58]. The hemispherical array design had been optimized to reduce

skull heating during ablation that requires signi�cant energy to ensure suf�cient heating

at the target [9, 59]. The transducer is �xed to the subject using a stereotactic frame and

coupled to the subject's head using a membrane that continuously cools the scalp during

the treatment [60]. The entire procedure occurs in the MR environment to monitor heat-

ing using MR thermometry (see section 2.6). Test sonications are initially performed to

produce a reversible effect at the target and assess the patient before performing permanent
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thermal ablation. High-power sonications are then performed, causing protein denaturation

that results in tissue damage at the focus. Treatment protocols are tailored for individual

patients, as some procedures require higher power and duration to achieve 56°C for at least

one second depending on the patient's skull properties.

Patients must meet eligibility criteria to participate in thermoablation including a skull

density ratio greater than 0.4, skull area greater than 250cm2, and at least 700 elements

classi�ed as “active” [5, 39]. The exact method of calculating skull metrics is proprietary

for clinical systems. However, an open-source software tool, Kranion, can calculate SDR

of skulls that are highly correlated with values from the clinical system [61]. Kranion uses

ray tracing that creates a ray between the center of each element of the transducer array to

the target. The software uses a thresholded CT image to identify the boundaries between

air/water, bone, and brain tissue along each element as well as the skull layers [62]. The

incident angle is obtained from the vector normal to the boundary of the skull for each ray,

and the refracted angle is calculated using Snell's law from Eq. 2.12. The skull metrics

described in section 2.3 and phases for aberration correction can be determined for each

element. Additionally, an element is classi�ed as “active” when the incident angle is<

20°C or if regions are identi�ed that the sound can not pass through such as intracranial

calci�cations. The concerning elements will be turned off for the duration of the experi-

ment.

2.4.2 Investigative Applications

2.4.2.1 Neuromodulation

Neurostimulation tools are of growing interest to probe the brain for research and clinical

treatment of neurological and psychiatric disorders [63]. Brain stimulation, or neuromod-

ulation, is interchangeably used to describe temporary and reversible modi�cations of the

neural system [64, 65], used for studying the structure and function of the brain in healthy

subjects. By observing outcomes on behavior, cognition, and emotion, neuromodulation
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offers insights into neurological mechanisms [66]. The ideal brain stimulation tool should

be noninvasive to ensure patient safety and achieve precise targeting of super�cial and deep

brain regions with high spatial resolution.

Based on the physical stimulation method, existing technology for neuromodulation

can be classi�ed into three main categories [67, 68]: electrical stimulation (e.g., deep brain

stimulation [DBS] and transcranial direct current stimulation [tDCS]), magnetic stimula-

tion (e.g., transcranial magnetic stimulation [TMS]), and acoustical stimulation (e.g., tran-

scranial ultrasound stimulation). DBS requires surgical implantation of an electrode in a

deep region of the brain that uses a voltage or current source to create an electrical stim-

ulation �eld. Stimulation from the electrode can be precisely controlled through the pro-

gramming of the device and can be adapted on a patient and treatment basis [69]. tDCS is a

noninvasive stimulation method that places electrodes directly on a subject's head to deliver

continuously low current dispersed throughout the cortex over several minutes [70]. The

spatial speci�city of these procedures is dependent on the size of the electrodes (25-35 cm2)

and is limited to super�cial regions of the brain, usually directly below the electrodes [71].

TMS utilizes Faraday's law of electromagnetic induction to create small electrical currents

in the brain [72]. TMS involves positioning an electromagnetic coil on the subject's scalp

to generate a rapidly changing magnetic �eld as an electric current is passed through the

coil. The depth of penetration and the speci�c area of stimulation can vary depending on

the design of the coil and the strength of the magnetic �eld [73]. TMS has reported �ner

spatial resolution than tDCS (10-20 cm2) but the targets are still limited to structures 2-4

cm from the surface of the head [74–76]. FUS is proposed as a neuromodulation tool that is

noninvasive and can precisely target deep brain regions with high spatial resolution, aiming

to overcome limitations identi�ed by DBS, tDCS, and TMS.
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2.4.2.2 Blood-Brain Barrier Opening

The blood-brain barrier (BBB) is a semipermeable physiological boundary composed of

tight junctions between endothelial cells that regulate the movement of molecules between

blood and the central nervous system (CNS) to maintain CNS homeostasis [77]. The brain

is protected from speci�c endogenous and exogenous components through transport mech-

anisms such as paracellular transport and passive diffusion that allow selective crossing of

the barrier [78]. The BBB presents a challenge in targeted drug delivery for neurological

treatments, as the molecules that can effectively traverse the BBB must have a molecular

mass less than 400-500 Da with high lipid solubility, ultimately blocking 100% of large

drugs and 98% of small drugs intended for neurotherapeutics [79]. Hence, utilizing mi-

crobubbles in FUS-mediated BBBO not only addresses the requirement for improved drug

delivery in the brain but also presents a targeted approach.

FUS-mediated BBBO with microbubbles (MBs) has been proposed to deliver drugs to

the CNS. A pivotal study for FUS BBBO was led by Hynynen et al. in 2001 that reported

the safe opening of the BBB using MBs administered intravenously without tissue damage

in rabbits [80]. When MBs enter the circulatory system, they can be targeted using focused

ultrasound which causes MBs to undergo expansion and contraction in sync with the ultra-

sound pulse. Stable cavitation-induced MB oscillations disrupt the vessel wall, leading to

the opening of the BBB [81].

2.4.2.3 Histotripsy

Histotripsy is a nonthermal ablation method that requires very short asymmetric and non-

linear ultrasound pulses (on the order of microseconds to milliseconds) at high pressures

(> 26 MPa) to generate microbubbles [82]. One main approach is cavitation cloud his-

totripsy which uses high peak negative pressures above an intrinsic threshold for nucleation

of approximately� 28 MPa to activate dense bubble clouds. Compared to thermoablation,

histotripsy does not require continuous wave sonications that risk heating the skull, where
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a parameter study for histotripsy inex vivohuman skull caps showed heating remained be-

low 4°C [83]. Cavitation cloud histotripsy could ensure precise control of affected tissue,

as the bubble cloud is constrained to the high-pressure threshold achieved only at the focus,

preventing damage to surrounding tissue. A study observed lesions generated in pigs with

a partial skull removal were as small as 1 x 1 x 2 mm3 and histology con�rmed boundaries

did not extend greater than 200mm[84]. Recently, a pre-clinical study using an MR-guided

histotripsy system developed by Lu et al. [85] created lesions at super�cial and deep targets

of pig brains through anex vivohuman calvarium [86].

2.5 tFUS Targeting

Achieving accurate targeting during tFUS procedures is imperative and many existing tar-

geting methods rely on image guidance for transducer positioning [87]. The most straight-

forward approach is the anatomical method that uses magnetic resonance (MR) imaging to

identify the transducer's surface from the image and estimate the focus location from the

transducer's speci�cations [88]. While the geometric focus can be reliably estimated for

a homogeneous medium such as water, the anatomical method does not include feedback

of the focal shift as a result of the heterogeneous skull layers. However, no information

about the focus location is provided until an intraoperative scan is obtained during the

experiment, which may become time-consuming if repositioning of the transducer is nec-

essary. For procedures that cannot readily be performed in the MR environment or have

incompatible hardware, neuronavigation using optical tracking has positioned transducers

for neuromodulation [89–91], blood-brain barrier opening [16, 92], and sonobiopsy [18].

Optical tracking uses a camera to provide real-time updates of the transducer's focus loca-

tion. For setups that require repeatable transducer positioning, subject-speci�c head frames

have been adopted based on stereotactic frames used during neurosurgery [93, 94].
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2.5.1 Neuronavigation

Neuronavigation using optical tracking is a transducer positioning method that has been

adopted from neurosurgery and transcranial magnetic stimulation [95, 96]. Optical track-

ing uses a camera to provide real-time updates of the position and orientation of a tracked

tool that is de�ned by a distinct pattern of retrore�ective spheres. Optical tracking de�nes

a relationship between a tool and a preoperative image through a series of transformations

to project a representative model onto an image in real-time. A point in coordinate spaceA

denoted byAx can be transformed to coordinate systemB by the transformationBTA. The

inverse transformation can also be de�ned asBT � 1
A = ATB. For tFUS procedures, the coordi-

nate spaces required to project the ultrasound focus in image space require transformations

between physical (P), image (I ), transducer (T), and ultrasound (U) spaces, labeled in Fig-

ure 2.5A for a representative setup of a tFUS neuromodulation experiment. The series of

transformations are shown in Figure 2.5B,

Ix = I TP
PTT

TTU
Ux (2.22)

where a point representing the transducer focus location that is known in ultrasound space

can be transformed and projected onto image space.

Optical tracking can use either preoperative or intraoperative imaging scans to link

physical and image coordinate spaces. A point-based registration can be performed by

selecting a set ofN points in one space (xi) and identifying the corresponding points in

the second space (yi). For tFUS procedures, it usually is a set of points identi�ed in the

preoperative or intraoperative images being registered to points localized in physical space

using a tracked stylus tool. To use preoperative images, �ducial markers can be repeatedly

positioned [90] or prominent features such as behind the ears and above the eyebrows of a

subject are chosen [97]. For setups that are compatible with the MR scanner, intraoperative

imaging is used to image �ducial markers containing contrast that is highly visible on MR

or CT images. An example of the placement of �ducials for an NHP neuromodulation
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Figure 2.5: A) An example of a tFUS neuromodulation experiment that used optical tracking for
transducer positioning with labeled coordinate spaces. B) The transformation hierarchy required to
project a transducer's focus location onto a pre-acquired image.

study is indicated by the red spheres in Figure 2.5A. The point-based registration results in

transformationITP, that is a rotation matrix,R, and the translation vectort that minimizes

the mean square distance,d, between the �ducials collected in the image and physical

spaces [98]:

d2 =
1
N

N

å
i= 1

jyi � (Rxi + t)j2 (2.23)

In tFUS procedures, trackers are attached to the back of a transducer and the focus lo-

cation is de�ned with respect to the tracker. The transformation between the transducer

tracker and physical space,PTT , can be determined relative to the optical tracking camera

or a reference tracker (shown in Fig. 2.5A). A reference tracker acts as a global reference

so that tracked tool positions are determined relative to the reference tracker, allowing the
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camera to freely move during optical tracking experiments. The transducer focus can be

established through a translation, denoted asTTU , which can be resolved using a pivot cali-

bration method [14] or an optically tracked beam map approach [15]. A pivot calibration is

often used in optical tracking to �nd the transformation between a tracked tool and the tip

of the tool. The tool is rotated about a �xed point while the camera records the position of

the tip. For tFUS transducers, a rod is machined with an angled tip and speci�cations that

match the focal length of the transducer [14]. The transducer tracker and rod are coupled

together, and the ensemble is slowly pivoted about the angled tip to localize the tip's loca-

tion relative to the tracker. The location of the tip offset resulting from the pivot calibration

can be applied as a translation to createTTU .

For the optically tracked hydrophone method [15], a pivot calibration is initially per-

formed to identify the hydrophone tip location. Hydrophones have sensitive active ele-

ments so the hydrophone is replaced with a brass hydrophone replica. A tracker is attached

to the hydrophone mount and the assembly is pivoted to obtain the hydrophone tip offset.

The brass hydrophone is replaced, and the arm containing the tracker and hydrophone is

mounted on a three-axis stage for water tank collections. The transducer and transducer

tracker are mounted on the side of the water tank and the optical tracking camera records

the location of the transducer tracker and the hydrophone mount in real-time. This setup

enables the recording of tracked positions at each point of the pressure �eld, creating a

beam map that can be overlaid during optical tracking experiments.

Metrics that are associated with the accuracy of optical tracking systems include �du-

cial localization errors (FLE), �ducial registration error (FRE), and target registration error

(TRE) [98]. FLE is the offset between a �ducial's position and the measured position for

the tracked tool, FRE is the distance between the corresponding points as calculated by

Eq. 2.23, TRE calculates the Euclidean distance between the desired target location and

the actual location of the transducer focus [99]. Kim et al. reported the TRE between the

predicted focus from optical tracking and MR validation of the focus in a gel phantom re-
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sulting in 4:4� 0:9 mm. Kim et al. further reduced the TRE to 1:9� 0:8 by application of

a bias correction, updatingPTT so that the optically tracked focus aligned with the actual

focus location from MR validation. The optically tracked beam map method proposed by

Chaplin et al. reported a TRE of 3.26 mm and did not report signi�cant improvements in

TRE using a bias correction method.

2.5.2 Patient-Speci�c Technologies

For experiments independent of the MR environment developments in patient-speci�c tech-

nologies are capable of achieving sub-millimeter accuracy using custom head frames or

lenses, varying the lens thickness to correct for the skull. Two examples of head frames

were demonstrated with a non-human primate (NHP)ex vivoskull andin vivowith a trained

NHP. A subject-speci�c head frame was developed using rapid prototyping to repeatably

attach and position a multi-element array to anex vivoskull using bone anchors, where

anchor locations were selected using CT imaging [93]. The frame achieved lateral and ax-

ial target registration errors of 0:7� 0:3 and 0:7� 0:6 mm, respectively. Another custom

head frame called Remus was demonstratedin vivo with a task-performing NHP that was

mounted using titanium implants [94]. Webb et al. reported sub-millimeter accuracy using

MR validation and for operation outside of the MR scanner, they demonstrated the capa-

bilities of their system in pulse-echo mode to measure the positioning accuracy relative to

the skull and assess the coupling of the transducer on the head.

When considering adopting custom frames for human subjects, invasive implants are

unsuitable for healthy subjects who may participate in neuromodulation experiments. In-

stead, a custom helmet was designed using a subject's MR and CT scan for planning and

3D printed for two targets at different depths in the brain [100]. Safety was assessed us-

ing acoustic and thermal simulations but the accuracy of the positioning method was not

evaluated in this study. Acoustic lenses are of growing interest as they offer an affordable

alternative to multi-element arrays. Recently they were deemed capable of correcting for
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skull aberrations [101, 102], investigated for steering by mechanical manipulation [103],

and can produce simultaneous multiple foci [104, 105]. While the exact method of calcu-

lating the lens thickness and design varies amongst groups, the general concept involves

simulating a point source at a desired target and propagating the wave through a virtual

skull obtained from a CT image to the transducer surface. The calculated simulated phases

can be converted to a thickness to determine the lens design and created using fast proto-

typing.

2.6 MR Tools for tFUS

tFUS procedures require feedback to localize the target location, assess treatment progress,

and monitor safety. Magnetic resonance (MR) imaging is frequently employed for vali-

dating tFUS experiments, as MR is well-suited for quantifying the direct impact of ultra-

sound therapy using MR imaging techniques such as MR thermometry to measure heating

effects, or MR-Acoustic Radiation Force Imaging (MR-ARFI) to measure micro-level dis-

placement of tissue [13].

Magnetic resonance scanners can produce high-resolution images with excellent tissue

contrast that is safe for patients, as it does not require ionizing radiation [106]. MRI is

dependent on the electromagnetic activity of nuclei, typically hydrogen nuclei (1H), as

it is abundant in the human body [107]. The atomic nuclei are randomly oriented but

when an external magnetic �eld (B0) is applied, the nuclei precesses around the axis at the

Larmor frequency, aligning with the magnetic �eld. The sum of the parallel (low-energy

state) and antiparallel (high-energy state) nuclei results in a net magnetization vector with

a slight preference for the low-energy state, as it is more stable than the antiparallel state

[108]. A radiofrequency (RF) pulse tips the magnetization away fromB0, resulting in

a net magnetization vector with a longitudinal magnetization component alongB0 and a

transverse magnetization component perpendicular toB0.

The transverse magnetization vector induces a current in the receiver coil through Fara-
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day's Law of Induction, generating a measurable MR signal. This requires using RF coils

in the scanner to excite atomic nuclei so that some spins absorb energy and change from

low- to high-energy states. The change in energy state is performed using a 90� excitation

pulse so that the parallel and antiparallel nuclei are equivalent, or a 180� excitation pulse to

entirely �ip the net magnetization (i.e. greater number of high-energy state nuclei), gener-

ating the MR signal [109]. Once the RF source is turned off, the net magnetization vector

realigns withB0 as a result of longitudinal magnetization recovery and transverse magne-

tization decay. Pulse sequences can be designed to be sensitive to speci�c tissue properties

by modifying the repetition time (TR) and echo time (TE) of a RF pulse, overall changing

the image contrast.

2.6.1 MR Thermometry

MR thermometry is used for temperature monitoring during thermal ablation procedures

as MR parameters such asT1 relaxation,T2 relaxation, magnetization transfer, and proton

resonance frequency (PRF) shift are sensitive to temperature changes [110, 111]. The PRF

shift is most often used for temperature monitoring, as temperature maps can be created

from a common gradient recalled echo (GRE) pulse sequence.

The relative change in temperature (DT) can then be derived from phase difference

images:

DT =
Dj

a � g� TE� B0
(2.24)

g is the gyromagnetic ratio for a given nucleus (i.e. for1H = 42:57 MHz/T), a is the

PRF change coef�cient (-0.01 ppm/°C for aqueous tissue), TE is the echo time, andB0 is

the magnetic �eld strength.Dj is the phase difference between a reference image when

no heating is applied and the current image when the heat source is turned on. However,

the baseline subtraction method for thermometry is susceptible to inter-scan motion, thus,

methods have been explored to compensate for motion artifacts. Multi-baseline thermom-
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etry creates a library of background phase images for a full cycle of motion that could be

referenced for the corresponding phase of motion during a procedure [112]. A reference-

less method was proposed that is robust to movement using polynomial �tting outside of

the heated region and then extrapolating the polynomial at the target to apply background

phase estimates [113]. A combination of multi-baseline subtraction and referenceless ther-

mometry has been suggested to overcome limitations inherent in both approaches [114].

2.6.2 MR-Acoustic Radiation Force Imaging

MR-ARFI measures the micron-level displacement in tissue as a result of the radiation

force induced during ultrasound propagation that is proportional to the absorption coef�-

cient (a ) and intensity (ISPPA):

F =
2a ISPPA

c
(2.25)

The displacement resulting from MR-ARFI can be measured using motion encoding gra-

dients (MEGs). When MEGs are parallel to the length of the ultrasound focus, a phase

difference is measured and converted to displacement using Equation 2.26:

Dx =
Df

2gGd
(2.26)

Dx is measured displacement,Df is the phase difference,g is the gyromagnetic ratio, andd

is MEG duration [115]. MR-ARFI serves as an alternative to MR thermometry to localize

the transducer's focus location using MR imaging. MR thermometry temperature maps are

sensitive to phase variations, thus, for applications where a temperature rise of 2°C or less

is expected, MR-ARFI may be more reliably able to localize the focus. However, MR-

ARFI has currently only been demonstrated in large animals as MR-ARFI may be limited

by MEG strength limiting the sensitivity to small displacements [116, 117].
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2.7 Computational Modeling

Due to the dif�culty of predictingin situ pressure during transcranial focused ultrasound

procedures, acoustic simulations are frequently used for treatment planning, dosimetry esti-

mation, and evaluation of the spatial extent of the ultrasound beam [12]. Because acoustic

simulations may include modeling the skull from subject-speci�c images, they are also

capable of calculating phases to correct for aberrations due to the skull. Most software

packages available for acoustic modeling involve a trade-off between computational speed,

modeling accuracy, and ease of use. The International Transcranial Ultrasonic Stimula-

tion Safety and Standards (ITRUSST) Consortium recently performed a cross-comparison

between simulation packages in the tFUS community to evaluate their performance and

establish benchmarks for acoustic simulations [118]. Amongst 11 acoustic modeling pack-

ages, the Consortium found the median difference in peak pressure was less than 10%,

with sub-millimeter differences in peak focus location, establishing a consensus amongst

simulations performed in the tFUS community.

2.7.1 Acoustic Properties of the Skull

To model sound propagation through the skull, imaging methods are used to estimate

acoustic properties. Because traditional MR imaging sequences provide no signal at the

skull, only the skull thickness and shape can be extracted to create a binary mask assigned

with uniform acoustic density, sound speed, and absorption [119]. Instead, computed to-

mography (CT) images are capable of capturing the microstructure of the skull layers as

described in section 2.3, creating heterogeneous models of the skull. To extract acoustic

properties from CT images, linear and non-linear mapping methods have been proposed

to map acoustic properties with Houns�eld units [11, 120–122]. Aubry et al. described

one of the most widely used linear mapping methods in the �eld that �rst converts HU to

a porosity map using Eq. 2.27. The relationship between porosity and density is linearly

related in Eq. 2.28. Although the layers of the skull may have different mechanical prop-
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erties, the elastic modulus of the bone allows for simplifying the relationship has linearly

related to density such as that in Eq. 2.29. Absorption is largely attributed to the diploë and

is expected to increase with porosity following the power law model, thus resulting in Eq.

2.30.

f = 1�
HU
1000

(2.27)

r = f � r water+ ( 1� f ) � r bone (2.28)

c = cmin+ ( 1� f ) � (cmax� cmin) (2.29)

a = amin+ ( amax� amin) � f b (2.30)

The constants used in Equation 2.27-2.30 have been measured experimentally [23] or

matched to experimental measurements [25, 123].

More recently, custom MR pulse sequences have emerged as a potential method to

image cortical bone, offering an alternative to CT imaging that eliminates the need for

subjecting patients to radiation that in large doses can be harmful to patients. Conventional

clinical MR pulses use echo times that are several milliseconds long and not suitable to

capture the short-lived signalT2/T �
2 signal from bone [124]. Thus, ultrashort echo time

(UTE) and zero echo time (ZTE) imaging have been proposed that utilize TEs shorter than

100 ms [125]. UTE imaging was �rst used to create a binary mask of the skull [126].

Subsequently, a proposed inverse log relationship for both UTE and ZTE imaging has been

suggested to delineate the layers of the skull [127–129].
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2.7.2 Simulations using k-Wave

k-Wave is a MATLAB toolbox used to simulate the propagation of acoustic waves. The

toolbox solves the coupled �rst-order equations (Eq. 2.1, 2.2, and 2.3) using ak-space

pseudospectral method (k-space). Thek-space method is bene�cial over other numerical

solvers such as �nite-difference, �nite-element, or boundary-element approaches as it re-

quires fewer grid points per wavelength for accurate solutions [130], resulting in faster

simulation times. To run an acoustic simulation, k-Wave requires four inputs: the com-

putational grid, source, medium, and sensor. The source de�nes the transducer, where a

spherically-curved transducer can be modeled as a bowl or spherical section using built-

in k-Wave functions. The medium can be homogeneous to model scenarios in water or

heterogeneous using subject-speci�c images detailed in section 2.7.1 to simulate realistic

scenarios. The sensor records the simulation at each time step and can be de�ned as the

entire �eld or the transducer model depending on the application. The computational grid

must be large enough to encapsulate the discretized transducer model and target of interest.

The grid must include a boundary layer called the perfectly matched layer (PML) so waves

on the edges are absorbed instead of wrapped around propagated throughout the grid.

To integrate acoustic simulations in the tFUS preplanning process, modeling tools

should be accurate and computationally ef�cient. Robertson et al. compared k-Wave's

k-space pseudospectral time domain (PSTD) method against �nite-difference time domain

(FDTD) numerical model, assessing computational performance and simulation stability

using the Courant-Friedreichs-Lewy (CFL) number [131]:

CFL =
cDt
Dx

=
PPW
PPP

(2.31)

For heterogeneous mediums, a CFL number of 0.3 is an appropriate trade-off between

points per wavelength (PPW =lDx) and points per period (PPP =1f Dt ) wherel is wave-

length,Dx is spatial discretization,f is frequency, andDt is temporal discretization.

Metrics that can be evaluated from simulated pressure �elds include focal size/volume,
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pressure, intensity, and focal gain. The focal volume becomes dif�cult to quantify when the

focus is distorted, especially for cortical targets. To correct for this, one method interpolates

the -3 dB contour by an ellipse and uses the principal axes as inputs for the formula to

calculate the volume of an ellipse [132].

2.7.2.1 Thermal Modeling

Heating from a transducer can be modeled using k-Wave. An acoustic simulation is �rst

required to obtain the volume rate of heating from the transducer and used as an input

for the thermal simulation resulting in a temperature map and thermal dose. The thermal

simulation models the Pennes' bio-heat transfer equation [133]:

r C
¶T
¶t

= kÑ2T + q+ wr bCb(T � Ta) (2.32)

whereT is temperature,r is density, C is speci�c heat,k is thermal conductivity, and

q is rate of heat production de�ned by:

q = a
PPP
2r c

(2.33)

The remaining terms in 2.32 are related to perfusion and wherew is blood perfusion rate,

r b is blood density,Cb is blood speci�c heat, andTa is blood ambient temperature.

2.7.3 Correcting for the Skull

Although the skull poses a barrier during tFUS procedures, several methods exist to com-

pensate for skull attenuation and restore intensity at the target [134]. Time reversal mirrors

for inhomogeneous media build off the principle that a pressure �eld described byp(r ;t)

is a solution to the linear wave equation for a lossless �uid (Eq. 2.4), thus, another valid

solution isp(r ; � t) [135]. However,p(r ; � t) cannot be measured directly but from a time

interval, T, so that the solution becomesp(r ;T � t). To experimentally perform time-

reversal the divergent wave transmitted from an array is recorded at the location of the
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desired focus, the recorded signal is inverted, and the transducer array is re-emitted with

time delays applied [136].

Implementation of time reversal forin vivotFUS experiments would require the implan-

tation of a sensor (i.e. a hydrophone) at the desired target location to record the signals from

the transducer. Hynynen and Jolesz �rst demonstrated time reversal mirrors with anex vivo

human skull setup [137]. Phases were calculated using a hydrophone in a water tank and

then applied for an adapted setup with theex vivoskull atop a partial craniotomy of a rabbit,

successfully restoring the focus shape. The initial study was limited to a single target in the

brain, thus, a subsequent study from Clement and Hynynen proposed a catheter-inserted hy-

drophone receiver that was a micro-array capable of being electronically steered to multiple

targets in the brain [138]. For anex vivoskull with an embedded porcine muscle sample,

phases were applied that steered the focus 10 mm from the hydrophone and corrected for

the skull to achieve high intensities capable of producing lesions. Later, the implanted hy-

drophone was applied for anin vivo sheep study that successfully created thermal lesions

in the brain through the intact skull of a large animal [139].

The implanted hydrophone method of phase compensation is often described as the

”gold standard”, as it is effective for refocusing but highly invasive for the patient. Vir-

tual time reversal mirrors have been proposed that use CT imaging and acoustic modeling

to noninvasively estimate phases as an alternative for the embedded hydrophone [140].

Marquet et al. demonstrated phases calculated with anex vivomonkey and human skull

samples using a virtual time reversal mirror restored 90% of the peak amplitude with nonin-

vasive phases compared to the pressure reached with phases calculated with the implanted

hydrophone method. In practice, noninvasive time reversal would require placing a vir-

tual point at the intended target, propagating the point source, and recording the signal for

each element of the array. The phases can be applied experimentally, or directly applied in

acoustic simulation tools to run forward propagation simulations with the calculated phases

to estimate the pressure �eld at the target [12, 134].
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The backward propagation simulation of a virtual time point can be time-consuming

depending on the numerical solver, making the method unsuitable for procedures that re-

quire real-time calculation in clinical settings (i.e. treating multiple targets). Several non-

invasive compensation methods have been proposed that reduce the computation time of

full-wave simulations or use simpli�ed semi-analytical models. One improvement for com-

putational speed of full-wave simulations applied phases calculated at lower frequencies,

utilizing the correlation length of the skull [141], to restore 94.2% of the peak amplitude

at the focus compared to phases calculated using a hydrophone [132]. Analytical solu-

tions can incorporate CT or MR images similar to methods described in section 2.7.1 to

obtain information about the skull such as the skull thickness and derive time delays to

compensate for the skull. Kranion is an example of an open-source software package that

projects a ray from the transducer surface to the target to obtain ray segments between the

water, skull, and brain boundaries and calculate phases based on the operating frequency

and input CT image converted to the sound speed [62]. High-pressure applications such

as histotripsy can take advantage of acoustic cavitation emission (ACE)-based aberration

correction. Combination aberration correction methods improved the peak focal pressure

by 90� 7% compared to the gold standard hydrophone-correction when implementing a

fast ray tracing and ACE-based aberration correction method sequentially, also producing

a smaller focal volume and decreasing the focal shift [142].
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CHAPTER 3

Evaluation of Synthetically Generated CT for use in Transcranial Focused

Ultrasound Procedures

3.1 Abstract

For transcranial focused ultrasound (tFUS) procedures, computed tomography (CT) imag-

ing is required for treatment planning to determine patient eligibility and compensate for

the aberrating skull but exposes patients to harmful ionizing radiation. Here, we proposed

a method to synthesize CT images from T1-weighted magnetic resonance (MR) images

using a 3D patch-based conditional generative adversarial network (cGAN). The perfor-

mance of synthetic CT images (sCT) for tFUS planning was compared to real CT im-

ages (rCT) for 3 tFUS scenarios: 1) no aberration correction, 2) phases calculated from

fast ray-tracing, and 3) phase shifts calculated from time reversal. Kranion metrics to

characterize the skull resulted in Pearson's Correlation Coef�cients of 0.94, 0.92, and

0.98, for skull density ratio, skull thickness, and number of active elements in a hemi-

spherical array, respectively. Simulated results using the acoustic simulation toolbox k-

Wave, found the smallest peak pressure difference between rCT and sCT was for phases

calculated with ray-tracing (7:3 � 6:0%) and largest when no corrections were applied

(12:4 � 8:1%). The peak focal location for all 20 targets was less than 1.3 mm for all

simulation cases. Our study demonstrated metrics quantifying image similarity, skull char-

acteristics, and acoustic simulations were comparable between real and synthetic skulls.

Our dataset was limited to 10 testing CT images, but initial results are promising to re-

place real CTs with MR-synthetic CTs for tFUS planning, pending testing with larger data

sets in the future. Source code and a docker image with the trained model are available at

https://github.com/han-liu/SynCTTcMRgFUS
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3.2 Introduction

Transcranial focused ultrasound (tFUS) is a therapeutic modality that deposits energy through

the skull without damaging intermediary tissues. For tFUS procedures, treatment planning

and monitoring of treatment effects is typically reliant on magnetic resonance imaging

(MRI) [143]. tFUS has been demonstrated clinically for thermal ablation of the thalamus

[144] and is currently being investigated for low-intensity applications including transient

opening of the blood-brain barrier for drug delivery and neuromodulation to map functional

regions of the brain [4, 145]. Understanding the skull's impact on a transducer's emitted

focus due to the re�ection, absorption, and scattering as sound interacts with the skull is

crucial for accurate targeting [119, 146, 147].

Computed tomography (CT) images are currently the gold standard for obtaining acous-

tic estimates of skull density, speed of sound, and ultrasound attenuation for patients [11].

To localize the transducer's focus and monitor thermal deposition, MR thermometry is

used during clinical thalamotomy procedures [110], leveraging the temperature dependence

of the proton resonance frequency shift to monitor temperature changes calculated from

phase difference images. For nonthermal applications like neuromodulation, the tempera-

ture change from lower intensity pulses is minimal and may not be discernible using MR

thermometry [148] rather, transducer positioning can be performed using neuronavigation.

Neuronavigation using optical tracking de�nes a transducer relative to an af�xed tracker

and projects the transducer's focus location onto pre-acquired imaging scans [14, 15]. Pre-

vious neuromodulation studies using optical tracking included targeting the thalamus [89],

somatosensory cortex [149], and the primary visual cortex [150] in humans. The predicted

focus location from optical tracking is usually derived from a transducer propagating in a

homogeneous medium but during tFUS procedures, thein situ focus may be distorted and

shifted by several millimeters as a result of the inhomogeneous properties of the cranium

[18, 151]. Thus, the inclusion of CT images in preplanning and positioning processes of

neuromodulation procedures could provide better estimates of the spatial accuracy, spatial
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extent, and output pressure for patient-speci�c skull models. Although information from

CTs is the gold standard, CT acquisition burdens patients with longer screening time and

exposes patients to harmful ionizing radiation. Thus, the development of synthetically gen-

erated CT images from safer imaging modalities is desirable to replace the need for real

CT image acquisition.

Over the last few decades, development efforts have focused on optimizing transducer

designs to ef�ciently deliver energy through the skull without requiring a craniotomy. Stud-

ies demonstrated that multi-element arrays minimize skull heating during high-power tFUS

procedures, can electronically steer the focus without requiring mechanical movement of

the transducer, and control individual elements to compensate for skull attenuation [9, 59].

Although single-element transducers are more cost-ef�cient and have simpli�ed hardware

components, they are usually limited to shallow regions of the brain due to the transducer's

focal depth. A multi-element array would allow more �exibility for target selection, and

could even target multiple regions of the brain in a single experimental session [28]. Phase

compensation is an important step for tFUS procedures, where the appropriate correction

method is usually selected from a trade-off between performance ability to restore the in-

tensity at the focus and computational time to calculate the phases [60, 134, 152].

During treatment planning CT images are used to determine patient eligibility for tFUS

procedures from a skull-derived metric know as the Skull Density Ratio (SDR). SDR is

a ratio of the Houns�eld Units (HU) between trabecular and cortical bone calculated by

tracing a line from a transducer element to the transducer's focus position. SDR is averaged

for several elements arranged on a hemisphere to fully characterize the skull, where a lower

SDR is generally interpreted as lower acoustic transmission through the skull [40, 153,

154]. While the exact methods for calculating SDR are proprietary for clinical systems,

an open-source software tool, Kranion, is capable of calculating the SDR of skulls that

are highly correlated with values from the clinical system [61]. Kranion also provides a

measurement of the Skull Thickness (ST) along each element's projected ray between the
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skull layers and the total Number of Active Elements (NAE), or when an element's ray is

less than 20 degrees incident to the skull. Besides metrics to characterize the skull, the

propagation of sound through the skull can be modeled by mapping HU from CT images

with relationships identi�ed with acoustic properties [11, 120–122]. An acoustic modeling

toolbox known as k-Wave [130] can simulate sound waves and propagation through the

skull to estimatein situ focal characteristics such as size and maximum intensity for a

patient.

Proposed methods to replace real CT images have included deriving skull models from

MR images, developing MR imaging sequences with higher sensitivity to bone, and deep

learning-based methods to generate synthetic CT (sCT) images. The list of these methods

can be extensive, thus, key attributes of previous studies are summarized in Table 3.1 and

deep learning-based methods in Table 3.2. Summarized methods were limited to imaging

methods that were speci�cally evaluated for tFUS planning.

Table 3.1: Existing literature for proposed imaging methods to replace CT imaging. The scope of
this review was limited to studies that were validated using tools for tFUS planning.1converted
MR intensity to virtual CT intensity using linear regression.2converted MR intensity to virtual CT
intensity using inverse logarithmic scaling.3Frequency of the transducer was not reported.

Reference Proposed Image Output Transducer
T1-weighted

Wintermark et al. 2014 [146]
Proton density
(3D SPACE)

virtual CT1 ExAblate
(710 kHz)

T2-weighted
(3D true FIST)

Miller et al. 2015 [126]
Dual-echo ultrashort

echo time (UTE)
binary skull

ExAblate
(700 kHz)

Caballero-Insaurriaga
et al. 2019 [39]

Zero echo time (ZTE) virtual CT2 ExAblate3

Guo et al. 2019 [128] 3D radial UTE virtual CT2 ExAblate
(670 kHz)

binary skull

Leung et al. 2022 [127] UTE virtual CT2
ExAblate
(670 kHz)

virtual CT2

Miscouridou et al. 2022 [129] ZTE virtual CT2
Annular array

(500 kHz)
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Table 3.2: Literature review of deep learning-based methods to generate synthetic CTs for tFUS
planning. A “-” symbol under the “Dataset Size column” indicates the value was not reported or not
applicable.

Reference Network
Input
Image

Transducer

Dataset Size
(Training/

Validation/)
Acoustic Testing)

Su et al. 2020 [155] 2D U-Net UTE
ExAblate
(670 kHz)

32/8/8

Koh et al. 2021 [156]
3D conditional

generative adversarial
network (cGAN)

T1-weighted Single-element 15/-/15

T1-weighted
Miscouridou et al.

2022 [129]
U-Net Annular Array 131/26/14

ZTE

Yaakub et al. 2023
[157]

3D Residual U-Net T1-weighted
Annular Array

(500 kHz)
110/37/37

Wintermark et al. are one of the earliest groups to investigate using MR images to

replace CT images for tFUS procedures [146]. They determined a T1-weighted imaging

sequence had the smallest error between virtual and real CT skull layer measurements that

resulted in a phase shift difference of 0:8 � 0:6 rad calculated for a hemispherical trans-

ducer array. Developments in MR pulse sequences led to the exploration of ultrashort

echo time (UTE) and zero-echo time (ZTE) imaging sequences that are effective for cap-

turing the shortT2 relaxation time of bone [158] but require development effort on MR

scanners, as they are not standard protocols. Initially, UTE was limited to creating binary

skulls [126, 127] until MR intensity could be converted to virtual CT intensity using in-

verse logarithmic scaling [39, 127–129]. Deep learning-based methods were inspired from

the promising methods in Table 3.1. 2D and 3D U-Net neural networks [159] have been

trained with UTE images [128], T1-weighted MR images [129, 157], and ZTE images

[129]. More details of each deep learning-based study are summarized in Table 3.2. Re-

cent work performed in parallel to this study used a 3D conditional generative adversarial

41



network (cGAN) trained with T1-weighted MR images to synthesize the whole head CT

[156]. The proposed network in this study trained a 3D cGAN focused on the morphology

of the skull rather than the full head.

Figure 3.1: A) The standard tFUS planning process separately acquires MR images for target plan-
ning and CT images to obtain the internal structure of the skull. The CT and MR images are regis-
tered and used to obtain skull measures (normally target dependent), phases for skull compensation,
driving phases to electronically steer the focus during the procedure, and perform acoustic/thermal
modeling. B) This work proposes inputting the MR acquisition into a trained neural network for
treatment planning, avoiding CT acquisition. (CT = computed tomography, MR = magnetic reso-
nance, tFUS = transcranial focused ultrasound)

This study presents a 3D patch-based cGAN trained with routinely acquired T1-weighted

MR images to reduce the numbers of required scans described in Figure 3.1A with the pro-

posed work�ow using synthetic CTs shown in Figure 3.1B. To evaluate the feasibility of

replacing real CT (rCT) images with sCT images during tFUS planning, image similarity

metrics, skull-derive metrics, and simulated pressure �elds are compared with rCT results.

The SDR, ST, and NAEs from Kranion are reported for 10 subjects, targeting the left and
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right ventral intermediate nucleus of the thalamus, totaling 20 evaluated targets. The scope

of acoustic simulations using k-Wave has been expanded from the previously presented

work [160]. Because aberration correction is an essential step during tFUS procedures,

the correction performance of phases calculated with a fast analytical method (ray-tracing)

and full-wave simulation technique (virtual point source time reversal) are compared. The

simulated pressure �eld's peak pressure, focus location, and focal size were metrics used to

quantify the error between rCT and sCT skulls. Demonstrating strong similarity between

skull measures and simulated metrics determines if T1-weighted MR images are suitable

for tFUS planning.

3.3 Methods

3.3.1 Dataset and Pre-processing

The dataset used in this study contained 86 paired CT and T1-weighted MR images of

Parkinson's Patients undergoing Deep Brain Stimulation implantation from Vanderbilt Uni-

versity Medical Center. Informed consent was obtained from all subjects included in this

study. The in-plane resolution of CT images ranged from 0.43 to 0.54 mm with a slice

thickness of 0.67 mm, while the MR images had an isotropic voxel size of 1 mm. Pre-

processing performed prior to network training consisted of a rigid registration between

paired MR and CT volumes, where the lower-resolution MR images were upsampled to

match the higher resolution of the CT images and preserve HU values. Rigid registration

is appropriate in the case of same subject registrations where we assume anatomical struc-

tures of the brain are not changing spatially across different imaging modalities. Registra-

tion was performed using the open-source medical imaging library ANTsPy, using mutual

information as the cost function. As our goal is skull synthesis, we extracted a binary mask

of the skull, thresholded using 400 HU, and identi�ed the largest connected component as

the skull. Morphological dilation was performed using a sphere structuring element with

a radius of 4 voxels to preserve contextual information around the skull. Once the dilated
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skull mask was applied to �lter the areas of interest from the CT volume, the intensity was

linearly scaled in the range of [-1024,3071].

3.3.2 Network Architecture and Training

This network was previously described in [160]. Brie�y, the 3D patch-based conditional

generative adversarial network (cGAN) consisted of a generatorG and a discriminatorD.

The network was trained so thatG fooled the discriminator by generating realistic CT skulls

while D classi�ed the real and synthetic skulls.G used the network architecture in pix2pix

[161], where the 2D ResNet [162] with 9 residual blocks was extended to 3D. ForD, a

3D PatchGan classi�er [161] runs convolutionally and provided the output by averaging all

responses across the volume.

3.3.3 Study Design

3.3.3.1 Evaluation of Image Similarity

The 86 MR-CT paired images were split into subgroups of 66 images for network training,

10 for validation, and 10 for acoustic evaluation. The validation set was used to determine

the best weighting factors. Image similarity was evaluated only within the skull region of

the ground truth image, where the skull was selected by thresholding and morphological

dilation as described in section 3.3.1. To quantify image similarity, the mean absolute error

(MAE), Dice similarity coef�cient (DSC), and spatial correlation coef�cient (SCC) were

calculated using:

MAE =
1
n

n

å
i= 1

jrCT(i) � sCT(i)j (3.1)

DSC=
2� jVrCT

T
VsCTj

VrCT + VsCT
(3.2)
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SCC=
å n

i= 1(rCT(i) � rCT)(sCT(i) � sCT)
q

å n
i= 1(rCT(i) � rCT)2

q
å n

i= 1(sCT(i) � sCT)2
(3.3)

wherei is the voxel index of the real CT (rCT) or synthetic CT (sCT),n is the number

of voxels in the skull,jVrCT j and jVsCTj are the number of voxels in the skull region for

the respective CT, andrCT andsCT are mean values for the skull. MAE evaluates the

average difference between the real and synthetic skull values, DSC evaluates the similarity

between the skulls, and SCC is a voxelwise comparison between rCT and sCT.

3.3.3.2 Target Selection

We targeted the left or right ventral intermediate nucleus (Vim) of the thalamus, a common

target of interest for tFUS procedures. A template atlas was obtained from the International

Consortium for Brain Mapping (ICBM)1 and the right and left Vim were identi�ed by the

“Ventral LateralNucleus” label. An af�ne registration using 3D Slicer's (version 4.11.2)

`General Registration (BRAINS)' module2 [163] was used to register the ICBM atlas to

each MR image. The output transformation from the registration was applied to the seg-

mented labels and exported as a binary Digital Imaging and Communications in Medicine

(DICOM) volume as a guide to position the transducer in Kranion.

3.3.3.3 Evaluation of Skull Metrics using Kranion

A custom Python script was used to generate a Kranion con�guration �le that de�ned each

element position and element size of a virtual transducer. The con�guration �le de�ned a

990-element hemispherical array transducer with transducer geometry comparable to the

1024-element ExAblate transducer (Insightec, Tirat Carmel, Israel). In Kranion, the trans-

ducer was positioned at the right or left Vim using the Vim segmentations described in

section 3.3.3.2, resulting in two targets for each skull in our test dataset of 10 skulls. After

positioning the transducer's focus at the respective Vim target, the transducer was tilted

1http://www.bmap.ucla.edu/portfolio/atlases/ICBMTemplate
2https://www.slicer.org
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along the x and y axes to maximize the number of active elements displayed on Kranion's

graphical interface, without exceeding 10 degrees in each direction to simulate a realistic

scenario. Parameters were adjusted in Kranion to match acoustic simulations later per-

formed with k-Wave, where the average and cortical bone speeds were set as 2705 m/s

and 3103 m/s, respectively. Transducer positioning was initially performed and optimized

with the sCT skull and output �les were saved that contained skull metrics, the transducer

position, and the transducer orientation. The rCT skull was then imported into the scene

to ensure output �les were collected with the same transducer setup. Metrics calculated

for each targeting procedure (N=20) compared the SDR, the ST (distance between skull

boundaries along a ray path), and the NAE between rCT and sCT skulls. SDR and ST

were averaged for all transducer element rays of active elements only. Similarity and sta-

tistical signi�cance was determined with Pearson's correlation coef�cient and Wilcoxon

signed-rank test (a = 0.05) for metrics derived from rCT and sCT.

3.3.3.4 5-Fold Cross Validation

86 paired CT and MR images were sorted into �ve con�gurations of training, validating,

and testing subgroups. The network was trained and validated with parameters described

in section 3.3.2. This resulted in 40 additional skulls used to assess rCT and sCT similarity,

where fold 1 was the original 10 testing cases evaluated in section 3.3.3.3. To determine

the skill of the model, image similarity was compared between rCT and sCT as in section

3.3.3.1 and Kranion metrics described in section 3.3.3.3 for the left Vim target.

3.3.3.5 Acoustic Simulations using k-Wave

Full-wave acoustic simulations using the MATLAB toolbox k-Wave3 [130] were performed

using a custom MATLAB (Mathworks, Natick, MA, USA) script to read in the MR image,

CT image, transducer element positions, and focus position from the saved output �les of

Kranion for each skull and target. Volumes were �rst resized using the imresize3 function

3http://www.k-wave.org/
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to 0.52 mm isotropic spacing and zero-padded to a grid size of [Nx,Ny,Nz] = [600,600,500].

This grid size was selected so that it fully encompassed the transducer and target with low

prime factors, but still can be run on the Quadro P6000 GPU (NVIDIA Corporation, Santa

Clara, CA). To determine acoustic properties of each skull, a skull mask was extracted from

the CT images using a threshold of 400 HU. To account for voxels with large HU as a result

of implants in the skull, an upper limit of 2000 HU was enforced. The intracranial space

was set at a constant value for brain tissue and the remainder of the simulation grid that

contained the transducer was set as water, where Table 3.3 shows the respective acoustic

parameters used for all simulations [11, 23, 25]. The heterogeneous skull layers were

incorporated in simulations using a linear approximation to map HU to bone porosity (F ),

and related porosity to the speed of sound (c), density (r ), and absorption (a ) with the

following equations [11]:

F = 1�
HU

max(HU)
(3.4)

r skull = r waterF + r bone(1� F ) (3.5)

cskull = cwaterF + cbone(1� F ) (3.6)

askull = amin+ ( amax� amin)F 0:5 (3.7)

To set up the transducer in the simulation grid, the transducer was created using the k-

Wave function, makeMultiBowl (radius of curvature = 150 mm, element diameter = 8 mm)

with elements directed towards the focus position. The transducer's frequency was selected

based on frequencies used in ablation and neuromodulation procedures of 650 kHz, which

resulted in 4.3 points per wavelength (PPW) in water. For each target, three sets of simula-
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Table 3.3: Acoustic properties used for all simulations.

Speed of Sound

(m=s)

Density

(kg=m3)

Absorption

(dB=MHz=cm)

cwater = 1500 r water = 1000 awater = 0

cbrain = 1560 r brain = 1030 abrain = 0:38

cbone= 3100 r bone= 2200 abone;min = 0:2

abone;max= 8

tions were performed: a simulation with no phase correction, a simulation with time delays

from ray-tracing, and a correction with time reversal. For the case of no phase correction,

the same input amplitude and phase were applied to all active elements. Phases can be di-

rectly calculated and applied from Kranion [62], however, we noted directly applying these

phases did not result in improvement over simulations without phase correction as simi-

larly noted by Lu et al. [142]. The skull thickness from Kranion can instead be leveraged

to calculate the time delay as proposed by Lu et al.:

tKranion;k = ( R� dskull;k)=cwater+ dskull;k=cskull (3.8)

DtKranion;k = tKranion;k � mink(tKranion;k) (3.9)

whereRwas the radius of the transducer array,dskull;k was the skull thickness from Kranion

for each elementk, cwater was 1500m=s, andcskull was the mean calculated from each

skull after conversion by equations 5.1 and 5.3. To calculate phases from time reversal,

the acoustic simulations were run in two steps. A virtual point source was �rst placed

at the target location and the time-varying pressure was recorded for each element of the

transducer array. k-Wave's extractAmpPhase function (taking an FFT of the signal close to

the source signal) extracted the amplitude and phase from the recorded output. The phase

was subtracted from the initial phase and applied to the respective element to apply time-
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