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ABSTRACT

Brain cancers account for over 250000 deaths per year worldwide, with over 300000 new cases

reported every year. There are three main treatment options for patients with brain tumors:

surgery, radiation therapy, and chemotherapy. Surgery and radiation therapy are the most

commonly used practices, but they expose patients to infections, trauma, and damage to the

surrounding cerebral parenchyma or expose patients to ionizing radiation. Chemotherapy

has seen limited success in treating brain tumors due to the presence of the blood-brain

barrier (BBB) that prohibits chemotherapeutic drugs from entering the brain.

Histotripsy is a focused ultrasound-based therapy that uses cavitation to precisely and

non-invasively treat tissues. Performing histotripsy treatments requires imaging guidance

to localize the treatment region and monitor treatment outcomes.This dissertation presents

methods to perform transcranial histotripsy treatments using treatment guidance from MR

imaging.

The first chapter discusses the prevalence of brain tumors and the treatment options

available for treating tumors. The second chapter introduces the technical background of

histotripsy and MRI and discusses the relevant topics that combine focused ultrasound and

MRI.

The third and fourth chapters discuss methods to perform histotripsy pre-treatment tar-

geting in ex-vivo brain tissues. The method involves acquiring MR-thermometry and/or

MR-Acoustic Radiation Force (MR-ARFI) images before the histotripsy treatments and

then comparing the estimated focus from the two methods to the focus estimated from a

histotripsy lesion generated at the same target location. Both the pre-treatment targeting

methods perform similarly well in estimating histotripsy lesions with mean absolute errors

along the transverse/longitudinal axis of 2.06mm/2.95mm and 2.13mm/2.51mm for MR-

ARFI and MR-thermometry, respectively.

The fifth chapter discusses a method to perform real-time monitoring of histotripsy treat-

ments in ex-vivo brain. MR images are sensitized to histotripsy cavitation cloud-induced

motion by encoding motion using a set of bipolar gradients. Image magnitude and phase

changes are shown to provide complementary information about the lesion. The image mag-

nitude decreases due to the increased random motion within the lesion. The image phase

xiii



encodes the motion induced by the bubble cloud and indicates a net motion away from the

histotripsy transducer. The sensitivity to the lesion is controlled by both the amplitude and

the spacing of the encoding gradients. This method was validated by monitoring histotripsy

sonications through the skull with 0.5 s temporal resolution using a spiral acquisition.

The sixth chapter describes different MR-visible parameters that change with histotripsy

dose in the brain. MR parameter maps of T1, T2, and Apparent Diffusion Coefficient

(ADC) for varying histotripsy treatment doses are acquired. It is observed that the T1

and T2 do not correlate with the histotripsy dose. The ADC within the lesion increases

as more histotripsy dose is delivered. As histotripsy breaks down the cellular structure,

it significantly increases the diffusion of water within the lesion, which is quantified using

the lesion’s ADC (p < 0.001). For the tissues treated in this study, the ADC increased by

6.5× 10−4mm2/s with 50 reps of histotripsy dose across three tissues.

The final chapter summarizes the findings and contributions of this dissertation and dis-

cusses future work to advance MR methods for treating brain tumors using histotripsy.
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CHAPTER 1

Introduction

Over 700 000 Americans are living with brain tumors [83]. About 24 000 new patients are

diagnosed with brain and Central Nervous System (CNS) tumors, with an estimated 18 000

deaths each year [46, 11, 5]. The brain is also one of the primary sites for tumor metastasis

from the bladder, kidneys, lung cancers, leukemia, lymphoma, and melanoma [83].

Surgical resection of tumors by craniotomy is the backbone of brain tumor treatments

[41]. Craniotomy involves the opening up of brain dura and removal of the tumorous tissue

[41, 16]. This procedure is highly invasive and associated with surgical trauma, infections,

and impaired motor and sensory response [16, 55]. Radiation therapy has limited treatment

capability with poor treatment outcomes [62] and can be used only for smaller treatment

volumes. Drug delivery to the central nervous system is largely restricted by the blood-brain

barrier (BBB). One of the biggest hurdles for drug delivery is the large molecular weights of

the drugs that cannot cross the BBB [84].

Focused Ultrasound (FUS) is a non-ionizing and non-invasive therapy being investigated

for treating brain tumors. Two main types of FUS therapies based on continuous wave

(CW) ultrasound are currently used: High Intensity Focused Ultrasound (HIFU) for thermal

ablation [17, 45] and low-intensity FUS for BBB opening [12, 74]. Transcranial MR-guided

High Intensity Focused Ultrasound (tcMRgHIFU) is approved by the FDA and is clinically

used to treat essential tremors and Parkinson’s disease [63, 21]. Recent human trials of

tcMRgHIFU for brain tumor treatment have provided fundamental limitations to the system:

long treatment times, the ability to treat small volume within the center of the brain, and

over-heating of the skull [17, 12, 72]. The majority of brain tumors are present close to the

skull surface and are, therefore, hard to treat by HIFU. Low-intensity FUS BBB opening

facilitates the delivery of heavier chemotherapy drugs to the brain by partially opening

the BBB [12]. There has been limited evidence regarding the safety and efficacy of brain

treatment using this approach.

Histotripsy is also a non-invasive FUS treatment method that uses short, high-pressure

ultrasound pulses to generate focal cavitation and liquefy tissues [108]. Unlike HIFU, which
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relies on CW ultrasound pulses to heat the tissue and cause thermal necrosis, histotripsy

uses µs-long pulses to generate acoustic cavitation and mechanically fractionate the tissues

into an acellular homogenate [107, 7]. Histotripsy is a threshold phenomenon localized

to the region where the peak negative pressure increases a certain cavitation threshold; it

imparts no damage to tissues below the cavitation threshold. Histotripsy is FDA-approved

for the treatment of liver tumors. A recent clinical trial of histotripsy treatment of liver

tumor resulted in 100% technical success in creating planned treatment volume with no

complications. Moreover, a few patients in the study reported abscopal response to treatment

[99].

Histotripsy is currently being evaluated as a potential therapy for treating brain diseases

[94, 65, 66]. Recent in-vivo animal studies have successfully demonstrated the feasibility

of using this therapy for non-invasive brain treatments [94, 65]. Transcranial MR-guided

Histotripsy (tcMRgHt) has also elucidated the essential role MRI can play in guiding these

treatments. MR imaging is non-invasive and can provide the high-resolution soft-tissue

contrast needed to precisely treat the target of interest. MR images can also be sensitized

to various contrast mechanisms that could prove valuable for assessing the damage caused

by histotripsy [1, 2, 3, 31]. The main objective of this thesis is to develop MRI methods

to facilitate histotripsy therapies of the brain. There are three main roles that MRI can

play to guide histotripsy: Pre-treatment targeting, real-time therapy monitoring, and post-

treatment evaluation.

Chapters 3 and 4 discuss methods to accurately perform pre-treatment histotripsy tar-

geting using MR-ARFI and MR-thermometry [31, 32]. These two methods estimate the

histotripsy treatment focal region by using low-pressure sonications while encoding a tem-

perature change or tissue displacement. Then, the targeting error is estimated by performing

histotripsy treatment at the target location and comparing the estimated foci from the two

methods against the actual lesion location. We performed these experiments on 12 tis-

sue samples and found the mean absolute errors along the transverse/longitudinal axis of

2.06/2.95 mm and 2.13/2.51 mm for MR-ARFI and MR-thermometry, respectively.

Chapter 5 discusses the strategies to monitor histotripsy treatments in real-time using

MRI. Many MR-visible contrasts are generated by the histotripsy cavitation events and the

dynamics that follow these events. We show that the image magnitude and phase provide

complementary information about the lesion. First, a rapid increase in the random motion

within the lesion causes a magnitude signal loss, which increases with the histotripsy pulses

until the lesion is completely liquified. Second, the image phase encodes the histotripsy-

caused local radiation force effect, which is shown to be in the direction of ultrasound prop-

agation. Real-time monitoring of transcranial histotripsy treatments is demonstrated by
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treating ex-vivo bovine brain through an excised human skull.

Chapter 6 discusses the changes in the MR-visible parameters as a function of histotripsy

dose in the brain. T1, T2, and Apparent Diffusion Coefficient (ADC) parameter maps

were acquired for various histotripsy dose levels. Although the T2 and ADC changed with

histotripsy dose, only the ADC values depicted a dose-related increase. Histotripsy lesions

mostly contain broken-down tissues. All the cellular matter is exposed in the intracellular

space. This change causes an increase in the Apparent Diffusion Coefficient (ADC) of the

lesion compared to the baseline ADC level. The mean ADC increased by 6.5× 10−4mm2/s

with complete liquefaction of the brain tissue.

Chapter 7 concludes the thesis with a review of the contributions made in this dissertation

and discusses the challenges and suggestions about future work in MRI technology to progress

tcMRgHt.
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CHAPTER 2

Background

2.1 Histotripsy

Histotripsy is a FUS based therapy [108] that uses ultrasound cavitation to briefly excite the

air pockets intrinsically dissolved in liquids (such as water present in animal tissues). When

an ultrasound wave imparts a high negative pressure on tissues that exceeds a tissue-specific

threshold, it causes inertial expansion and collapse of these endogenous air bubbles. The

localized expansion and collapse phases are then repeated at a low-duty cycle to stretch,

strain, and eventually fracture cells and turn them into acellular debris [107].

Histotripsy is typically performed using a 1 to 3 cycle pulse (Fig. 2.1) at a low duty-cycle

(<0.1%), but a high peak-negative pressure (≳ 23MPa). Since histotripsy is a cavitation-

based treatment method, tissues below the cavitation threshold are virtually unaffected

(Fig. 2.1). The low-duty cycle ensures that the time-average energy deposited in the tissue

is low and does not cause a significant increase in temperature [28]. There are three types

of mechanisms by which histotripsy treatments could be performed [7]. In this dissertation,

we only perform intrinsic threshold cavitation-based histotripsy [100].

2.2 MRI

Magnetic Resonance Imaging (MRI) is ubiquitous in hospitals worldwide and is a workhorse

of clinical diagnosis. Traditionally, imaging with MRI involves three crucial parts, which I

will briefly describe below.

The object is placed in a homogeneous magnetic field called the B⃗0 field (typically 1.5T

to 7T for current clinical scanners). The strong magnetic field polarizes the paramagnetic

hydrogen atoms (also called isochromats) in tissues, and the net magnetization experienced

by the isochromat (M0) aligns in the same direction as the B⃗0 field. The ‘magnetized’

hydrogen atoms have an angular momentum associated with the B⃗0 field vector, which is
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Figure 2.1: Left: Normalized histotripsy waveform. Right: Histology slide showing the
precise boundary of histotripsy treatments in an in-vivo pig brain. The intact (I) neurons in
the untreated region and disrupted (D) acellular debris and red blood cells in the treatment
region are separated.

given by the Larmor equation:

ω⃗ = γB⃗0, (2.1)

where γ is a constant called the gyromagnetic ratio, ω⃗ is the frequency (called Lar-

mor/resonance frequency) of the spin associated with the hydrogen atom. Typically B⃗0 =

B0ẑ. For hydrogen atoms γ ≊ 42.58MHz/T . So for a 3T MRI scanner, ω ≊ 127.74MHz.

To get an observable signal from the polarized isochoromats, the magnetization M0 has

to be aligned away from the B⃗0 field and along the x̂− ŷ axes. This is achieved by playing

a circularly polarized RF pulse (B⃗1) at the Larmor frequency. For the majority of the B⃗1

pulses used in MRI, the area under the B⃗1 controls how much the spins ‘tip’ into the x̂− ŷ

plane. Once the magnetization aligns to the x̂ − ŷ plane, it relaxes back to its equilibrium

position along ẑ by time constant called T1 (2.2), and the transverse magnetization decays

with a time constant called T2 (2.3):

Mz(r̂, t) = M0(r̂)(1− (1− cosα)e−t/T1), (2.2)

Mxy(r̂, t) = M0(r̂) sinαe
−t/T2 , (2.3)

where M0(r̂) is the equilibrium magnetization at the spatial location r̂, Mxy(r̂, t) is the

magnetization at time t pointing in the transverse (x̂ − ŷ), and Mz(r̂, t) is the longitudinal

magnetization pointing in the longitudinal (ẑ) plane after the excitation pulse with a tip angle

of α in the transverse plane. Note that there are two coordinates associated with a spin:

its physical spatial location, given by r̂, and the vector denoting where the magnetization
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points, given by subscripts x, y, z. While a magnetization component is along the transverse

axis, the spins’ signal can be measured by the same coil used for transmission or a different

set of receiving-only RF coils. The receiving coils then acquire the signal coming from the

object irradiated by the B⃗1 pulse, which is given by:

S(t) =

∮
r̂

Mxy(r̂, t) dr̂, (2.4)

To make an image of the object, a spatially varying magnetic field is applied along the main

magnetic field. This causes a spatially varying precession frequency, which is then recorded

by the receiving coil(s). The encoding is done by using RF coils that can independently

apply a magnetic field gradient along the three axes. The MRI signal with the effect of the

gradient is then given by:

S(t) =

∮
r̂

Mxy(r̂, t)e
−(

∫ t
0 iγG⃗(τ)·r̂ dτ) dr̂ =

∮
r̂

Mxy(r̂, t)e
−i2πk⃗(t)·r̂ dr̂, (2.5)

where

k⃗(t) =
γ

2π

∫ t

0

G⃗(τ) · r⃗ dτ.

Equation (2.5) is similar to the Fourier Transform of the magnetization, evaluated at the

frequency k⃗(t), called k-space (Fig. 2.2a).

Practically, MR imaging is performed using different gradients to traverse and sample the

k-space, and then an inverse Fast Fourier transform (FFT) is performed to get the image

of the object (Fig. 2.2b). There are various ways to fill the k-space, but I will use a spiral

acquisition in this work. We use a non-uniform FFT [24] to reconstruct the non-Cartesian

acquired images.

Typically, the B⃗0 field is not uniform as it is affected by changes in the susceptibility of

tissues and air-water interfaces. This ∆B⃗0 can be seen by looking at the phase of the image

since it causes the Larmor frequency to change spatially as well, creating a spatially varying

phase profile (∆ϕ) that depends on the time at which the image is acquired with respect

to the RF pulse (Echo Time, TE). ∆ϕ can also be created manually by playing a gradient.

Thus, the image phase can be used as a contrast mechanism in MRI. Two relevant methods

that use the image phase are described in Chapter 2.3
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(a) Magnitude k-space of a histotripsy array (b) Magnitude image of a histotripsy array

Figure 2.2: Histotripsy array and its k-space.

2.3 FUS and MRI

FUS has been combined with MRI to leverage MRI’s superior tissue contrast and capability

to sensitize the signal to different contrast mechanisms. Here, I will briefly describe two

relevant methods.

2.3.1 MR-Thermometry

Many tissue properties such as the proton-density (M0), T1, T2, and diffusion coefficient

vary with temperature [89]. Temperature also relates to the local B⃗0 field experienced by

the water molecules. As a water molecule heats up, the Hydrogen bonds weaken, and the

neighboring electrons shield the Hydrogen molecules, decreasing the net local B⃗0 field [42].

The Larmor frequency can then be given as:

ω⃗ = γB⃗0(1− αT ), (2.6)

where α is −1.03 ± 0.02 × 108/◦C for 15◦C to 100◦C [42]. This linear relation between

the temperature (T ) and the Proton Resonance Frequency (PRF) causes a phase difference

between two images taken at different temperatures. The phase difference image can estimate
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(a) Phase image with no heat-
ing

(b) Phase image with a temper-
ature increase

(c) Phase difference, scaled to
get the temperature in ◦C

Figure 2.3: An example of MR-thermometry temperature map estimated from the phase
difference of heating-on and heating-off images.

the temperature change by using the following relation:

∆T =
∆ϕ

γαB0TE
, (2.7)

Figure 2.3 shows magnitude and phase images and the corresponding temperature map

estimated using the phase difference images.

2.3.2 MR-ARFI

Ultrasound propagates as a pressure wave that imparts an acoustic radiation force to the

medium. The force is proportional to the ultrasound intensity and depends upon the

medium’s stiffness. MR-Acoustic Radiation Force imaging (MR-ARFI) is a method that

can be used to encode this acoustic radiation force caused displacement applied by the FUS

array [73]. As described in Chapter 2.2, MR gradients apply a position-dependent ∆B⃗0 field

on the top of the main magnetic field. In a standard MR-ARFI experiment, the FUS array

imparts a radiation force on the tissue while a gradient is applied simultaneously to encode

the displacement caused by the radiation force. The same scan is repeated but with the

FUS turned off. The change in phase accrued by the tissue due to the displacement can be

written as:

∆ϕ = γG⃗t ·∆r⃗, (2.8)

Note that the displacement is encoded only along the gradient direction. Using this change

in phase, the net displacement during the gradient can be estimated. Figure 2.4 shows

magnitude and phase images and the corresponding ARFI displacement map estimated from

the phase difference image.
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(a) Phase image with no ARFI
displacement

(b) Phase image with ARFI en-
coded with gradient

(c) Phase difference, scaled to
get displacement in µm

Figure 2.4: An Example of MR-ARFI displacement image estimated from the phase differ-
ence of US-on and US-off images.
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CHAPTER 3

Histotripsy Pre-Treatment Targeting using

MR-thermometry

3.1 Introduction

Transcranial MR-guided Focused Ultrasound (tcMRgFUS) uses external ultrasound energy

focused through the skull to create local heating for thermal tissue ablation. tcMRgFUS

has been used clinically to treat essential tremor [22, 77]. However, due to the potential

concern for overheating of the skull, tcMRgFUS is limited to treating a small volume in the

center of the brain [72, 15]. Using microsecond-length, high peak negative focal pressure

(P− < −26MPa) ultrasound pulses through the skull, transcranial histotripsy has been

shown to generate controlled and confined cavitation to mechanically destroy targeted brain

tissue [94, 65]. Histotripsy minimizes heating by using a very low duty cycle (< 0.1%), while

maintaining effective therapy. This allows transcranial histotripsy to potentially treat a wide

range of locations and volumes in the brain [94, 101].

Histotripsy typically uses ultrasound imaging for treatment targeting and monitoring, be-

cause histotripsy-generated cavitation is easily visualized by ultrasound imaging [38]. How-

ever, for transcranial MR-guided histotripsy (tcMRgHt) brain treatment, ultrasound imaging

is not practical due to the presence of the skull. MRI guidance is desirable, as MRI is the

gold standard for the diagnosis and post-therapy follow-up for many brain pathologies. Re-

cently, our lab has designed and built an MR-compatible transcranial histotripsy system

[65]. This system was used to treat in-vivo intact pig brain through an excised human skull

[66]. However, in that study, a stereotactic approach was used with fiducial markers for

targeting. An MR-based, non-invasive targeting method for transcranial histotripsy would

be desirable.

MRgFUS heating therapies also use low-temperature heating and MR-thermometry for

This chapter has been published in Ultrasound in Medicine and Biology (UMB)[31].
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pre-treatment targeting. Commercial MR-guided HIFU systems such as the Sonalleve V2

by Profound Medical for the treatment of osteoid osteoma [92] and uterine fibroids [104]

and Exablate Body by Insightec for the treatment of uterine fibroids and bone metastasis

use this method for pre-treatment targeting [47, 58]. tcMRgFUS thermal therapy uses MR-

thermometry for pre-treatment targeting [48, 87] and treatment monitoring [89, 82, 45, 86].

For pre-treatment targeting, the focal region is heated by a few degrees Celsius, keeping

below the damage threshold, and visualized in real-time using MR-thermometry to confirm

the location of the treatment region [48]. Low temperature pre-treatment targeting is used

in both the Sonalleve V2 system, as well as the ExAblate System, for transcranial treatments

[21, 72]. The low-temperature heating for the MR-thermometry targeting approach works

well for tcMRgFUS since both pre-treatment targeting and treatment are performed via

ultrasound heating. Another alternative for tcMRgFUS pre-treatment targeting is MR-

Acoustic Radiation Force Imaging (MR-ARFI), which sensitizes contrast to the displacement

induced by radiation force from the absorption of the ultrasound beam [73, 40, 13, 49, 70].

The displacement from ultrasound radiation force is very small and transient (e.g., one micron

over less than a second), but recent studies have shown high spatio-temporal resolution MR-

ARFI images [110, 19] in tissue phantoms. Hardware requirements for MR-ARFI are similar

to those for MR-thermometry. In this study, we investigate the ability of MR-thermometry to

Figure 3.1: Left: T2-weighted image of the experimental setup inside the MR scanner. Right:
Cross section image of the array. The transducer was constructed such that the mid point
drawn from the two fiducials estimates the geometric focus of the array.

predict focal locations generated from histotripsy treatments. Even though MR-thermometry

for tcMRgFUS is well established, there are technical challenges that need to be addressed
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when it is applied to histotripsy. First, ultrasound heating arises from the absorption of

acoustic pulses, whereas histotripsy is a threshold phenomenon and occurs by exceeding

a pressure threshold. The peaks of the acoustic field for heating and histotripsy may not

coincide and needs to be assessed. Second, histotripsy transducers and electrical drivers are

designed to generate microsecond-length pulses at very high pressure and low duty cycle

(< 1%), minimizing heating. In this work, a modified electrical driver was used to produce

both low-temperature heating and histotripsy.

To test the feasibility and accuracy of using MR-thermometry for pre-treatment targeting

of histotripsy, we designed and constructed a 15-element MR-compatible histotripsy array

(Figure 1) with a modified electrical driver capable of both histotripsy and low-temperature

heating and quantified the accuracy of MR-thermometry for histotripsy pre-treatment tar-

geting. This system was designed using a similar f-number and frequency to a transcranial

array designed for human experiments [66]. Because the 15-element array is not powerful

enough to produce cavitation through the skull, the testing was done in the ex-vivo bovine

brain tissue without a skull. Even in the absence of the skull, any discrepancy between the

thermometry focal location and histotripsy lesion location can still be evaluated.

3.2 Materials and Methods

3.2.1 Histotripsy transducer and drivers

All experiments were performed using a custom-built, 15-channel, 750 kHz hemispherical

array (Fig. 3.1) with a 50mm focal radius and an f-number of 1. The array was designed to

be a water-tight container while keeping a small footprint, to ensure a small Field of View

(FOV) on MR images. The array focal zone has a Full-Width Half Maximum (FWHM) of

3mm in the longitudinal and 1.2mm in the transverse planes in free-field. The same driving

electronics were used to produce both histotripsy and heating acoustic waveforms.

Figure 3.2: Free field pressure waveform from 1 transducer element at the array focus.
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3.2.2 Experimental Setup

Seven ex-vivo bovine brain tissues were harvested from a nearby slaughterhouse and stored

under refrigeration in 1% benzalkonium chloride solution prior to use (within 1 week). Im-

mediately prior to the experiments, the tissues were degassed in a vacuum chamber and set

in 1.5% agarose gel to ensure that there was no bulk displacement throughout the duration

of the experiments (Fig. 3.1).

To produce low-temperature heating for pre-treatment targeting, 6µs pulses (Fig. 3.2)

at relatively low pressure (peak negative pressure of 4MPa) and a high duty-cycle (30%

duty-cycle; equivalent of 50 kHz Pulse Repetition Frequency (PRF) were used. Given the

low-pressure and high focal gain sound field, no significant non-linear propagation effects

were expected. The tissues were heated for 15 seconds while simultaneous MR-thermometry

images were acquired.

To test the precision of MR-thermometry to estimate the histotripsy focus, we created

the smallest histotripsy lesions that were readily visible on MRI. Histotripsy was delivered

using 6 µs pulses at high pressure (estimated peak negative pressure of 54MPa) and a low

duty cycle (0.3%; equivalent of 50Hz PRF). The array focus was electronically steered to a

3mm× 3mm× 2mm grid with 100 pulses per focal location and 0.5mm× 0.5mm× 1mm

spacing between adjacent focal locations.

3.2.3 MR Thermometry Pre-Treatment Targeting

All MR images were acquired on a GE MR750 3T scanner (GE Healthcare, Waukesha,

WI) using a 32-channel head array (Nova Medical, Wilmington MA). MR-thermometry was

performed using a gradient-recalled echo (GRE) scan with a spiral acquisition. The slices

were centered at the focus estimated using the fiducials placed on the array (Fig. 3.1). MR-

thermometry scan parameters were: flip angle: 60◦, TE/TR: 30ms/1000ms, 13 cm FOV,

10 slices, 2mm slice thickness, 128 × 128 matrix size, and 4 shots. Thus, the temporal

resolution was 4 s and spatial resolution was 1mm for the imaging plane and 2mm in the

slice direction. Conjugate phase reconstruction was used to reconstruct the images with

reduced off-resonance distortions [81]. Fourier interpolation was applied to resample the

images to a 256× 256 matrix size.

Drift correction was applied to the phase-difference images by calculating the mean phase

difference from a region outside of the heating zone and subtracting it from the entire im-

age. The precision of temperature measurement from MR-thermometry was estimated by

measuring the temperature change in the tissues with no heating applied.

To estimate the targeting location from the heating map on MR-thermometry images,
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an ROI that contained the heated region was selected and interpolated to a 4x finer grid.

Then a 2D Gaussian surface was fitted to the temperature values. The peak of the fitted

Gaussian was estimated as the heating focus (Fig. 3.3). To make the Gaussian fit robust

to noise, moving averages of three heating map images were taken before estimating the fit.

To reduce the effect of thermal diffusion altering the location of the estimated target, the

fit was calculated from the earliest image during heating where a temperature change was

easily observable. This was done by measuring the SNR of the heated region and using the

earliest time point within 90% of the maximum SNR to fit the Gaussian.

Figure 3.3: Time series display of MR thermometry for 1 slice at every other time point.
Heating starts at 28 s and ends around 40 s. With longer heating times, diffusion effects
spread out the heating zone.

3.2.4 Estimation of Array Geometric Focus

A set of fiducials were placed on the histotripsy array housing, such that the mid-point

estimated from the two fiducials approximate the geometric focus of the array (Fig. 3.1).

Both MR and ultrasound factors will contribute to errors in the estimated array focus.

Since the histotripsy lesion was produced at the geometric focus, the difference between the

focal location measured by the fiducial markers and the location of the lesion generated

by histotripsy on the MR image was measured to assess the focal position shift due to

non-linear ultrasound propagation with the high-pressure histotripsy pulses and acoustic

aberration. Since the MR-Thermometry estimated focus is assumed to overlap with the

fiducial geometric focus, the difference between the MR-thermometry targeting location

and the geometric focus location estimated from the fiducial markers on MR images was
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measured to evaluate the inaccuracy mainly due to MR-related factors (e.g., non-uniform

gradient distribution across the field of view, noise in Gaussian fit).

3.2.5 Targeting Accuracy Evaluation

To measure the accuracy of MR-thermometry pre-treatment targeting, the target location

estimated from MR-thermometry was compared to the central location of the histotripsy

lesion measured from post-treatment MR scans. Pre and post-treatment T2-weighted, T2*-

weighted, and diffusion-weighted imaging (DWI) scans were used to visualize the histotripsy

lesion. The imaging parameters for T2*-weighted images were: Spoiled GRE with TE/TR:

10ms/300ms, FOV: 13 cm, Slice thickness: 2mm, Matrix size: 192 × 192, and Flip Angle:

42◦. T2-weighted images were acquired using Fast Spin Echo with TE/TR: 66ms/3 s, FOV:

13 cm, Slice thickness: 2mm, Matrix size: 192 × 192, and Echo Train Length: 19. DWI

(b-value=0 s/mm2 and 1000 s/mm2) were acquired using a spiral acquisition with TE/TR:

60ms/2 s, FOV: 13 cm, Slice thickness: 2mm, Matrix size: 128 × 128, 4 shots, and 40 av-

erages. Spiral acquisition parameters and reconstruction pipeline was kept the same for

the DWI and MR-thermometry scans to ensure that no bias due to image acquisition and

reconstruction processes is seen in the estimated focus, although eddy currents due to diffu-

sion gradients could lead to additional distortions that are not accounted for in this method.

Since we cannot ensure the lesion to be fully contained within a voxel (partial-volume effect),

it was expected to see the lesion visualized in a different number of voxels for each tissue.

To estimate the lesion location from post-treatment MR images, all the voxels with hypo-

intense region were identified on DWI images. A center of mass was evaluated from these

voxels and designated as the lesion center. To measure the accuracy of targeting, the focal

location estimated from fiducials and MR-thermometry targeting location were compared

to the lesion center estimated from post-treatment MR by calculating the difference in the

location in longitudinal and transverse axes.

3.3 Results

3.3.1 MR Thermometry Pre-treatment Targeting

The tissues were heated to ∼1.6 ◦C increase (Fig. 3.3) in temperature, as measured by

MR-thermometry, using the parameters described in the Methods section. The baseline

standard-deviation of temperature change without heating was ∼0.2 ◦C. Fig. 3.4 shows an

example of the MR-thermometry image measuring the heating generated from the modified

histotripsy transducer and driver. An ROI is also marked showing the area that was selected
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Figure 3.4: MR-thermometry heating image overlaid on b=0 DWI background image. Left:
Raw heating image with an ROI that is used to fit the Gaussian. Right: The fitted Gaussian
along with the estimated MR-thermometry focus.

to fit a 2D Gaussian over the heating image. An example targeting location estimated by

MR-thermometry for this tissue is also shown.

3.3.2 Post-treatment MRI of Histotripsy

Fig. 3.5 shows MR images for a tissue before and after histotripsy treatment. Histotripsy

lesions were visualized in all tissues. Lesions were not visible on T2*-weighted scan for any

tissue. T2-weighted scans were able to visualize the lesion in most tissues, although the

contrast of the lesion was low. Therefore, the post-treatment T2-weighted scan was not

used for targeting accuracy evaluation. DW images showed the lesion as a hypointense spot

[3] and was easily visible in all tissue samples and was used for determining the histotripsy

focal location. Fig. 3.6 shows an example of how histotripsy lesion was estimated on post-

treatment DWI scans.

3.3.3 Targeting Accuracy Evaluation

The targeting accuracy was evaluated by measuring the mean and standard-deviation of the

absolute difference in the MR-thermometry targeting location and the center of mass of the

histotripsy lesion measured using the post-treatment DWI scan (Table 3.1). The absolute

mean/standard-deviation difference of the estimated lesion location using MR-thermometry

was 0.59mm/0.31mm in the transverse and 1.31mm/0.93mm in the longitudinal planes,

respectively.

To assess the focal position shift due to non-linear ultrasound propagation histotripsy
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Figure 3.5: T2*, T2 and DWI (b=1000 s/mm2) images before and after histotripsy treat-
ments. The lesion contrast is best visualized on DWI scan due to homogenization of cellular
matter in that region, causing higher diffusion in the lesion compared to the surrounding
tissues.

Figure 3.6: Visualizing the histotripsy lesion along with estimated focus from MR-
thermometry and fiducials.

pulses and acoustic aberration, the difference between the geometric focal location measured

by the fiducial markers and the actual location of the histotripsy lesion on post-treatment

MR scan was measured (Table 3.1). The absolute mean/standard-deviation difference be-

tween the geometric location measured with the fiducials and the central location of the

17



Tissue
Difference between
fiducial and lesion

location (mm)

Difference between
MR-thermometry and
lesion location (mm)

Difference between
MR-thermometry and
fiducial location (mm)

Transv. Long. Transv. Long. Transv. Long.
1 0 1.3 0.8 1.8 0.7 0.5
2 -0.4 1.7 -0.3 2.3 0.2 0.6
3 -0.2 0.9 -0.5 1.1 -0.3 0.1
4 0 0.4 0.6 -2.3 0.6 -2.6
5 0.3 0.4 0.1 0.1 -0.1 0.2
6 -0.5 0.8 0.9 0.1 1.4 -0.6
7 0.2 1.2 0.9 1.5 0.6 0.4

Mean Abs.
Error

0.23 0.96 0.59 1.31 0.56 0.71

St. Dev
Abs. Error

0.19 0.48 0.31 0.93 0.44 0.85

Table 3.1: Error in focus estimation. (-) sign is towards the array in longitudinal axis and
to the left in the transverse axis. Abbreviations: Transv.: Transverse, Long.: Longitudinal
directions

histotripsy lesion measured using the post MR-scan was 0.23mm/0.19mm in the transverse

and 0.96mm/0.48mm in the longitudinal planes, respectively.

The difference between the MR-thermometry targeting location and the focal location

estimated from the fiducial markers was measured to evaluate the inaccuracy mainly due to

MR-related factors (Table 3.1). The absolute mean/standard-deviation difference between

the MR-thermometry targeting location and the geometric focus location estimated from

the fiducial markers was 0.56mm/0.44mm in the transverse and 0.71mm/0.85mm in the

longitudinal planes, respectively.

3.4 Discussion

This work shows that MR-thermometry based targeting can successfully predict the loca-

tion of histotripsy lesions with sub-millimeter precision. We investigated the accuracy of

using MR-thermometry for histotripsy targeting by comparing the peak location of a Gaus-

sian fitted to the MR-thermometry map and the center of mass in post-treatment DWI of

histotripsy lesions.

This approach has several limitations. First, using different MRI pulse sequences for MR-

thermometry and DWI means that issues like susceptibility and motion could cause varying

image distortions for different pulse sequences. This could cause shifts in estimated focus that
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could be accounted for by performing image registration or by carefully matching acquisition

and reconstruction methods. A calibration phantom can be used to evaluate distortions

caused by the different pulse sequences. Second, using a Gaussian fit to determine the target

location from the thermometry map can be confounded by heat absorption, diffusion, flow,

and the ROI selected to estimate the Gaussian. This error can be reduced by using the

earliest heating image with high SNR before the heating profile broadens.

We showed that the fiducial marker approach can be used to estimate the ultrasound

transducer geometric focus precisely, but its role may be limited for transcranial ultrasound

therapy where significant aberrations from the skull might cause more pronounced focal

shifts. Additionally, larger imaging FOV with more B0 non-uniformity and gradient non-

linearity across the imaging plane could reduce MR fiducial accuracy.

However, there are still other issues with using ultrasound heating for histotripsy target-

ing. First, heating is affected by thermal diffusion and flow, thus spreading the heating region

with time and biasing the targeting location estimate. Second, ultrasound propagation for

low-temperature heating is in the linear regime, and thus the effect of aberrations on the

focal shift may be different in the case of non-linear propagation in histotripsy, although this

difference may be small, as transcranial histotripsy transducers have a very low f-number and

ultrasound beams do not overlap significantly until they get close the focal regions. Third,

for tcMRgFUS experiments, it has been observed that getting focal heating is more difficult

closer to the skull. Thus, using MR-thermometry for pre-treatment targeting in shallow

regions might be difficult.

In this study, we showed that in the case of limited aberration, MR-thermometry can

be effective for pre-treatment targeting for histotripsy. In future studies, we plan to modify

the driving electronics to the 360-element, 700 kHz hemispherical transcranial array designed

for human use, which will be able to perform aberration correction through the skull and

electrical focal steering. We will also explore the effects of skull aberration on the accuracy

of this method. The precision of using MR-thermometry targeting for histotripsy with elec-

trical steering also needs to be investigated. The larger transcranial array allows for steering

and more pressure output than the array used in this study. Another way of performing

pre-treatment targeting is by using MR-ARFI to measure acoustic pressure directly, which

may provide a better targeting accuracy than MR-thermometry, as it takes the non-linearity

into account and will be investigated in the future. The modifications to our drivers for per-

forming both heating and histotripsy also allow them to perform radiation force sonications.

Another benefit of using MR-ARFI is that it can be used for aberration correction prior to

histotripsy sonications [40].
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3.5 Conclusions

The safety and accuracy of tcMRgHt rely on pre-treatment targeting guidance. In this study,

by using driving electronics capable of performing low-temperature heating and histotripsy,

we demonstrate the feasibility of using MR- thermometry to provide sub-millimeter accuracy

for pre-treatment histotripsy targeting. In future studies, we will implement the modified

driving electronics to the human-scale, 360-element hemispherical transcranial histotripsy

array and explore the effect of skull aberration as well as electrical focal steering on the

performance and accuracy of MR-thermometry for pre-treatment histotripsy targeting.
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CHAPTER 4

Histotripsy Pre-Treatment Targeting using

MR-ARFI and MR-thermometry

4.1 Introduction

Histotripsy is a non-invasive, focused ultrasound (FUS) treatment method that uses high

pressure (≳ 20MPa), short (1-2 cycles) ultrasound pulses at low duty-cycle (≤ 1%) to

mechanically disrupt the target soft tissues via acoustic cavitation [71, 108, 107]. It has been

proven effective in various tissue types in preclinical studies [99, 101, 103] and was recently

approved by the FDA for the non-invasive treatment of liver tumors. Histotripsy has also

been shown to stimulate local and systemic immunological response in rodent tumor models

and abscopal effect (reduction of off-target tumors) in human case reports [88, 106, 99].

Transcranial histotripsy has been shown to treat the target brain tissues through an excised

human skull without causing significant heating of the skull [27, 94]. Recently, Transcranial

MRI-guided histotripsy (tcMRgHt) studies have demonstrated MRI as a viable tool for

guiding and monitoring transcranial histotripsy treatments [66, 65, 31].

Treatment planning for histotripsy treatments in the abdomen region, such as liver and

kidney, involves taking pre-treatment CT and MRI scans to locate the treatment region

[99]. During treatment, an ultrasound imaging probe co-aligned with a histotripsy array

is used to monitor the histotripsy treatment in real time since cavitation bubble clouds

show hyperintense contrast in B-mode ultrasound images [38]. For the brain application, as

ultrasound imaging cannot image through highly aberrating human skulls, MRI guidance

is currently being investigated for histotripsy targeting and monitoring. Transcranial MR-

guided histotripsy (tcMRgHt) employs pre-treatment MRI scans to delineate the treatment

region of interest (ROI) by co-registering the histotripsy transducer’s focal region coordinates

and the MRI coordinates. This work aims to assess the use of MR-thermometry [87] and

This chapter has been submitted to Ultrasound in Medicine and Biology[33]. Portions of this work have
been presented at the 33rd Annual Meeting of ISMRM[32]
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MR-acoustic radiation force imaging (MR-ARFI) [73] to visualize the histotripsy transducer

focal zone and the accuracy of these two MRI-based pre-treatment targeting methods for

histotripsy treatments.

MR-thermometry and MR-ARFI are routinely utilized in high-intensity focused ultra-

sound (HIFU) thermal and blood-brain-barrier opening (BBBO) studies [18, 44, 78, 89].

MR-thermometry is used with low-temperature heating to perform pre-treatment guidance

for thermal ablation. This works well because the treatment and targeting methods use

the same physical mechanism (ultrasound absorption causing temperature change). Alter-

natively, MR-ARFI uses milliseconds-long ultrasound bursts to displace the tissue a few

microns, which is characterized by MRI to perform targeting for both thermal and BBB

opening studies. MR-thermometry provides additional information about thermal dose while

the treatments are performed [9, 14, 82, 98]. MR-ARFI-based elastography methods have

also been used to estimate tissue elasticity changes during thermal therapies [9].

MR-thermometry has been tested for histotripsy pre-treatment targeting, but not through

the skull [31]. MR-ARFI has not been tested for histotripsy pre-treatment targeting. In this

paper, for the first time, MR-thermometry and MR-ARFI are evaluated for pre-treatment

targeting of histotripsy with and without the skull. The accuracy of the two methods is

compared at different pressure levels with and without trans-skull sonication. Even though

HIFU and histotripsy both use ultrasound, histotripsy uses much higher acoustic pressures

with substantial non-linear effects. Therefore, the accuracy of MR-thermometry/MR-ARFI

for pre-treatment targeting of histotripsy treatments under high pressures and non-linear

propagation is unknown, especially in the presence of the skull.

To perform MR-Thermometry, the driving electronics of the histotripsy array were mod-

ified to generate low-temperature heating using continuous waves (CW) at low pressure at

the focus for 30 seconds. To perform MR-ARFI for pre-treatment targeting, radiation force

push at the array focus was generated by low-pressure bursts with a much longer pulse dura-

tion (20ms) than histotripsy pulses (3µs). To evaluate the targeting accuracy, a histotripsy

lesion was created and visualized using diffusion-weighted imaging (DWI). The focal location

determined by pre-treatment MR-thermometry/MR-ARFI was compared to the centroid of

the post-histotripsy lesion on Diffusion Weighted Imaging (DWI) images to determine the

targeting accuracy. The targeting accuracy of MR-thermometry/MR-ARFI was assessed at

different pressure levels and through an excised human skull.
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4.2 Materials and Methods

4.2.1 Experimental Setup

All experiments used a focused, 700 kHz, 128-element MR-compatible histotripsy array (f-

number: 0.73, FWHM: 2mm × 2mm × 7mm). The same array has been previously used

for our transcranial in-vivo histotripsy experiments on pigs [66, 65]. The array was placed

in a 3T GE UHP human MRI scanner (GE HealthCare, Chicago, IL), and 21-channel

GE AIR coils were used for receiving MR signals. Treatments were performed on 12 ex-

vivo bovine brains sourced from a nearby slaughterhouse within 48 hours of resection and

refrigerated under degassed saline solution until the day of the experiments. On the day of

the experiment, the tissues were degassed and set in 1.5% agarose gel at room temperature

for up to three hours before the experiment. Using a custom 3D-printed insert, the brains

were placed centered at the array’s geometric focus. The experimental setup inside the MRI

scanner is shown in Fig. 4.1.

For the transcranial histotripsy treatment, two human skulls were acquired from the

University of Michigan Anatomical Donations Program and were stored under degassed

saline. The skulls were degassed under a vacuum chamber for 24 hours before the experiment

and held in place using screws mounted on the array. Since the skull significantly aberrates

the ultrasound field, a pin hydrophone was used to perform aberration correction by adjusting

the phase delays to each array element based on the hydrophone signal measured at the array

focus from each element.

4.2.2 Pre-treatment targeting using MR-thermometry

To perform MR-thermometry for pre-treatment targeting, focused heating was generated

using continuous wave (CW) ultrasound (100% duty cycle) for 30 s. For experiments with-

out the skull, the peak negative pressure (P−) of 4MPa was measured in the free field

(Fig. 4.2) by capturing the pressure waveform while firing the entire array using a fiber-optic

hydrophone (Onda HNR-0500, Sunnyvale, CA). Through an excised human skull, the in-situ

P− of 1.2MPa was estimated, with approximately 70% ultrasound attenuation through the

human skull with aberration correction measured previously. This resulted in spatial-peak

temporal-average intensity (Ispta) of 437W/cm2 and 40W/cm2 for the cases without and

with the skull, respectively.

Proton resonance frequency MR-thermometry was performed simultaneously during heat-

ing using a 3D RF-spoiled gradient recalled echo (GRE) scan using a stack of spirals acqui-

sition with 8-shots/platter. The scan parameters were TE/TR/FA: 33ms/39ms/13◦, FOV:
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Figure 4.1: T2* weighted image of the array setup inside the MRI scanner. For the scans
involving human skulls, the skulls were set in the path of the ultrasound by four mounting
screws. The receive coil was placed on top of the tissue to maximize SNR inside the tissue.
The green arrow in the tissue marks the array’s geometric focus.
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Figure 4.2: Summed pressure waveforms acquired using a hydrophone for (a) MR-
thermometry/MR-ARFI and (b) histotripsy experiments from the therapy array. The actual
waveform length for MR-thermometry/MR-ARFI was 30sec/20ms, respectively. The same
electronic drivers were used to generate these waveforms.

40 cm× 40 cm× 4.5 cm, matrix: 256× 256× 15, 4.68 s per acquisition. A field-map-informed

conjugate-gradient sensitivity map encoded (CG-SENSE) reconstruction was done using a

field map and sensitivity map acquired from a separate scan [23]. Phase difference images

were calculated by subtracting the angle of the pre-heating image from the subsequent heat-

ing images. Zeroth-order phase correction was done to correct for scanner drift-induced

phase changes before estimating the final temperature changes. Under these conditions, the

focus of the array was estimated by identifying the hottest pixel during sonication.

4.2.3 Pre-treatment targeting using MR-ARFI

To perform MR-ARFI for pre-treatment targeting, ultrasound radiation force was applied

using the 20ms length pulses at the P− focal pressure of 5MPa without the skull and

1.5MPa through the skull with aberration correction. Each ultrasound pulse was triggered

with the ARFI gradient pulse, resulting in a 4◦ duty cycle. MR-ARFI scan was done using

a 3D spin-echo pulse sequence with a stack of spiral acquisition with 8 shots/platter and a

pair of bipolar gradients on either side of the 180◦ pulse, similar to the method described

in [51]. The scan parameters were TE/TR: 38ms/500ms, FOV: 40 cm × 40 cm × 4.5 cm,

matrix: 256 × 256 × 15, 60 s per acquisition. Each gradient in the bipolar gradient had a

first moment of 24G ·ms/cm and was oriented along the array’s longitudinal axis (scanner

y-axis). The ultrasound array was turned on for 20ms each TR to cover half of both the

bipolar gradients along with the 180◦ pulse [51]. Like MR-thermometry, field map informed
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CG-SENSE was also used for reconstructing MR-ARFI images. Three sets of MR-ARFI

images were acquired, with the array’s state: off, on+, and on-, with the on+ and on- images

having opposite polarity of the ARFI gradient to increase the SNR of the averaged phase

difference images. Phase difference images were calculated by subtracting the averaged ARFI

on images from the ARFI off images and calculating the MR-ARFI ‘displacement’ images.

Phase unwrapping was performed on the phase difference images using the Goldstein method

[29]. Like MR-thermometry, the peak of the MR-ARFI images was designated as the focus.

4.2.4 Targeting accuracy evaluation

To evaluate the targeting accuracy, the array focus location based on pre-treatment MR-

Thermometry and MR-ARFI images was compared to the estimated center location of the

post-histotripsy lesion determined by DWI. Single point histotripsy lesions were generated

using 1.5 cycle pulses and 100Hz Pulse Repetition Frequency (PRF) (0.02% duty cycle) until

the tissue was completely homogenized with a treatment time of two minutes. Histotripsy

ultrasound pulse waveform is shown in Fig. 4.2. Pressure waveforms from individual trans-

ducer elements were acquired using the fiber-optic hydrophone and summed to estimate the

total pressure output from the transducer. Three experimental conditions were tested to

examine the impact of pressure levels and skull presence on the targeting accuracy: 1) esti-

mated in-situ peak-negative pressure P− of 35MPa without a skull, estimated in-situ P− of

75MPa without a skull, and estimated in-situ P− 36MPa through the human skulls. Since

histotripsy causes cell membrane disruption, lesions show well on DWI images due to the

increased diffusion coefficient inside the lesion compared to untreated tissue [1, 3, 31].

The lesions were imaged using a DWI scan (b=0 s/mm2 and 1000 s/mm2) with echo-planar

imaging (EPI) readout. The scan parameters were TE/TR: 52.6ms/2 s, FOV: 40 cm×40 cm×
4.5 cm, matrix: 256× 256× 15, and 4 shots [53]. Vendor-provided distortion correction was

used to correct for EPI image warping. Finally, the DWI images were aligned with the

magnitude of the MR-thermometry and MR-ARFI images using MATLAB’s imregister

function using a Mutual Information cost-function to correct for rigid shifts between the

three scans. The lesion was identified by comparing the pre- and post-treatment ADC

images and determining the lesion area. The lesion voxel with the maximum increase in

ADC was then found, and to demarcate the complete lesion volume, the neighboring voxels

with an increase in ADC by half the max ADC increase were thresholded to be the complete

lesion.

To quantify the targeting accuracy of MR-thermometry and MR-ARFI, the center of

mass of the marked DWI lesion was designated as the ‘actual’ histotripsy target and com-
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pared to the center of mass focus identified by the MR-thermometry and MR-ARFI. The

difference between the focus coordinates estimated from the two methods, and the estimated

histotripsy focus was calculated as the targeting error. A negative error in the longitudinal

and transverse axis corresponded to the estimated focus being more distal (+y) and right

(+x) of the histotripsy focus, respectively.

4.3 Results

4.3.1 Pre-treatment MR-thermometry and MR-ARFI

MR-thermometry, MR-ARFI, and DWI images could visualize heating, radiation force, and

histotripsy lesions in 12 tissue samples. Heating and ARFI focal regions were seen as oblong,

elliptical-shaped regions with a tight focal spot (Fig. 4.3). To avoid a shift in the estimated

focus due to heat diffusion for MR-thermometry images, the earliest timepoint where the

heating spot was visible was used to estimate the focus. The peak temperature change and

the peak displacement without the skull were about 8 ◦C and 20µm, respectively. Heating

temperature uncertainty was estimated to be ∼0.2 ◦C. The estimated temperature increase

generated by the MR-ARFI experiment was ∼1.2 ◦C.

Histotripsy lesions were visible on the post-treatment DWI image as an elongated hy-

pointense region along the array’s longitudinal axis, which was in agreement with the ar-

ray’s longer FWHM along that axis. The heating region shown on MR-thermometry and

the displacement region on MR-ARFI is more spread out than the lesion on post-treatment

DWI or the focal zone size (Fig. 4.3). For experiments with a human skull, both ARFI and

Thermometry peaks were lower intensity and more diffuse compared to the cases without a

skull. The peak temperature change and the peak displacement with the skull were about

∼2 ◦C and 4µm, respectively.

4.3.2 Targeting Error Estimation

Fig. 4.4 shows the error in the focus estimated from MR-Thermometry and MR-ARFI com-

pared with histotripsy focus estimated from DW images. The mean estimated error across

all cases in the transverse/longitudinal axis was 2.06mm/2.95mm and 2.13mm/2.51mm

for MR-ARFI and MR-Thermometry, respectively (Fig. 4.5). For MR ARFI, the mean

absolute error in the transverse/longitudinal axis was 2.94mm/2.07mm at 35MPa (n =

4), 2.20mm/3.86mm at 75MPa (n = 4), and 1.10mm/2.91mm through the skull (n =

4). For MR-Thermometry, the mean absolute error in the transverse/longitudinal axis was

2.57mm/1.90mm at 35MPa, 2.58mm/2.74mm at 75MPa, and 1.29mm/2.91mm through
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Figure 4.3: From left to right: Example pre-treatment DWI, MR-thermometry (◦C), MR-
ARFI (µm), post-treatment DWI, and post-treatment DWI labeled with the estimated focus
for the estimated peak negative pressure of 35MPa with a skull (top), 70MPa without a
skull (middle), and 36MPa with a skull (bottom).

the skull. Since the array focus was elongated along the image top-down axis, there was high

uncertainty for estimating focus along that axis (Fig. 4.4).

Fig. 4.5 shows that in the longitudinal direction, the focal location from both MR-based

methods was estimated to be more distal from the transducer than the focus estimated from

DWI for tissues with higher-pressure treatments. The error in the longitudinal treatment

location could be attributed to non-linear propagation effects due to the high-amplitude

histotripsy pulses. We found that the uncertainty in estimating the focal location in the

transverse axis could be due to the small lesion size, causing a partial volume effect and

confounding the focus estimation method. The tissues treated through the skull had a

similar range of error values as the tissues treated without the skull.
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Figure 4.4: Transverse and Longitudinal errors for all the tissues tested in this study. The
origin represents the centroid of the DWI-derived histotripsy lesion. The error is skewed
away from the FUS array (negative sign on the longitudinal axis).
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Figure 4.5: Absolute targeting error for MR-ARFI and MR-Thermometry estimated focus.
The acquired image resolution was 1.5mm, and the lesion focus was estimated as the center
of mass of the estimated lesion. The dashed/dotted lines mark mean error across all tissue
samples for MR-ARFI/MR-thermometry.

4.4 Discussion

Treatment planning for tcMRgHt treatments requires pre-treatment scans to determine the

treatment region and prescribe the dose. Ensuring the treatment is delivered at the intended

location is a challenging process, which includes registration of ultrasound array to MR

scanner, aberration correction, and avoiding unwanted ultrasound ‘hot spots’. To combat

some of these challenges, we investigated and compared MR-ARFI and MR-thermometry

to localize histotripsy treatments on ex-vivo bovine brains on a 3T human scanner with

and without a human skull. Both MR-thermometry and MR-ARFI provided an accurate

estimate of histotripsy focus with a worse-case error of less than four imaging voxels. Both

these methods explored in this study do not require external devices to perform the targeting

task, and the scan times (without any MRI acceleration) are on the order of a few seconds

for MR-thermometry to two minutes for MR-ARFI. Although targeting through the skull

caused significant pressure attenuation, the focal spot was visible on both MR-ARFI and

MR-thermometry after aberration correction. The targeting error through the skull was not

increased compared to without the skull.

To perform MR-thermometry and MR-ARFI, the electronic drivers of the histotripsy

array needed to be modified to enable long pulses or continuous waves at the lower pressure,

as histotripsy transducers are typically designed to be used with microsecond pulses at very

high pressures. It should also be noted that the reported pressure through the skull is

estimated based on skull attenuation, but it does not account for attenuation due to the

brain tissue.

In previous histotripsy experiments, it has been noted that the histotripsy lesion genera-
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tion tends to shift pre-focally towards the transducer compared to the geometry focus of the

transducer due to the non-linear effect [61]. This non-linear effect becomes more significant

at higher pressures. This pre-focal shift contributes to a significant portion of the targeting

error, as evident by the higher error in the longitudinal direction towards the transducer

(negative error). We investigated the impact of histotripsy pressure on focus estimation by

treating tissues at two different pressure levels. At the acquired image resolution, we ob-

served that, on average, the estimated focus at lower pressures is similarly well estimated

by the two targeting methods. At 35MPa, the lesion is smaller, and demarcating the lesion

becomes more challenging due to partial-volume effects, causing higher uncertainty in error

estimation. At the higher pressure, a larger lesion was generated. Imaging at higher resolu-

tion could improve the accuracy of the targeting. This can be done by using pulse sequences

that image smaller field-of-view and/or custom-made RF coils with higher signal close to the

area of interest.

MR-thermometry and MR-ARFI performed similarly well for all tissues. An added benefit

of using MR-ARFI is the potential to perform aberration correction [40, 50, 54, 70]. Although

slow, it can provide a good starting point by estimating delays for groups of array elements.

These delays can allow us to deposit a few treatment points in the tissue, which can then

be used to estimate a new set of delays for all array elements [67, 109]. Using MR-ARFI for

aberration correction was beyond the scope of this work and will be investigated in a future

study. This study also used brain tissues that were sourced from a slaughterhouse that had

varying levels of bleeding and became gassier during the duration of the experiments, which

could explain the varying range of estimated errors.

4.5 Conclusion

This study demonstrated the capability of MR-ARFI and MR-thermometry to accurately

estimate histotripsy focal region in the presence of a human skull. Histotripsy focus was esti-

mated with mean absolute errors along the transverse/longitudinal axis of 2.06mm/2.95mm

and 2.13mm/2.51mm for MR-ARFI and MR-thermometry, respectively. The presence of

the human skull caused the focal region to become more diffuse, but it did not affect the

targeting accuracy of either of the two methods. Future work will test the efficacy and accu-

racy of MR-ARFI and MR-thermometry for histotripsy pre-treatment targeting on in-vivo

animal models.
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CHAPTER 5

Realtime MRI Monitoring of Histotripsy

Treatments

5.1 Introduction

Cancers of the brain account for over 250,000 deaths per year worldwide, with over 300,000

new cases reported every year [97]. Current treatment options for patients are surgery, radi-

ation therapy, or chemotherapy. Craniotomy-based surgery is the most common treatment

option used, but it exposes patients to risks of infections, surgical trauma, and damage to

surrounding cerebral parenchyma [55]. Radiation therapy is usually used to destroy tumors

that may remain after surgery but results in necrosis, edema, and reduction in hippocampal

cellular activity [30]. Chemotherapy and Blood-Brain barrier (BBB) based therapy are also

available but are not widespread [84].

Focused Ultrasound (FUS) is currently being investigated for non-invasively treating

brain tumors either by producing thermal necrosis using High-Intensity Focused Ultrasound

(HIFU) [17] or by applying low-intensity FUS for the opening of BBB to assist chemother-

apeutic treatments [12]. Transcranial MR-guided HIFU (tcMRgHIFU) is approved by the

FDA and is clinically used in the brain for the treatment of essential tremors and Parkin-

son’s disease [63, 21, 77]. Human studies of tcMRgHIFU of brain tumors have shown very

limited results due to overheating of the skull, long treatment times, inadvertent heating of

surrounding tissues, and constrained targeting region capabilities in the brain [17, 72]. Low-

intensity FUS BBB opening facilitates the delivery of heavier chemotherapy drugs to the

brain by the partial opening of the BBB [12], but there has been limited evidence regarding

the safety and efficacy of brain treatment using this approach.

Histotripsy is a non-invasive FUS therapy that uses short, high peak-negative pressure

ultrasound pulses to generate focal cavitation [108]. Histotripsy treatments mechanically

This chapter will be submitted to Magnetic Resonance in Medicine (MRM). Portions of this chapter will
be presented at the 23rd Annual Meeting of ISTU.
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fractionate the tissues into an acellular homogenate that is localized to the region where the

peak negative pressure exceeds a cavitation threshold [107, 7]. Histotripsy is FDA-approved

for the treatment of liver tumors [99] and is currently being investigated for treatments

throughout the body under ultrasound guidance [57]. This work is motivated, in part, by

the difficulty in performing transcranial ultrasound imaging.

Recent in-vivo animal studies have demonstrated the feasibility of using histotripsy to

perform non-invasive brain treatments [94, 27, 65, 20]. Additionally, histotripsy treatments

are performed using low-duty cycle (<0.1%) sonications, enabling brain therapy without sig-

nificant heating to the skull and the surrounding tissue [28]. We have previously performed

a transcranial MR-guided histotripsy (tcMRgHt) feasibility study to show that brain his-

totripsy treatments could be successfully performed inside an MRI scanner [65]. We have

also demonstrated that MR-thermometry and MR-acoustic radiation force imaging (MR-

ARFI) can be used for pre-treatment targeting these treatments [31]. MR images can also

be sensitized to various contrast mechanisms that could prove valuable for assessing the

damage caused by histotripsy in real-time [1, 2, 3].

The aim of this work is to perform real-time monitoring of histotripsy cavitation effects in

a human MRI scanner with an MR-compatible transcranial histotripsy array using ex-vivo

bovine brains as a testbed. We first discuss the potential sources of MRI-sensitive contrast

generated in real-time by histotripsy treatments. Then, we outline the MRI pulse sequence

that was used to sensitize the image to histotripsy cavitation events in real time. Finally, we

demonstrate the real-time changes to the image contrast due to histotripsy events in agarose

gel and bovine brains and through an excised human skull.

5.2 Theory

Histotripsy cavitation events and the post-cavitation effects are stochastic in nature, and the

dynamical changes could range from tens of microseconds to a few milliseconds[7, 107, 76].

As the cavitation threshold is exceeded at the target spot, the high peak-negative pressure

allows the air pockets dissolved in the liquid to overcome surface tension and undergo rapid

expansion within a few microseconds [103, 7]. The localized air bubbles then dissolve back

into the liquid within a few hundred microseconds until the next histotripsy pulse re-excites

them [103, 102]. In most cases, the bubble cloud could undergo secondary expansion and

collapse cycles before finally returning to equilibrium. The size of the bubble cloud depends

on the ultrasound array’s frequency and f-number, peak negative pressure, and elasticity

of the tissue [75, 76, 100]. This section will briefly discuss the dynamic effects induced by

histotripsy bubble clouds and describe how the MRI pulse sequence could be modified to
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Figure 5.1: Full field-of-view experimental setup inside the MRI scanner. This image was
acquired using a spin-warp acquisition used for real-time histotripsy monitoring. The direc-
tion of ultrasound propagation is from the bottom to the top axis in this figure (scanner
y-axis).

capture these changes.

5.2.1 Random Motion within the Lesion

As histotripsy pulses are delivered to the tissue, the cavitation events break down the tissue’s

cellular matrix structure. As the treatment progresses, the ablation region gets increasingly

liquified until it completely turns into a liquified homogenate [107]. After the collapse of the

cavitation bubble cloud, the tissue homogenate rapidly fills up the air cavity, causing chaotic

mixing within the lesion that subsides within a few milliseconds [76]. The chaotic motion

within the lesion is expected to increase as the tissue becomes more liquified until it reaches

a peak value, signifying the complete liquefication of the tissue.

The random motion of the liquid within the histotripsy treatment region can be imaged

using MRI pulse sequences sensitized to random motion by using gradients. The random

motion within the lesion will lead to an incoherent phase accumulation of the spins, causing

a decrease in the magnitude signal. It has been shown that b-values <0.5 s/mm2 are enough

to visualize histotripsy cavitation events in liquids [1]. Since the cavitation events have

short time scales, the relative timing of histotripsy sonications with respect to the gradient

waveforms controls the sensitivity of the pulse sequence to histotripsy [1].

5.2.2 Bulk Motion and Acoustic Radiation Force

As the histotripsy bubble cloud expands and collapses, it stretches and strains the tissue.

Since the tissue becomes more homogenized with histotripsy pulses, the tissue around the
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lesion might get displaced as the treatment progresses. It has also been shown that following

the chaotic, random motion of the homogenate, the acellular debris has a coherent motion due

to an acoustic radiation force effect [76, 6]. It has been shown that the displacement within

the histotripsy lesion due to acoustic radiation force is initially away from the transducer

but then rebounds back towards the transducer [75]. The displacement can range from 10-60

microns, most of which lasts 1-15ms after the histotripsy sonication [75].

Only an average effect of the two motion types described above can be imaged with

the temporal resolution of MRI. The radiation force-induced displacement can be encoded

with an MRI pulse sequence using a gradient timed with the histotripsy treatment. The

displacement will be encoded as a change in the image phase, similar to MR-ARFI, which

uses CW ultrasound to displace the medium a few microns and encodes the motion using

gradients [73]. It is possible that the dynamic change in the phase information could provide

information about tissue elasticity changes due to histotripsy[79].

5.3 Methods

5.3.1 Experimental Setup

Histotripsy experiments were performed using a focused, 700kHz, 128-element MR-

compatible histotripsy array (f-number: 0.74, FWHM: 2 × 2 × 7 mm3) [65] using 1.5-cycle

pulses at a peak-negative pressure of 70MPa in free field and 36MPa through the human

skull. The array was placed in a 3T GE UHP human MRI scanner (GE HealthCare, Chicago,

IL) with a 21-channel GE AIR receive coil. The experimental setup is shown in Fig. 5.1.

Experiments were performed on 1.5% agarose gel and ex-vivo bovine brains. The bovine

brains were sourced from a nearby slaughterhouse within 48 hours of resection and refriger-

ated under degassed saline solution until the day of the experiments. The degassed gel/tissue

block was placed at the histotripsy array’s geometric focus using 3D-printed inserts. To mon-

itor transcranial histotripsy treatments, histotripsy lesion was generated in the ex-vivo brain

tissues through an excised human skull. The skull was acquired from the University of Michi-

gan’s Anatomical Donations Program. It was stored under degassed saline until the day of

the experiment and held in place using non-metallic screws mounted on the histotripsy array

scaffold.

All monitoring pulse sequences used in this study were programmed using Pulseq, which

is a vendor-agnostic open-source pulse programming software [56, 80].
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Figure 5.2: (a) GRE pulse sequence with a bipolar gradient along the y-axis. The vertical
red lines mark the region where histotripsy sonication was done. For all experiments, only 1
sonication was done every TR. The therapy was sensitized along the y-axis due to the highest
expected motion encoded along that axis. (b) Histotripsy encoding gradient with the same
encoding time but different b-values of encoding gradients by scaling the two gradients. (c)
Histotripsy encoding gradients with varying levels of encoding times. All scans used the
same TE/TR values.

5.3.2 Acquisition Protocol

Histotripsy sonications were performed at the array’s geometric focus at 10Hz pulse-

repetition frequency (PRF), triggered by the MRI scanner. Treatment monitoring was done

using a gradient echo (GRE) pulse sequence with a spin-warp Cartesian acquisition and a

2D spiral non-Cartesian acquisition. The two sequences were modified by placing a bipolar

gradient of area 320mT/m ·ms and 4ms spacing between the gradients along the array’s

longitudinal axis (scanner y-axis) between the excitation and acquisition blocks (Fig. 5.2,

Section 5.7). Although spiral acquisition provides faster treatment monitoring, the advantage

of spin-warp acquisition is that the large readout bandwidth inherently reduces susceptibil-

ity artifacts and image distortions compared to spiral acquisition. Both the sequences were

sensitized to first-order motion due to the bipolar gradient. Histotripsy sonications were

initiated by sending a trigger-out from the MRI scanner to the histotripsy electronic drivers.

The travel time of ultrasound from the trigger to arrival at the array focus was 100 µs. All

the treatments were done with 1 histotripsy sonication per TR.

The acquisition parameters for both the pulse sequences were: FOV: 40 cm× 40 cm, grid-

size: 256 × 256, TE/TR: 19ms/100ms, flip-angle: 21◦, 1 slice with 3mm slice thickness,

1 histotripsy pulse/TR. The change in the phase was calculated by subtracting the phase

from a baseline image before the start of any histotripsy treatment. The images were also
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corrected for zeroth-order drift by subtracting the phase of a region in the water bath from

the entire image.

5.3.2.1 Cartesian Acquisition

The spin-warp acquisition used a readout bandwidth of 100 kHz. The temporal resolution

of the acquisition was 25.6 s. Since 256 TRs were used to generate 1 image, an average of

256 sonications were observed in the magnitude and phase images.

5.3.2.2 Non-Cartesian Acquisition

The temporal resolution used for the spin-warp acquisition in Section 5.3.2.1 is not reason-

able for in-vivo histotripsy treatment monitoring. Additionally, delivering 256 histotripsy

pulses to generate 1 image will lead to the loss of valuable treatment feedback. Treatment

monitoring requires high temporal-resolution imaging to ensure the treatment is continuously

delivered at the intended location. The spin-warp readout from Section 5.3.2.1 was replaced

with a 5-shot spiral-out readout to approach higher temporal resolution imaging. Each spi-

ral acquisition was 27ms long and acquired at 250 kHz readout bandwidth. The temporal

resolution for this scan was 500ms, allowing more rapid monitoring of histotripsy-induced

changes.

A conjugate-gradient sensitivity map encoded (CG-SENSE) reconstruction with a finite-

difference regularizer was done using a sensitivity map acquired from a separate scan. Image

reconstruction was performed using the Michigan Image Reconstruction Toolbox (https:

//web.eecs.umich.edu/~fessler/code/).

5.3.3 Sensitivity to Encoding Gradients

The cavitation-induced liquid dynamics change as a function of the treatment dose. To

observe the sensitivity of real-time histotripsy images to varying encoding schemes, the

encoding gradient amplitude and timing were modified.

5.3.3.1 Effect of Gradient Amplitude

The sensitivity to the motion due to histotripsy sonications was altered by playing the

same pulse sequence with varying b-values by scaling the amplitude of the bipolar gradients

(Fig. 5.2). Using larger magnitude gradients allows larger sensitivity to histotripsy motion

and might sensitize the images to weaker motion at the boundaries of the lesion. Beyond a

certain b-value, the lesion contrast would increase without providing new information about

the cavitation events.
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Figure 5.3: Magnitude and phase change due to histotripsy pulses in gel and ex-vivo brain
tissue using a spin-warp acquisition. The images on the left column have no histotripsy
sonication. The images on the right column have 1 histotripsy sonication/TR. The image
magnitude decreases, indicating increased random motion within the lesion. The phase
difference images show a net phase away from the histotripsy array.

The encoding scheme can also be explained as k-space frequency or phase cycles across

the image, as described in detail by Allen et al. [2]. With higher cycles of phase across the

lesion, spins undergoing weaker motion can obtain higher frequency dispersion, leading to a

loss in signal magnitude. The following b-values were used for this study: 0, 0.5, 1, 5, 10,

20, 30, 40 and 50 s/mm2 with corresponding k-space frequencies of 0, 13.8, 19.4, 43.6, 61.6,

87.2, 106.8, 123.4 and 137.9 cm−1.

5.3.3.2 Effect of Encoding time

As alluded to in Section 5.2, the acellular matter within the histotripsy lesion is known

to initially displace in the direction of ultrasound propagation, then recoils back towards

the array. To observe the change in random and bulk motion within the lesion at different

time points, the timing of the rephasor gradient was varied with respect to the histotripsy

sonication (Fig. 5.2). The net motion at different time points can be estimated based on the

phase images. The following spacing between the gradients was used: 0, 0.5, 1, 1.5, 2, 2.5,

3, 3.5 and 4ms, corresponding to b-values of: 20, 24, 27.5, 31, 35, 39, 42.5, 46 and 50 s/mm2

and k-space frequency of 137.9 cm−1.

5.3.4 Transcranial Treatment

To validate the feasibility of using the real-time monitoring pulse sequences to monitor in-

vivo transcranial treatments, a histotripsy lesion was created in ex-vivo bovine brain tissue

through an excised human skull. Prior to histotripsy sonication, a pin hydrophone was used
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Figure 5.4: Magnitude and phase change due to histotripsy pulses in gel (top) and ex-vivo
brain tissue (bottom) using spiral acquisition.

to perform aberration correction before performing treatments through the skull.

5.3.5 Comparison with Actual Lesion

After histotripsy treatments are complete, the ablation region contains tissue homogenate.

Once the tissue is completely homogenized, additional histotripsy pulses mix the slurry

around the ablation region. It is already known that the ablation region has a higher diffu-

sion coefficient compared to intact tissue [3, 31]. A diffusion-weighted imaging (DWI) scan

can accurately locate the histotripy ablation region. To correlate the location of real-time

histotripsy to the location of the actual histotripsy lesion, the cartesian GRE scan was mod-

ified to have a b-value of 1000mm/s2 The location of the real-time histotripsy lesion was

compared with the post-treatment DWI to estimate the accuracy of the real-time monitoring

pulse sequence.

5.4 Results

5.4.1 Monitoring Histotripsy using Cartesian Acquisition

The change in the image magnitude and phase due to histotripsy sonications for GRE scans

with Cartesian acquisition is shown in Fig. 5.3. The phase difference images show positive and

negative contrasts, indicating a net displacement away (positive) and towards (negative) the

histotripsy array. It is important to note that the displacement only occurs when a histotripsy

event occurs and not during the treatment ‘off’ phase. The magnitude decrease signifies the

large random motion increase within the lesion due to histotripsy. The magnitude and phase

images indicate that the net motion in the center of the lesion is more random but has a
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Figure 5.5: Real-time histotripsy images at different points during the treatment. Both the
phase and magnitude increase in intensity with increasing histotripsy dose. The increased
random motion within the lesion causes the magnitude loss. The phase image contains two
regions: the region associated with the magnitude change with a large phase change and the
surrounding region corresponding to phase change from multiple possible effects, including
ARF, tissue stretching, and shear waves.

bulk shift away from the transducer (as signified by the positive phase difference).

Using the magnitude image, the lesion dimension in the agarose gel was about 3mm ×
6mm. This lesion size corresponds well with the array’s expected bubble cloud size. The

relative signal change was higher in the phase images than in the magnitude images for

both tissues and gels. The peak signal decrease in magnitude was estimated to be 50%,

and a signal increase in phase was estimated to be 0.3 rad compared to the baseline signal.

The phase increase corresponds to an estimated net displacement of about 22µm away from

the transducer. The relative magnitude change in ex-vivo brain tissue is similar to the gel,

but tissue shows a larger net displacement away from the array due to histotripsy. The

phase increase corresponds to an estimated net displacement of about 120µm away from

the transducer. This is possibly due to the brain having higher absorption compared to gel.

The estimated lesion size in the tissue was about 3mm × 3mm. Although the lesion size

is smaller than in agarose, it is known that the bubble cloud expansion in tissues can be

restricted due to reduced elasticity compared to a gel [103].

The extent of the phase change in both tissue and agarose was much larger than the extent

of expected histotripsy-induced damage. The higher bulk shift in tissue could be associated

with bulk motion and radiation force effects in the direction of ultrasound propagation.
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Figure 5.6: Change in magnitude and phase within the lesion shown in Fig. 5.5 as a function
of therapy turning on/off. Each ‘on’ phase comprises 10 time points corresponding to 50
histotripsy pulses. As more histotripsy pulses are delivered to the tissue, the magnitude
change becomes larger, corresponding to higher random motion. The phase change shows
a linear phase component due to tissue heating up. As the therapy progresses, the phase
change becomes smaller due to increased random motion and decreased bulk motion.

5.4.2 Monitoring Histotripsy using Non-Cartesian Acquisition

Histotripsy-induced real-time changes were also visible with the spiral acquisition in both the

gel and ex-vivo brain tissues (Fig. 5.4). The relative signal change in magnitude and phase

was similar to the Cartesian acquisition. Since the spiral acquisition temporal resolution

is significantly higher than the spin-warp acquisition, we can track the histotripsy-induced

changes to the tissue for every 5 histotripsy sonications.

Fig. 5.5 shows representative real-time spiral images in the brain tissue for different his-

totripsy dose levels during the course of the therapy. As the tissue gets ablated with more

histotripsy pulses, we see an increase in the random motion within the lesion, as seen by

the increased loss in the image magnitude difference. The signal from the treatment region

is shown as a function of treatment on/off in Fig. 5.6. The tissue phase shows an increased

displacement away from the array. The magnitude within the lesion gets darker with more

histotripsy pulses, indicating increased signal loss due to larger incoherent motion with ther-

apy progression. Once the cellular tissue matrix is completely broken down, additional pulses

only mix the water molecules, and the magnitude does not decrease further.
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Figure 5.7: Effect of increasing gradient amplitude to histotripsy cavitation. Higher am-
plitude gradients (corresponding to larger k-space) are more sensitive to random and bulk
motion inside the lesion.

5.4.3 Effect of Gradient Amplitude

The change in the image magnitude and phase to histotripsy with varying gradient amplitude

but the same encoding time (Tenc) is shown in Fig. 5.7. As expected, the magnitude and

phase contrast increase with a larger gradient amplitude since both the sensitivity to random

and bulk motion are proportional to the gradient area. With a larger b-value (and cycles of

phase), a larger cavitation region is visible in the magnitude image. This can be attributed to

larger sensitivity to smaller random motion within the lesion. The phase image contrast was

observed to scale linearly with the gradient amplitude since the phase is linearly proportional

to spatial location and gradient area.

5.4.4 Effect of Encoding Time

The sensitivity of the pulse sequence to the location of the start of the second gradient (Tenc)

is shown in Fig. 5.8. The b-value increases with a larger distance between the two gradients,

but the k-space frequency across the lesion is the same for all figures. Similar to Section 5.4.3,

the magnitude image shows a larger region containing the lesion with increasing b-value. The

phase contrast decreases with increasing Tenc and b-value. Since the phase images encode

the net displacement within the lesion, with larger Tenc, the spins within the lesion can relax

back to the equilibrium position, leading to less phase accrued due to displacement.

5.4.5 Monitoring Transcranial Treatment

The real-time spiral pulse sequence could also visualize treatment through the human skull

(Fig. 5.9). The change in magnitude and phase through the skull was smaller than in the

free-field experiments due to lower peak-negative pressures achievable through the skull.
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Figure 5.8: Effect of increasing gradient delay (Tenc) to the sensitivity to histotripsy cav-
itation events. With larger Tenc, the lesion appears larger due to a higher b-value. The
phase contrast decreases with Tenc, suggesting that a large number of spins return to their
equilibrium state 4ms after the cavitation event.

Figure 5.9: Magnitude and phase change due to histotripsy pulses in gel and ex-vivo brain
tissue. The images show a similar trend in image contrast to the free-field histotripsy case.
the signal change region is lower than the free field due to the reduced pressure through the
skull.

The sensitivity to histotripsy through the skull can be increased by using larger encoding

gradients.

5.4.6 Comparison with Actual Lesion

The location of the lesion from real-time histotripsy monitoring and post-histotripsy DWI is

shown in Fig. 5.10. The magnitude of the real-time image corresponded well with the location

of the lesion observed in the post-treatment b=1000 s/mm2 DWI scan. This observation is

unsurprising since histotripsy sonication creates high random motion within the acellular ho-

mogenate observed in the real-time images. The homogenate has a high diffusion coefficient

and thus creates a hypointense region in the post-treatment DWI image. The phase change

extends beyond the range of the actual histotripsy lesion. Although the phase image doesn’t
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Figure 5.10: Comparing the location of signal change from real-time histotripsy with the
actual post-treatment lesion location. The magnitude change corresponds well with the
location of signal loss in post-treatment DWI. The phase change is activated at the periphery
of the histotripsy lesion.

directly correlate with the location of the histotripsy lesion, it provides information about

the possible extent of treatment effect caused by bulk motion effects. These effects might

cause additional treatment effects such as blood-brain-barrier opening in in-vivo subjects.

5.5 Discussion

Transcranial histotripsy is a promising therapy for treating brain cancers. Prior in-vivo

animal studies have demonstrated that histotripsy can treat various targets around the

brain through an excised human skull without generating significant heating to the skull.

In prior work [65], we have also demonstrated the feasibility of using tcMRgHt to perform

brain histotripsy treatments in a human MRI scanner. MRI is already a crucial tool for

visualizing brain diseases due to its superior soft-tissue contrast and sensitivity to various

tissue properties. Previous work has also demonstrated that MRI can provide pre-treatment

targeting and post-treatment dose analysis for histotripsy treatments [3, 1, 31]. Allen et al.

[1] captured the changes in image contrast to histotripsy in water and ex-vivo liver on a

7T animal scanner. It was demonstrated that b-values smaller than 1 s/mm2 is sufficient to

visualize histotripsy sonications, although the relative timing of the sonication is important to
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get high image contrast. In this work, we evaluate the feasibility of real-time MRI treatment

monitoring of histotripsy treatment in a 3T human MRI scanner.

This work focuses on the changes in MR-visible contrast due to histotripsy sonications

in ex-vivo brain. The aim of this work was to observe changes in the histotripsy lesion with

treatment progression and also validate treatment monitoring for transcranial histotripsy.

Although the slice-selection gradient can be used to sensitize the images to histotripsy, we

propose using a set of bipolar gradients to encode histotripsy-induced motions. Histotripsy

pulses are µs-long, and the accompanying bubble cloud dynamics could last a few ms. Also,

since histotripsy is a stochastic event, no two sonications can be expected to be the same.

Due to the relatively longer time scales used in MRI, it is harder to resolve temporal changes

caused by histotripsy. Nonetheless, MRI can be sensitized to the mm-order changes caused

by histotripsy and is shown to capture 100 µm-order bulk motion effects post cavitation

events. MR images were sensitized to histotripsy treatments by using bipolar gradients to

encode motion.

The image magnitude and phase are sensitive to the histotripsy sonications and carry

complementary information about the treatment. The rapid random motion within a lesion

appears as a signal loss in the magnitude image. On the other hand, the bulk shift in the

medium due to the tissue stretching from the bubble cloud and radiation force-induced bulk

displacement after histotripsy treatments appears as a change in the phase image.

The phase changes appear more sensitive than the magnitude change and were observed

in a region much larger than the estimated histotripsy lesion. We also observed that the

relative timing of the histotripsy and the gradient pulses can lead to different phase contrasts.

The large spatial extent of the phase images could be due to tissue stretching, ARF-induced

bulk motion, and shear waves from the bubble cloud. An added benefit of phase images is

the potential to be sensitive to histotripsy with short T2* species such as blood. Since the

signal from magnitude images will appear hypointense, the phase changes might prove to be

a more valuable measure of the histotripsy event.

Images acquired from ex-vivo brain using a non-Cartesian spiral acquisition demonstrated

that real-time histotripsy monitoring is possible at a higher temporal resolution. The spiral

acquisition had a temporal resolution of 0.5 s. The same pulse sequence can be used with

several interleaved slices without a change in the temporal resolution. With the spiral acqui-

sition, an image with 5 histotripsy sonications was generated, and a treatment dose-related

change in the magnitude and phase was observed.

Future work will investigate quantifying the dynamic changes from the histotripsy event.

This can be done by implementing a time-resolved MR-pulse sequence, where the motion-

sensitizing gradients are timed at a much finer spacing after histotripsy, allowing time-
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resolved measures of tissue displacement from the phase images. We can also investigate the

potential shear wave component from the bubble cloud by using a pulse sequence similar to

the MR-ARFI shear-wave elastography [43]. The real-time phase change image may con-

tain information about the region where the histotripsy-induced blood-brain barrier opening

occurs and must be investigated. A limitation of this study is the use of 1 imaging slice

to perform real-time monitoring. This was done to ensure that all histotripsy sonications

were captured in the same imaging slice. Future work will incorporate a multi-slice or 3D

pulse sequence to measure the complete treatment volume. Since the real-time images have

high temporal coherence, future work will investigate undersampled reconstruction, allowing

a higher temporal resolution [59]. Nonetheless, the histotripsy pulse repetition frequency

for in-vivo treatments might be much faster than the temporal resolution achievable by

MRI scanners. In future work, it is likely that MR treatment monitoring would incorporate

multiple treatment sonications per image.

5.6 Conclusion

This study is the first demonstration of real-time histotripsy monitoring in ex-vivo brain

in a human MRI scanner. It was shown that the histotripsy cavitation events could be

sensitized to both the magnitude and phase of the image by encoding the histotripsy motion

using gradient pulses. A faster 2D acquisition method allows visualization of histotripsy

treatments at a sub-second time scale without losing the treatment information.

5.7 Supplemental Data

5.7.1 Choosing Encoding Gradient Axis

The encoding gradients were played along the x, y, and z directions to observe the direction

of motion due to histotripsy cavitation events. The change in the magnitude and phase

for each gradient direction is shown in 5.11. The change in magnitude is not affected by

the gradient direction, signifying that the random motion is isotropic in nature. The phase

change is maximized when the gradient is played along the y-axis. Therefore, most of the

bulk-motion effects due to cavitation occur along the direction of ultrasound propagation.
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Figure 5.11: Visualizing histotripsy induced motion with different gradient direction. All
three acquisitions were performed using a b-value of 10 s/mm2.
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CHAPTER 6

Histotripsy Post-Treatment Evaluation

6.1 Introduction

About 700 000 Americans are currently diagnosed with cancers of the brain [5, 83, 55]. Treat-

ment for brain diseases is typically performed by either surgical removal of the tumors or

by radiation therapy. These methods are invasive and expose patients to harmful ionizing

radiation [16, 41, 55, 30]. Many alternatives to these invasive methods are currently be-

ing investigated. Transcranial MR-guided high-intensity focused ultrasound (tcMRgHIFU)

thermal treatment has been used to treat brain diseases noninvasively [17, 12, 63, 82] and

is used clinically for the treatment of essential tremor, Parkinson’s disease, osteoid osteoma,

and uterine fibroids [92, 104, 22, 77, 21, 58]. tcMRgHIFU has seen limited clinical suc-

cess in treating brain tumors due to a potentially small treatment region and overheating

of the skull due to high duty-cycle sonication [15, 72]. Blood-brain-barrier (BBB) opening

is another alternative method that uses FUS to temporarily open BBB to allow delivery

of chemotherapeutic drugs to the tumors, which are otherwise restricted from entering the

brain due to their large particle size [74]. So far, BBB opening studies have shown limited

clinical success.

Histotripsy is a FUS-based treatment method that uses µs-long and high peak-negative

pressure pulses to generate ultrasound cavitation and non-invasively tear down tissues with

high precision [108, 85]. Transcranial histotripsy has been shown to treat a wide range of

locations in the brain without significant temperature increase [28, 96, 94, 95]. Recently, we

have demonstrated the feasibility of using transcranial MR-guided histotripsy (tcMRgHt) to

treat various locations in in-vivo porcine brain. We have also used MR-thermometry and

MR-ARFI for pre-treatment targeting of histotripsy treatments in the ex-vivo bovine brain

[66, 65, 31].

Portions of this work have been presented at 32st Annual Meeting of ISMRM and 22nd Annual Meeting
of ISTU [34, 35].
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Figure 6.1: (a) 360 element histotripsy transducer used to perform histotripsy treatments in
Section 6.2.1. (b) T2-weighted image of 20 tissues treated with the histotripsy array.

In order to deliver a sufficient dose for complete thermal necrosis, tcMRgHIFU therapies

often use a thermal dose estimated from a time series of MR-thermometry images as a

mechanism of estimating the stopping criteria for the treatment [89, 82]. Tissue necrosis

due to temperature depends on the temperature and the length of time of exposure, as well

as the physical properties of the tissue being treated. There is a tissue-specific temperature

threshold (∼43 ◦C for human tissues), beyond which the same damage could be achieved

for multiple combinations of temperature and heating exposure time. Typically, a thermal

isoeffective dose [91] is used to convert the delivered dose to an equivalent number of minutes

of treatment at 43 ◦C using the following relation:

CEM43 ◦C = tR(43−T), (6.1)

where CEM43 ◦C is the cumulative number of equivalent minutes at 43 ◦C, R is a constant

depending on tissue property (typically 0.17-0.25), t is the time of heating, and T is the

average temperature at which heating was done. At 43 ◦C, it can take 25-240 minutes for

complete necrosis [91]. This information can be used to deliver the required dose when the

temperature is estimated by MR-thermometry.

Future tcMRgHt treatments will require quantified tissue damage to establish a stop-

ping criterion and confirm that the intended dose was delivered to the brain without over-

treatment. Using MR-thermometry to evaluate treatment dose does not apply to histotripsy

since histotripsy treatments are non-thermal in nature and rely on mechanically breaking

down the tissues. This limitation has led to the exploration of other metrics to estimate
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Figure 6.2: Experimental setup for treatment in Section 6.2.2. The parameter maps were
acquired in a plane orthogonal to this image.

histotripsy dose, such as the cavitation emission signal from the expanding and collapsing

histotripsy bubble clouds [39]. Allen et al.[3] studied the changes in T1, T2, and apparent dif-

fusion coefficient (ADC) with histotripsy dose in various tissues on a 7T animal scanner. The

aim of this study is to estimate histotripsy dose response in the brain on a 3T human scanner.

The brain’s heterogeneity and the significant differences in MR parameters from one region

to another [8] make this a challenging area of study since the same ultrasound sonication

could impart different treatment doses and show different MR responses. Many treatment

parameters, such as the array’s operating frequency and f-number, the peak-negative pres-

sure, the number of pulse repetitions per location, the treatment’s pulse repetition frequency,

the treatment point spacing, and Young’s modulus of the tissue, affect the histotripsy dose.

Naturally, the treatment parameter space of delivering the same therapy dose is large. Still,

our assumption is that for a given dose delivered to a tissue, the change in MR-visible tissue

parameters would be the same regardless of what combination of treatment parameters was

used to deliver that dose. Based on the result of the previous study on the 7T scanner, this

work evaluates the changes in T1, T2, and ADC to varying histotripsy doses in the brain,

using ex-vivo bovine brains for dose estimation and comparing the damage to histology.

6.2 Methods

To evaluate the changes in MR-visible contrast to histotripsy treatments, ex-vivo bovine

brains were treated with histotripsy and subsequently imaged using MRI. The bovine brains

were collected from a nearby slaughterhouse up to 24 hours before performing histotripsy

treatments and were stored in degassed saline until the start of the experiments. The brains

50



were set in 1.5% agarose gel using 3D-printed molds to rigidly hold them during the course

of the experiments. MR imaging was performed on a 3T GE UHP human MRI scanner (GE

HealthCare, Chicago, IL), and 21-channel GE AIR coil was used for acquiring MR data.

6.2.1 Evaluating Change in MRI Parameters to Dose

In the first experiment, twenty tissue samples were treated with varying levels of histotripsy

dose to evaluate the MR parameters sensitive to histotripsy dose. The experiments were

conducted with a 700 kHz, 360-element transmit-receive hemispherical histotripsy array with

15 cm focal distance. The top view of the histotripsy transducer is shown in Fig. 6.1. To

align the tissue with the focus of the array, histotripsy was first generated at the focus in

free-field, while two lasers were aligned such that they intersected at the histotripsy bubble

cloud. Then, with the array turned off, the center of the tissue was steered to the aligned

lasers using a motor system. All the tissues were imaged together in the MRI scanner after

the treatments were concluded. The treatment parameters and MR imaging parameters are

described in the subsequent sections.

6.2.1.1 Histotripsy Treatment Parameters

A 8mm cubic lesion was made using a hexagonal packing grid with 0.5mm spacing for a

total of 6463 treatment locations with 500Hz pulse repetition frequency. The histotripsy

pulses were 1.5-cycle long with a peak-negative pressure of 40MPa. Based on a separate

small sample study, the histotripsy dose corresponding to complete tissue liquefication was

estimated using histology and found to be 15 to 20 pulses per location. The dose was varied

by treating 3, 5, 10, 20 and 30 pulses per location. Each of these five doses was repeated

four times for twenty treatments. Once all the tissues were treated, they were placed in a

box to acquire MR images.

6.2.1.2 MRI Acquisition

T1, T2, and ADC changes were evaluated as a function of histotripsy dose. T1 mapping was

performed using variable flip-angle spoiled gradient recalled echo (VFA-SPGR) method [10]

using the following scan parameters: TE/TR: 3ms/8ms, FA: 2◦, 3◦, 5◦, 10◦ and 15◦, FOV:

22 cm × 22 cm, matrix size: 256 × 256, slice-thickness: 2mm. T2 mapping was performed

using a vendor-provided T2-mapping sequence with a fast spin echo (FSE) acquisition. The

following scan parameters were used: TR: 800ms, TE: 5.7ms to 45.7ms with 5.7ms incre-

ments, 22 cm× 22 cm, matrix size: 256× 256, slice: 2mm. A mono-exponential decay curve

was fit to the acquired data to estimate the T2 of the tissues. ADC was estimated using a
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vendor-provided DWI PROPELLER [25] scan with parameters: TE/TR: 48/4000ms, b: 0

and 500 s/mm2 diffusion direction: A/P, FOV: 38 cm× 38 cm, matrix size: 256× 256, slice:

3mm. T1 and T2 maps were registered to the ADC maps using MATLAB’s imregister

function with a mutual information cost function. The lesions were labeled on the MR

parameter map image for each histotripsy dose, and analysis was performed on all voxel

intensities within the labelled region.

To identify the statistical significance of the three MR parameters in estimating the

histotripsy dose, a linear regression model was fit to compare the change in the mean of

the T1,T2 and ADC within the lesion with the applied histotripsy dose. The mean was

chosen as a surrogate for the histotripsy dose throughout the lesion. A parameter map was

deemed statistically significant for p-value < α = 0.05. The linear fit was performed using

MATLAB’s fitlm function. The accuracy of the fit was also estimated by determining R2

of the fit.

6.2.1.3 Histological Analysis

Following the MRI scans, each tissue sample was fixed in 10% formalin for 48 hours, then

removed and stored in 70% ethanol. To prepare for hematoxylin and eosin (H&E) staining,

each tissue block was cut in half so the slice was through the middle of the ablation region.

A portion of tissue was cut from the block and positioned in the histology cassette such that

the face of the ablation zone would be faced for slicing and staining. One slide was stained

for each treatment sample for H&E staining.

6.2.2 Evaluating change in ADC with Dose

Since brain tissue is heterogeneous, the change in MR parameters to histotripsy dose might

differ for different treatment regions. Therefore, to remove intra-tissue variability, the same

tissue was treated with varying levels of histotripsy dose. For this experiment, brain tis-

sues were placed in the MR scanner and treated with an MR-compatible histotripsy array

(Fig. 6.2) [66]. MR parameter maps were acquired after each histotripsy dose was delivered

to the tissue until the tissue was completely ablated. Further details about the experimental

setup and treatment methods can be found in the subsequent sections.

6.2.2.1 Histotripsy Treatment Parameters

The array used in this experiment is similar to the array described in the Section 6.2.1 but

populated with 128 out of the 360 elements [66]. A customized gel holder was made to align

the center of the tissue with the histotripsy focus to ensure that the treatment was done in
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the tissue. 8mm square lesions were created using a linear raster scan with 1458 treatment

points with 100Hz pulse repetition frequency. The histotripsy pulses were 1.5-cycle long

with a peak-negative pressure of 75MPa. The dose was varied by treating 1, 5, 10, 20, 30,

40 and 50 pulses per location. MR acquisitions were taken after each dose was delivered to

the brain tissue. This experiment was repeated for 3 tissues.

6.2.2.2 MRI Acquisition

Based on the results of the Section 6.2.1, only changes in ADC were measured for these

tissues. Diffusion imaging was performed using the vendor’s DWI SMS-EPI scan with a Hy-

perband factor of 2 slices. The scan parameters were: b-value: 0, 500, 1000 and 2000 s/mm2,

3-directions, TE/TR: 71.5ms/2000ms. The acquisition used 0.5 times the object FOV, but

no image wrap-around was observed over the tissue region. FSL’s dtifit function was used

to estimate the ADC in the tissue.

Similar to the analysis performed in Section 6.2.1, the mean change in the ADC and

∆ADC maps within the lesion were fit with respect to the histotripsy treatment dose deliv-

ered to the tissues. The regression analysis was done for 24 data points (3 tissues × 8 dose

levels). The α value of 0.05 was chosen to determine the statistical significance.

6.3 Results

6.3.1 Change in MR parameters to Dose

Histotripsy lesions were visible in all the tissues for all the levels of delivered histotripsy dose.

A representative slice containing the histotripsy lesion was selected for each tissue. Then,

an ROI containing the tissue was cropped for further analysis (Fig. 6.1). Fig. 6.3 shows a

representative tissue for each dose level and its corresponding b=500 s/mm2, T1, T2, and

ADC maps. Only the T2 and the ADC maps showed a contrast to the histotripsy treatment.

The mean T2 values decreased, and the mean ADC value increased within the histotripsy

lesion compared to the untreated regions. Since a diffusion-weighted image’s signal decreases

with increasing ADC and a decrease in T2, the b=500 s/mm2 images had the highest lesion

contrast.

The range of T1, T2, and ADC values across each dose is shown in Fig. 6.4. The T2 values

were lower within the lesions but did not exhibit a dose-related linear trend (R2 = 0.004,

p > 0.05). Similar to the T2 values, the T1 values did not correlate with the dose for all

the treated tissues (R2 = 0.01, p > 0.05). Using a two-sample t-test, the ADC between the

treatment region was significantly increased compared to the untreated region (p < 0.005).
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Figure 6.3: Representative b=500 s/mm2, ADC, T1 and T2 images for each dose level. The
dose (repetitions/location) is labeled on the top left of each row. Diffusion-weighted image
visualizes the lesion well with sharp boundaries between treated and untreated regions.
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Figure 6.4: Box plot of change in ADC, T1 and T2 with histotripsy dose. Each bar plot
represents values from 4 tissues treated with the same dose. The dotted red line represents
the mean at each dose level. Only ADC shows a significant (p < 0.001) dose-related increase
in parameter values.
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For most tissues, mean ADC values increased with a higher histotripsy dose. The linear fit

to the mean ADC showed a correlation (R2 = 0.45, p < 0.001). The modest R2 value can be

explained by the intra-tissue heterogeneity, which could result in different mean ADC values

at the same dose levels. The mean change in ADC between tissue treated with the lowest

and highest histotripsy dose was ∼0.9× 10−3mm2/s. Since the brain tissue is heterogeneous

in nature with a range of ADC, T1, and T2 values, it is possible that different regions of the

brain would require different levels of histotripsy dose to get the same level of damage.

Histology of the tissues shown in Fig. 6.3 is shown in Fig. 6.5. The histology slides show

that histotripsy treatments were delivered to varying tissue types within the brain. His-

totripsy treatments rupture the tissue’s cellular structure, but the precise treatment bound-

aries were evident for all tissues. The number of visible nuclei (black dots) in histology is

reduced as the histotripsy dose increases. As more treatment is done, the cavitation events

destroy the cell nuclei into smaller segments until the nuclei are completely diffused through-

out the treatment region. The destruction of cell nuclei could lead to an increased diffusion

of water molecules due to reduced restriction of motion. Also, once a histotripsy lesion is

created, it not only breaks the cells but also mixes the cellular material from different parts

of the lesion volume. Therefore, it is unlikely that a uniform measure of T1, T2, and ADC

would be visible throughout the lesion volume.

6.3.2 Evaluating change in ADC with Dose

For the histotripsy treatments performed in the MRI scanner, the lesion was identified

from the b=1000 s/mm2 image with the largest delivered dose. Fig. 6.6 shows the raw

b=1000 s/mm2 image for all 3 tissues. As the tissues get treated with more histotripsy dose,

the lesion appears darker due to increased diffusion and/or reduced T2 effects. An ROI was

selected on the image with the largest histotripsy dose, and the changes in ADC were tracked

for each voxel within the lesion. Fig. 6.7 shows the ADC maps within the lesion at all dose

levels. The ADC maps showed an increased diffusion coefficient with increasing treatment

dose for all tissues. Since the same tissue is treated with varying levels of histotripsy dose,

a change in the ADC parameter (∆ADC) map was also estimated (Fig. 6.8). The ∆ADC

map visualized the lesion with higher contrast and showed the precise boundaries of the

treatment region.

The mean ADC within the lesion increases with the delivered histotripsy dose (Fig. 6.9).

The regression analysis of the mean ADC against histotripsy dose shows a strong linear

relation (R2 = 0.903, p < 0.001) of ADC to predict histotripsy dose. Similarly the ∆ADC

analysis shows high correlation with histotripsy delivered dose (R2 = 0.914, p < 0.001). As
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Figure 6.5: Histology from the tissues shown in Fig. 6.3. The red arrow in the center plot
marks the histotripsy region. In the zoomed histology images on the right, the boundary of
treated (T) and intact (I) tissues can be observed.
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Figure 6.6: b=1000 s/mm2 images for 3 tissues treated with increasing dose of histotripsy.
The lesion grows and appears darker as the tissue gets treated with a higher dose.

the tissue gets treated with more histotripsy dose, the range of ADC values also displays

higher variations. This deviation in the ADC could be due to variations in brain tissue’s

material properties that might require different levels of histotripsy dose for an equivalent

treatment outcome. In addition to the brain tissue’s heterogeneous elastic properties, the

variation could also be due to the spatially varying pressure profile from the histotripsy

transducer, which causes variation in the level of damage within the lesion. The mean

change in ADC was observed to be 6.5× 10−4mm2/s with 50 reps of histotripsy dose.

The ADC within the lesion was also observed to plateau at 40 reps. Once the histotripsy

treatments completely homogenize the treatment region, extra treatment pulses should im-

part negligible effect on the diffusion of water molecules inside the lesion. This would lead

to a minor change in the ADC even when more histotripsy pulses are delivered to the tis-

sues. Although the ADC appeared to have plateaued for the tissues treated in this study,

further tissue samples and a higher delivered dose are essential to ensure the change in ADC

plateaus after a certain histotripsy dose. This analysis also suggests that a higher-order or a

non-linear fit might be more suitable for the association between ADC and histotripsy dose.

6.4 Discussion

tcMRgHt is a promising therapy that has demonstrated the ability to target various locations

in the brain without generating significant heating of the skull. A quantifiable histotripsy
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Figure 6.7: ADC map of 3 tissues treated with increasing dose of histotripsy. The ADC
within the lesion gets larger as more histotripsy pulses are delivered to the tissue.

Figure 6.8: Change in ADC of 3 tissues treated with increasing dose of histotripsy. Only the
lesion in the tissue shows an increase in ADC values.
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Figure 6.9: Box plots of ADC and change in ADC with histotripsy dose across 3 tissues. The
blue line represents the mean ADC within a given histotripsy dose. The red line is the linear
fit performed on the mean dose. Both ADC and ∆ADC fit the mean accurately (R2 > 0.90,
p < 0.001).

‘dose’ measure is needed to ensure sufficient therapy is delivered to the target location.

Similar tissue ablation from histotripsy can be achieved by varying ultrasound treatment

parameters. Therefore, a metric of histotripsy dose that is agnostic to the treatment param-

eters but reflects the change in the tissue property is needed. In this work, we investigated

the change in the ADC, T1, and T2 values in ex-vivo bovine brains as a function of histotripsy

dose.

Two histotripsy transducers with different treatment parameters were used to treat mul-

tiple ex-vivo bovine brains. In the first set of experiments, the tissue parameters sensitive to

histotripsy dose were studied. Multiple tissues were treated with different histotripsy doses

and then subsequently imaged in the MRI scanner. Although a change in the tissue’s T2 and

ADC was observed, a dose-related change was only observed in the ADC maps. The mean

ADC increased from ∼0.5 × 10−3mm2/s to ∼1.4 × 10−3mm2/s with increasing histotripsy

dose from 3 reps to 30 reps (p < 0.01). Although this experiment provided valuable informa-

tion about the changes in MR parameters to histotripsy, heterogeneity in the brain’s elastic

parameters made it difficult to understand dose variability within the same tissue.

In the second set of experiments, the change in tissue ADC with histotripsy dose was

studied for the same tissue. Three tissues were treated with a 128-element histotripsy array
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with increasing histotripsy dose. ADC maps were made after each dose of histotripsy to

remove inter-tissue variability. The mean ADC increased from ∼0.25×10−3mm2/s to ∼0.9×
10−3mm2/s (p < 0.01). The ∆ADC values correlated well with histotripsy dose for all three

tissues, further supporting ADC as a viable metric for estimating histotripsy dose in the

brain.

The ADC of tissue depends not only on the tissue’s cellular properties but also on the

age and temperature of the tissue and the experimental conditions. This could explain the

variability of the ADC between the two experiments. Out of the three parameter maps tested

in this study, only a dose-dependent increase in the lesion’s ADC was observed for both the

histotripsy treatment methods. It is hypothesized that as the lesion becomes increasingly

homogenized with more histotripsy pulses, the homogenate can diffuse more freely within

the treatment zone, increasing the net ADC. Although variations in the ADC within the

lesion were observed, the median and mean ADC across all tissues increased with higher

histotripsy dose.

6.5 Conclusion

In this work, we demonstrated that histotripsy treatments in the brain can cause a change

in the tissue ADC. It was observed that the ADC within the lesion increased linearly with

increasing histotripsy dose. In future work, the net change in ADC could be used as a metric

to inform treatment-stopping criteria. Future work will also correlate the histotripsy damage

from histology to ADC to evaluate treatment dose.
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CHAPTER 7

Conclusions and Future Work

This dissertation aimed to develop MRI methods to perform transcranial histotripsy treat-

ments. To this end, we developed methods to perform pre-treatment targeting, real-time

treatment monitoring, and post-treatment evaluation.

In Chapter 3, a method to perform pre-treatment targeting of histotripsy treatments us-

ing low-temperature heating generated by the histotripsy transducer was introduced. This

method uses MR-thermometry and low-temperature heating to guide histotripsy therapy

without causing irreversible tissue damage. FUS heating was achieved by playing short

1.5-cycle pulses at low pressure, but 50% duty cycle to heat the tissue to about 1.5 ◦C.

The absolute mean/standard-deviation difference of the estimated lesion location using MR-

thermometry was 0.59mm/0.31mm in the transverse and 1.31mm/0.93mm in the longitu-

dinal planes, respectively.

In Chapter 4, the pre-treatment targeting method from Chapter 3 was extended to per-

form pre-treatment targeting of histotripsy treatments using two CW-based approaches. To

achieve ‘tone-burst’ sonications for MR-thermometry and MR-ARFI, the electronic drivers

used to perform histotripsy treatments were modified to allow high-duty-cycle but low-

pressure sonications. The mean estimated error across all cases in the transverse/longitudinal

axis was 2.06mm/2.95mm and 2.13mm/2.51mm for MR-ARFI and MR-thermometry, re-

spectively. Future studies could employ either of these techniques to perform pre-treatment

targeting, but MR-ARFI is potentially better due to its ability to map the ultrasound field

and also the low risk of overheating the skull due to lower duty-cycle sonication.

In Chapter 5, a method to perform real-time monitoring of histotripsy lesions in the brain

was discussed. Once the target has been localized and histotripsy treatment is ready to com-

mence, real-time treatment monitoring would be needed to ensure the therapy is delivered

at the intended spot without damaging any off-target locations. Real-time monitoring of

histotripsy was done by modifying a GRE scan to encode the motion from the histotripsy

cavitation events using bipolar gradients. It was shown that both the image magnitude and
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the phase provide complementary information about the histotripsy sonications. The cavi-

tation events cause a rapid increase in the local motion of the acellular matrix, which can

be described as a combination of random and bulk motion. The random motion is encoded

by a decrease in the image magnitude, and the bulk motion is encoded by the image phase.

Realtime treatment monitoring was performed at a temporal resolution of 0.5 s using a spiral

acquisition.

In Chapter 6, the changes in MR-visible parameters due to histotripsy treatments in the

brain are described. After the histotripsy treatments are done, the damage caused by the

therapy needs to be quantified to estimate the therapy dose. T2 and ADC of the tissue

are affected by histotripsy treatments in the brain. It was shown that although both T2

and ADC values change with histotripsy treatment, only the ADC exhibits a dose-related

increase. As the lesion becomes more liquified with increasing histotripsy dose, the ADC

within the lesion increases as the water molecules can freely move in the homogenate. For

the ex-vivo brains treated in the MR-scanner, the mean ADC was observed to increase by

6.5× 10−4mm2/s with 50 reps of histotripsy dose compared to untreated tissue. The change

in ADC was shown to be lineraly increasing from 1 to 40 reps and appears to plateau by 50

reps of histotripsy. Therefore, the ADC within a lesion might provide a surrogate for tissue

damage due to histotripsy.

In conclusion, this body of work developed several MR methods that could be utilized to

perform tcMRgHt therapies in the future. MR-ARFI and MR-thermometry could be used

to localize the treatment region, and pre-treatment DWI scans can provide a baseline ADC

value for the treatment region. Then, the histotripsy treatment would be performed while

receiving feedback from the real-time treatment monitoring scan. The real-time dynamic

changes in the magnitude and phase would also provide a possible treatment-stopping cri-

terion. Finally, a post-treatment DWI scan would provide quantifiable dose information.

Nonetheless, immense possible innovations can further enhance future tcMRgHt treatments.

I briefly mention some potential future work in Section 7.1. Most of the pulse sequences that

were used in this work can be found at https://github.com/dinankg.

7.1 Future Work

7.1.1 Pre-treatment MR-ARFI for Aberration Correction

Since histotripsy causes permanent damage to the tissue, aberration correction is important

to ensure that the treatment is performed at the correct location and that enough power is

available for focal steering.Transcranial ultrasound propagation undergoes severe aberration
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due to the presence of the skull. Typical transcranial HIFU treatments use CT-based aberra-

tion correction that estimates the propagation phase delays for each element in the therapy

transducer by using the Hounsfield units to estimate the relative sound speed through the

skull. This process involved co-registering the therapy transducer to the pre-treatment CT,

and MR-thermometry scans [90].

Although the methods in Chapters 3 and 4 can provide information about the location of

the histotripsy focus, they cannot be used to provide aberration correction for the transducer.

An alternative method is using the same HIFU device to perform aberration correction

before treatment. MR-ARFI has been used to perform aberration correction for tcMRgHIFU

therapies [40, 54, 50]. The method involves sonicating the target location with varying phase

delays applied to each transducer element and measuring the displacement maps using ARFI.

By performing multiple phase-delay sonications and having the knowledge of the position

of each transducer element, a reliable aberration correction measurement has been made for

FUS thermal and BBB therapies.

MR-ARFI based aberration correction could be used to facilitate histotripsy treatments.

One can potentially use high-pressure but sub-threshold MR-ARFI sonications to perform

aberration correction for histotripsy treatments. To save scan time, the array elements can

be grouped to form smaller number of ‘virtual transducers’ [54] to estimate a set of initial

delays. The delays can be used to deliver some histotripsy sonications at the target region.

Once a few histotripsy pulses are delivered to the brain, acoustic cavitation emission signal-

based aberration correction can further improve the element delays [39, 67]. This method

would circumvent the need for a CT scan and avoid image registration-based errors in the

aberration correction process.

7.1.2 Practical Real-Time Monitoring Pulse Sequences

The pulse sequences described in Section 5 are GRE based and image 1 slice to get a high

temporal resolution. A GRE scan is sensitive to T2* effects and could make it difficult to

observe a signal from in-vivo histotripsy lesions due to bleeding in the treatment region, which

causes a signal loss due to hemoglobin in the blood. The change in the image phase could

possibly provide enough contrast even when there is bleeding. There are many alternatives

to the GRE based method that would be robust to loss of signal to tissue bleeding. Either a

short-TE or a spin-echo-based method would be ideal to either image short T2* isochromats

or rephase their signal [37, 64].

A spin-echo based might be readily available for most clinical scanners. To that end,

there are two spin-echo based approaches that can be considered. First, a 2D spin-echo scan
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with interleaved slice ordering would allow faster acquisition times for volume but slower

temporal resolution for a given slice. Also, to sensitize the image to the motion/flow of

histotripsy, the histotripsy steering might have to be linked to the location where the slice

is being acquired. Second, a 3D fast-spin-echo (FSE) is another alternative spin-echo pulse

sequence that provides some robustness against signal loss from bleeding. FSE can be either

diffusion prepared [4], or histotripsy pulses could be played along with the crushers around

the rephasing pulses. However, it should be noted that for in-vivo experiments performed on

a 7T animal scanner, T2-weighted FSE scans were sensitive to bleeding [20]. Thus, a lower

TE is still preferable for FSE scans, especially at higher field strengths.

7.1.3 Reduced FOV Pulse Sequences and Reconstruction

The imaging FOV for experiments involving the histotripsy array was restricted to be at

least 40 cm × 40 cm to avoid aliasing artifacts in the reconstructed image. Another issue

with the large FOV is the time spent acquiring data with no valuable information about the

treatment since it mostly contains water. Therefore, reducing the FOV of the images will be

valuable in reducing scan times and/or providing higher-resolution images. The FOV can be

reduced by modifying both the acquisition and reconstruction methods as described below.

7.1.3.1 Acquiring a Reduced FOV

The RF excitation pulse can be modified to either excite only an ROI of interest or saturate

the region outside the ROI of interest. A few of the earliest methods to excite an inner

volume are STEAM/PRESS ([36, 26]). The methods use a train of orthogonal slab excita-

tion/refocusing RF pulses that only excite the intersection of all the pulses. Although this

RF excitation method can be robust to field inhomogeneities, it is not ideal for dynamic

scans used for tcMRgHt studies due to potentially depositing a lot of energy.

Another alternative is learning an optimized trajectory that can excite an inner volume

or saturate an outer volume. [68]. The tailored RF pulses can be custom-designed and

incorporate the B⃗0 and B⃗1 in the optimization cost function. The tailored RF pulse can

be designed to have low specific absorption rate (SAR), thus making it more feasible for

dynamic imaging.

7.1.3.2 Reconstructing a Reduced FOV

Most clinical MR imaging is done by using an array of receiver coils. For most of the

work presented in this thesis, a 21-channel receive coil was used to acquire data. The

receive coils typically comprise single-loop elements and associated electronics for tuning
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and matching. The region of high signal sensitivity is usually about the diameter of the

receive coil. Therefore, one can design RF coils with a diameter comparable to the depth of

the planned histotripsy treatment. This would ensure minimal signal is acquired from the

water bath; thus, the FOV for image acquisition could be reduced. Another alternative to

reduce the FOV is using a sensor-domain beamforming approach called ROVir to reduce the

already acquired data into a smaller number of sensitive coils in the ROI [52]. This approach

can simultaneously reduce the acquired data’s size while reconstructing the image only in

the inner volume. It is possible that the data acquisition can be reduced to accompany the

new FOV and resolution requirements based on the ROVir approach, thus reducing the scan

times.

7.1.4 Temporal Reconstruction of Real-time Monitoring Data

The real-time treatment monitoring data will comprise of a time series of 2D/3D images. The

dynamic images are mostly similar across time points, with localized changes only around the

region where histotripsy treatments occur. Naturally, these images could be reconstructed

by sharing information in images across time frames. Many spatiotemporal reconstruction

methods for MR imaging can be used to monitor histotripsy treatments. Low-rank and

compressed-sensing-based reconstruction approaches are the most commonly used methods

that can be used for reconstructing dynamic histotripsy treatments [69, 60].

7.1.5 Change in MR-ARFI due to Histotripsy Treatments

It is known that the histotripsy lesions have a decreased elastic modulus compared to un-

treated regions [105]. Therefore, a measure of change in elasticity can be used as a potential

metric for evaluating therapy dose. MR-ARFI-based elastography techniques have previ-

ously been used in thermal ablation studies [93, 43]. The benefit of this method is that it

does not require additional hardware apart from the therapy transducer. Although the elas-

tography measurements could be time-consuming, our initial results show that MR-ARFI

does encode the changes in tissue elasticity due to histotripsy.

To evaluate the change in MR-ARFI encoded displacement, a volume histotripsy lesion

was generated in a ex-vivo bovine brain. The volume lesion of size 5mm×5mm×30mm was

generated with 0.5mm× 0.5mm× 5mm spacing with 500Hz pulse repetition frequency and

75MPa peak-negative pressure. Histotripsy dose was increased by increasing the number

of sonications per location: 1, 6, 10, 15, 20, 30 and 50 reps/location. After each dose was

delivered to the tissue, MR-ARFI scan was acquired using the same MRI pulse sequence as

described in Chapter 4. Fig. 7.1 shows the response of MR-ARFI displacement to increasing
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(a) MR-ARFI image for the same tissue at different histotripsy dose levels

(b) MR-ARFI along the center of the displacement region for each dose. The peak displacement
increased from 10µm to 22µm away from the transducer

Figure 7.1: The effect of histotripsy dose on MR-ARFI displacement maps.

histotripsy dose. The acoustic radiation force F can be evaluated as:

F =
2αI

c
, (7.1)

where α is the medium’s absorption coefficient, I is the acoustic intensity, and c is the

velocity of the sonicating wave. Since the applied acoustic intensity I between each column

of Fig. 7.1 is the same, the change in the radiation force can be assumed to come from the

change in the medium’s absorption. Based on the MR-ARFI images, a ∆α metric could be

derived as a surrogate for histotripsy dose.
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B. Keserci, J. Soini, T. Vaara, M. O. Köhler, S. Sokka, and Maurice A.A.J. Van Den
Bosch. Volumetric feedback ablation of uterine fibroids using magnetic resonance-
guided high intensity focused ultrasound therapy. European Radiology, 22:411–417,
February 2012.

[105] Tzu Yin Wang, Timothy L. Hall, Zhen Xu, J. Brian Fowlkes, and Charles A. Cain.
Imaging feedback of histotripsy treatments using ultrasound shear wave elastography.
IEEE Transactions on Ultrasonics, Ferroelectrics, and Frequency Control, 59:1167–
1181, 2012.

[106] Tejaswi Worlikar, Man Zhang, Anutosh Ganguly, Timothy L. Hall, Jiaqi Shi, Lili
Zhao, Fred T. Lee, Mishal Mendiratta-Lala, Clifford S. Cho, and Zhen Xu. Impact of
histotripsy on development of intrahepatic metastases in a rodent liver tumor model.
Cancers, 14:1612, April 2022.

[107] Zhen Xu, Timothy L. Hall, Eli Vlaisavljevich, and Fred T. Lee. Histotripsy: the
first noninvasive, non-ionizing, non-thermal ablation technique based on ultrasound.
International Journal of Hyperthermia, 38(1):561–575, January 2021.

[108] Zhen Xu, Achian Ludomirsky, Lucy Y. Eun, Timothy L. Hall, Binh C. Tran, J. Brian
Fowlkes, and Charles A. Cain. Controlled ultrasound tissue erosion. IEEE Transactions
on Ultrasonics, Ferroelectrics, and Frequency Control, 51(6):726–736, June 2004.

77



[109] Ellen Yeats, Ning Lu, Jonathan R. Sukovich, Zhen Xu, and Timothy L. Hall. Soft
tissue aberration correction for histotripsy using acoustic emissions from cavitation
cloud nucleation and collapse. Ultrasound in Medicine and Biology, 49:1182–1193,
May 2023.

[110] Yuan Zheng, Michael Marx, G. Wilson Miller, and Kim Butts Pauly. High sensitivity
MR acoustic radiation force imaging using transition band balanced steady-state free
precession. Magnetic Resonance in Medicine, 79(3):1532–1537, 2018.

78


	Dedication
	Acknowledgements
	Table of Contents
	List of Figures
	List of Acronyms
	Abstract
	Introduction
	Background
	Histotripsy
	MRI
	FUS and MRI
	MR-Thermometry
	MR-ARFI


	Histotripsy Pre-Treatment Targeting using MR-thermometry
	Introduction
	Materials and Methods
	Histotripsy transducer and drivers
	Experimental Setup
	MR Thermometry Pre-Treatment Targeting
	Estimation of Array Geometric Focus
	Targeting Accuracy Evaluation

	Results
	MR Thermometry Pre-treatment Targeting
	Post-treatment MRI of Histotripsy
	Targeting Accuracy Evaluation

	Discussion
	Conclusions

	Histotripsy Pre-Treatment Targeting using MR-ARFI and MR-thermometry
	Introduction
	Materials and Methods
	Experimental Setup
	Pre-treatment targeting using MR-thermometry
	Pre-treatment targeting using MR-ARFI
	Targeting accuracy evaluation

	Results
	Pre-treatment MR-thermometry and MR-ARFI
	Targeting Error Estimation

	Discussion
	Conclusion

	Realtime MRI Monitoring of Histotripsy Treatments
	Introduction
	Theory
	Random Motion within the Lesion
	Bulk Motion and Acoustic Radiation Force

	Methods
	Experimental Setup
	Acquisition Protocol
	Cartesian Acquisition
	Non-Cartesian Acquisition

	Sensitivity to Encoding Gradients
	Effect of Gradient Amplitude
	Effect of Encoding time

	Transcranial Treatment
	Comparison with Actual Lesion

	Results
	Monitoring Histotripsy using Cartesian Acquisition
	Monitoring Histotripsy using Non-Cartesian Acquisition
	Effect of Gradient Amplitude
	Effect of Encoding Time
	Monitoring Transcranial Treatment
	Comparison with Actual Lesion

	Discussion
	Conclusion
	Supplemental Data
	Choosing Encoding Gradient Axis


	Histotripsy Post-Treatment Evaluation
	Introduction
	Methods
	Evaluating Change in MRI Parameters to Dose
	Histotripsy Treatment Parameters
	MRI Acquisition
	Histological Analysis

	Evaluating change in ADC with Dose
	Histotripsy Treatment Parameters
	MRI Acquisition


	Results
	Change in MR parameters to Dose
	Evaluating change in ADC with Dose

	Discussion
	Conclusion

	Conclusions and Future Work
	Future Work
	Pre-treatment MR-ARFI for Aberration Correction
	Practical Real-Time Monitoring Pulse Sequences
	Reduced FOV Pulse Sequences and Reconstruction
	Acquiring a Reduced FOV
	Reconstructing a Reduced FOV

	Temporal Reconstruction of Real-time Monitoring Data
	Change in MR-ARFI due to Histotripsy Treatments


	Bibliography

