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ABSTRACT

Magnetic Resonance guided Focused Ultrasound (MRgFUS) has emerged in the
field of neurosurgery as a non-invasive modality for the treatment of various brain
diseases. Numerous studies involving the use of mouse models have shown that
extracorporeal FUS administered with an US contrast agent can transiently disrupt
the Blood Brain Barrier (BBB) so that molecules of pharmacologically relevant size
can enter the brain parenchyma to impart therapeutic effects. This doctoral study
aimed to provide insights on the topic of transcranial FUS (tFUS) through a series
of ex-vivo and in-vivo preclinical experiments. Realistic phantom models were
developed to mimic all the critical properties of live tissue and assessed for their
feasibility as quality assurance tools for tFUS procedures. The developed tissue
mimicking phantoms served as the main tool for evaluating the practicality of using
single-element ultrasonic transducers in trans-skull thermal applications. Critical
topics of the preclinical assessment of newly developed systems and emerging
applications in the context of MRgFUS were also covered. The study further
presents the development of a compact single-stage positioning device dedicated to
tFUS applications in small animal models, which was evaluated for its ability to
cause safe and efficient BBB disruption (BBBD) in Wild Type mice. The next key
objective was to examine the capability of specific anti-Ap antibodies to penetrate
the brain tissue following FUS-mediated BBBD and impart therapeutic effects in
the 5XFAD mouse model of the Alzheimer's disease (AD), thus potentially holding
promise for the development of disease-modifying therapeutics for AD patients.
Some preliminary outcomes on the potential feasibility of this technology in the

treatment of neurodevelopmental disorders are reported as well.
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1 Introduction

1.1 Introduction to the MRgFUS technology

In recent years, a shift has been observed towards minimally invasive and non-

invasive therapeutic solutions, with the Focused Ultrasound (FUS) technology

continuously gaining prevalence as a non-invasive alternative to surgery for many

oncological and other applications [1]-[2]. Specifically, the past few decades have

been characterized by a shift in research interests from the diagnostic value of US
to its therapeutic modality, in which non-ionizing energy is deposited in tissue to
induce various biological effects. High Intensity Focused Ultrasound (HIFU) is a
non-invasive method, in which a focused transducer produces very high intensities
at the focal spot, causing coagulative necrosis of tissue [3]. The ultrasonic energy
is delivered to the target percutaneously to locally generate lethal temperatures (of
up to 90 °C within 10 s of sonication) and instantaneous coagulative necrosis of the
exposed tissue [4]. The position and dimensions of the spot depend on the
sonication frequency, the diameter, and the radius of curvature of the transducer,
and it must be carefully moved to ablate a larger volume of tissue. The produced
lesion is usually a cigar- or egg-shaped area, known as Biological Focal Region [5].
FUS also induces various mechanical bioeffects, with the most common one known
as cavitation [3]. In this phenomenon, administrated contrast agent microbubbles
expand and oscillate at the frequency of the acoustic wave during sonication (stable
cavitation) until bubble explosion occurs (inertial cavitation) above a pressure

threshold [3]. Figure 1 presents the two main concepts of lesion formation in tissue.
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Figure 1: Representation of (A) thermal and (B) cavitational FUS mechanisms. Figure
obtained from Elhelf et al. [6].



Accordingly, FUS is progressively being used in the treatment of several types of

benign and malignant solid tumors [7] alternatively to traditional surgery, systemic

and radiation therapies. FUS is applied locally, whereas chemotherapy constitutes
a systemic therapy. Due to its non-invasive nature, it eliminates all surgery-related
side effects and complications. Furthermore, due to its non-ionizing nature, it
eliminates all the side effects of radiotherapy, thereby improving the life quality of
patients significantly. Additionally, in contrast to other ablative techniques, there is

no need of introducing needles into the tissue. The FUS technology was also proven

very promising in the treatment of diseases of the Central Nervous System (CNS)
[7] due to its ability to disrupt the BBB. FUS-mediated BBB disruption (BBBD) is

based on the mechanical effects of FUS (Figure 1B) and involves administering

FUS in synergy with microbubbles (MBs).

FUS applications are typically monitored either by US or Magnetic Resonance

Imaging (MRI) [6], with the latter one being superior regarding both safety and

efficacy. Specifically, MRI offers significantly better contrast between soft tissues
and delineation of tumor margins [8]. In addition to the high-quality imaging, MRI
also provides accurate monitoring of tissue heating during FUS therapy through the
use of MR thermometry [9].

To date, many clinical applications using this modality have been developed, for
the treatment of a variety of solid malignant tumors, including those in the pancreas
[10], liver [11], kidney [11], bone [12], prostate [13], and breast [14]. It is also
utilized for pain palliation of bone metastases. All these applications are briefly
reviewed in a recent paper [2], along with other emerging applications, including
drug delivery, vessel occlusion, histotripsy, movement disorders treatment,
vascular, and psychiatric applications. Currently, among the very wide spectrum of
applications of HIFU in clinical medicine, the most common and well-established
MRI-guided applications that were granted Food and Drug Administration (FDA)
approval are the treatments of uterine fibroids [15], essential tremor [16], and

localized prostate cancer [13].



1.2 MRgFUS in neurological applications
1.2.1 Challenges in the field

An obvious challenge in this emerqging field was its extension to neurosurgery and

brain disorder treatments. The potential of treating disorders of the central nervous

system by performing non-invasive procedures is a “holy grail” for researchers. An
early experiment performed in the 1940s [17], where ultrasonic energy was
deposited in the brain through an impact skull, has underlined the safety issues that
should be considered when performing a transcranial sonication. Although brain
changes have been achieved, there was evidence of incidental injury to the brain
tissue [17]. Figure 2 shows a schematic representation of FUS application in the

brain tissue.
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Figure 2: Application of FUS in the brain. Figure obtained from Quadri et al. [7].

Over the years, technological progress enabled efficient ultrasonic delivery through

the intact skull and the use of this modality in the treatment of many neurological

diseases [18]. The two main innovations that contributed in this regard are the
introduction of the phased-array technology [19] and the use of MR thermometry
for real-time temperature monitoring [20]. Automated movement of the transducer
using robotic systems has also contributed in this regard by increasing the accuracy
and reliability of ultrasonic delivery and the entire procedure [21].



1.2.2 Clinical applications

Some of the transcranial MRgFUS applications that have been translated to the
clinical setting include Parkinson's disease [22], obsessive-compulsive disorder
[23], major depressive disorder, and essential tremor [16]. Other expanding fields
for potential clinical use of MRgFUS, are Alzheimer's disease (AD) [24] and
epilepsy [25]. All these applications are presented in a comprehensive review by
Quadri et al. [7]. Another review by MacDonell et al. [26] focused on the use of
this modality for brain tumor ablation. The feasibility of ultrasound-mediated
BBBD as a safe and efficient method for drug delivery into the brain parenchyma
has been quite widely tested in the clinical setting as well [27]. As previously
mentioned, the aforementioned applications are based on the ability of MRgFUS to
induce various thermal and mechanical effects on brain tissue. Regarding marketed
devices, the ExAblate Neuro produced by Insightec [28] for transcranial MRgFUS
therapy has gained FDA approval for essential tremor treatment in 2016 [29].

1.3 FUS-mediated drug delivery by BBB disruption

1.3.1 Highly selective nature of BBB

The BBB is a highly selective physical barrier that separates the lumen of cerebral
blood vessels from the brain parenchyma and tightly controls the transfer of
molecules from the blood circulation to the brain tissue and vice versa [30]. Figure
3 shows the cellular constituents of BBB.
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Figure 3: Cellular constituents of BBB. Figure obtained from Burgess et al. [31].



Endothelial cells are tightly linked by robust junctions that limit paracellular
permeability to molecules with a weight smaller than 400-500 Da [30]. Due to its
highly selective nature, BBB prevents the majority of pharmacological substances
from entering the brain parenchyma, thus preventing the treatment of many

neurodegenerative diseases [32].
1.3.2 FUS-mediated drug delivery

The available technologies for increasing drug penetration through the BBB include
Convection-enhanced delivery (drug injection into the brain parenchyma directly
using needles), administration of re-engineered drugs fused to insulin or
transferring receptors to cross the BBB via transcellular transport, and
hyperosmolar agents such as mannitol to loosen the tight junctions (TJs) of the BBB
[33].

In the last decades, FUS has emerged as a novel method to disrupt the BBB

temporarily in a completely non-invasive manner [31]. The mechanical effects of

FUS, and particularly the previously mentioned cavitational effects, are considered
to be the main principle behind this phenomenon [3]. An illustration of the
mechanisms of FUS-induced BBBD is shown in Figure 4. A comparison of
advantages and limitation between FUS and other available methods for BBBD is

provided by Burgess et al [31].
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Figure 4: lllustration of mechanisms of FUS-induced blood-brain barrier opening. Figure
obtained from Meng et al. [33].



In 2001, Hynynen et al. [34] demonstrated that the acoustic energy (of low intensity
US) can be concentrated in the vessels with the use of intravascular contrast agent
microbubbles. Reproducible BBBD without long-term damages in brain tissue was
proven feasible [34]. Following this early study, the feasibility of FUS-induced
BBBD was further investigated by many researchers, with a lot of effort being
placed in optimizing the relevant parameters to achieve efficient opening without
any associated adverse events [35]. Accordingly, more recent studies proved that
FUS-induced BBBD can allow passage of therapeutic drugs into the brain

parenchyma [35].
1.3.3 Neurodegenerative diseases

To date, there are not effective treatments to cure most of the neurodegenerative
diseases, such as AD, Huntington’s disease, Parkinson’s disease, and multiple
sclerosis. Brain cancer also lacks effective therapeutic regimens that do not
compromise the patient's life quality. The biggest obstacle to the treatment of these
diseases is the highly selective nature of the BBB, which prevents all large-
molecule therapeutics and more than 98 % of small-molecule therapeutics to enter
the brain parenchyma [36]. Therefore, extensive research is dedicated in finding
ways to temporary and effectively disrupt the BBB, thus enabling delivery of drugs
that under normal conditions are blocked by the BBB [30].

1.3.3.1 Alzheimer’s Disease

AD normally begins from the hippocampus and spreads across other regions as the
disease progresses [37]. The disease is characterized by the development of
extracellular amyloid plaques, probably as a result of Amyloid B peptides (AB)
aggregation, and intracellular neurofibrillary tangles [37]. AD constitutes the most
common cause of dementia, accounting for 50-60 % of dementia cases. Notably, a
new case of dementia occurs somewhere in the world every 3 seconds, affecting

more than 50 million people worldwide [38].

According to Yiannopoulou et al. [39], there are 33 symptomatic treatments in the
clinical setting, where agents are administered to improve the clinical (such
behavioral and psychological) symptoms of AD, but without any modification of



the pathological steps. Importantly, a main drawback in the use of many agents is
their limited penetration through the BBB [39].

1.3.3.2 Hypomyelinating leukodystrophy

Hypomyelinating leukodystrophies are a subset of genetic neurological disorders
affecting the white matter, which are characterized by a lack of CNS myelin
deposition. [40]. Hypomyelinating leukodystrophy type-2 (HLD2), also known as
the Pelizaeus—Merzbacher-like disease (PMLD) is a rare neurological disorder
starting in early childhood where the white matter of the brain and spinal cord are
progressively degenerated due to genetic mutations, leading to loss of the function
of a protein called connexind7 (Cx47) [40]-[41]. This protein is located in
oligodendrocytes all over the CNS and has a prominent role in preserving the
integrity of brain cells and promoting communication between them. Recessive
mutations in the GJC2 gene, which is responsible for encoding Cx47, are associated
with the development of HLD2 [41].

MRI is the imaging modality used to monitor myelination activity, visualize myelin
deficits in the brain, and quantify the white matter myelin content through
quantitative MRI techniques. Accordingly, brain MRI reveals characteristic
patterns that are essential in the clinical diagnosis of hypomyelinating disorders
[40]. Although significant knowledge advancement on the disease pathology was
reported in the past decade, currently, there are no curative treatments for these
disorders [40].

1.4 Robotic devices for FUS applications

In modern oncology, robotics has earned a prominent role and been essential in
translating new therapeutic modalities to the clinic [42]. Accordingly, robotic
devices are continuously being invented for manipulating surgical instruments and
energy sources, providing the level of accuracy required for safe clinical
applications [42]. The significant benefits of FUS, including its non-invasive and
non-ionizing nature, along with the increased accuracy achieved by robotic
guidance could minimize all the complications and side effects of standard



therapeutic options (i.e., surgery, radiotherapy, and chemotherapy), thus improving
the life quality of patients significantly.

One of the earliest manufacturers of clinical MRgFUS devices with

commercialization activities in both Europe, America, and Asia is the Insightec

Company, which owns the well-known ExAblate body system [43]. Another

successful company in the field is the Profound company offering the Sonalleve

system, which is also intended for body targets [44]. The treatment of uterine

fibroids and pain palliation of bone metastasis are two of the most widely applied
FDA-approved applications of both systems [45]. Their components are
accommodated into an opening of the MRI table offering bottom to top delivery of
ultrasonic energy by electronically steering the beam using phased array technology
[43]-[44]. Such a therapeutic approach forces the patient in the prone position.
Although this constitutes a conventional position in numerous surgical
interventions, it is very uncomfortable and tiring for patients, given also that
treatment normally last long while patients may be awake (or sedated) depending
on the condition being treated. The limited enclosed space of the scanner intensifies
this feeling, especially for claustrophobic patients. Notably, FUS instruments [46]
and Image Guided Therapy [47] are quite successful companies offering MRgFUS

systems for preclinical studies.

Due to the aforementioned disadvantages of prone patient positioning, several

manufacturers proceed to the development of systems that use a top to bottom

therapeutic approach, thus enabling supine placement of patients [45], [48]-[52].

Most of the available systems use a similar principle of US-guided treatment using
a positioning arm dedicated to navigating the diagnostic and therapeutic equipment
respective to the target [48]-[51]. This positioning arm is typically integrated into
a transportable platform that incorporates the relevant software for therapy
monitoring by trained physicians through dedicated computer-based programs
[48]-[51]. Other systems use a different approach where one platform is employed
for US imaging guidance and another one for controlling the system remotely while
the treatment head is positioned above or/and below the patient couch [45],[52].

Typically, multi-element phased array ultrasonic transducers are employed for



precisely focusing the beam and maintaining the acoustic intensity at the skin

surface within the safety limits to prevent pain and skin burns [45],[48],[52].

Meanwhile, efforts were being made by the research community with the purpose
to develop more advanced systems using the specific approach of top to bottom
treatment. Firstly, it is interesting to note that an existing MRgFUS system that in
the first place was designed to be placed on the MRI table for bottom to top or
lateral approaches was modified by Giannakou et al. [53] to enable access of
ultrasonic energy to the region of interest from the top. For this purpose, authors
attached an MR-compatible arm to the mechanism in order to raise the transducer
at reasonable height from the patient couch.

Tognarelli et al. [54] developed a platform for US-guided robotic-assisted FUS
treatment of multiple pathologies. The proposed system comprises a robotic module
with two manipulators, each featuring a 6-degrees of freedom (DOF) motion. The
first one includes a custom-made phased array transducer, as well as a 2D imaging

US probe, whereas a 3D imaging US probe is mounted on the second one.

Another system enabling supine positioning of patient was developed by Price et
al. [55] for the purpose of FUS therapy through intact skull in infants. This system
is intended for FUS procedures under the guidance of MRI and was classified as
MR-conditional. The positioning mechanism includes three prismatic joints that
enable translational movement of a 1.2 MHz FUS transducer in three orthogonal
axes and two revolute joints for rotation of the robot's wrist about the skull. A major
drawback is that the system is placed on the table of the scanner, thus unavoidably

constricting the valuable scanner's space.

ExAblate Neuro (Insightec) is the first and till now the only marketed system for
MRgFUS treatment of Essential Tremor (FDA approved in 2016) and Parkinson’s

Disease (FDA approved in 2021). The system is compatible with some MR

scanners of the General Electric (GE) and Siemens Healthineers companies [28].
The system includes a helmet system that is attached on the patient couch and
locked into place, a storage transfer cart, an operator console, a stereotactic frame,
an equipment cabinet, and a cooling unit. The main component of the helmet system
is the helmet-shaped phased array transducer that is consisted of 1024 elements
independently operating at 620-720 KHz to efficiently focus the beam to the desired
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location into the brain tissue. It has four positioning stages; 3 linear and 1 angular.
Pulses of 5-60 s duration are applied for ablating the area by multiple sonications.

The ExAblate system can be seen in Figure 5.

Figure 5: (A) ExAblate Neuro integrated with the MRI scanner during treatment and (B)

Helmet System; helmet-shaped transducer on a mechanical positioning unit [28].
1.5 Treatment planning software

Safe and efficient clinical practices require the use of high-quality methods for

treatment planning and real-time monitoring of heating during FUS. Briefly, the

first step in the planning process is pretherapy imaging, and then, tumor
segmentation followed by administration of sonication points throughout the
marked region of interest (ROI) [56]. These points are sequentially visited by the
transducer according to the selected scanning pathway. The planned sonication
protocol is executed typically under the guidance of US or MRI [57]. As previously
explained, although both are well-established non-invasive imaging modalities,
MRI is superior in that it produces anatomical images of significantly higher
resolution regardless of depth and intervening structures, thus enabling positioning
the beam focus with very high precision [8]. Most importantly, MRI has the unique
ability of enabling selective tissue ablation through intraoperative temperature
monitoring with MR-based thermometry [9].

The first step in the process of treatment planning is to localize the ROl on MR
images of the subject [56]. Currently, the segmentation process requires the
involvement of a trained physician, which unavoidably introduces human errors
and decreases the accuracy of the procedure [58]. Therefore, there is a need for new
computer-based algorithms for automatic segmentation and path planning for

complete coverage of the segmented ROI so as to enhance the clinical efficacy [56].
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This is expected to impact the overall treatment duration positively. In fact, Loeve
et al. [56] collected a series of MRgFUS interventions in the uterine and estimated
an average time of 18 min for ROI segmentation. Authors suggested that the total
treatment duration could be decreased by automated segmentation, especially when
multiple segmentation adjustments are needed for motion compensation [56].

MRI is routinely employed in the detection of brain diseases [59]. Therefore,
numerous techniques for brain lesion segmentation in MR images are available
literally and may be useful considering the wide adaption of the MRgFUS
technology as a neurotherapeutic tool [60]. The existing methods were classified by
Zhang et al. [61] into the following categories: 1) conventional methods; i.e.,
threshold, region, fuzzy theory, and edge detection, 2) classical machine learning-
based methods; i.e., K Nearest Neighbor - KNN, random forest, Contingent
Valuation Method - CVM, and dictionary learning, and 3) deep learning-based
methods; i.e., Convolutional Neural Network - CNN, Fully Convolutional Network
- FCN, and encoder-decoder. Notably, a review study by Wadhwa et al. [62]
suggests that the combination of a fully CNN and a Conditional Random Field
(CREF) statistical method can improve the accuracy of tumor segmentation.

The wide adaption of FUS in the clinical management of uterine fibroids has led
scientists to the development of more advanced planning and guiding tools for this
specific application. Xu et al. [63] proposed an automatic segmentation method for
uterine fibroids on US images. The developed algorithm involves dividing the
image into smaller regions called superpixels that are characterized using a texture
histogram-based feature representation method and finally merging them again
based on their similarities (meaning that the tumor's pixels will be merged together
since they have similar texture) [63]. Recently, Ning et al. [58] proposed an image
guidance system featuring tools for automatic detection and segmentation of lesions
on MR images through a CNN multi-stage segmentation. Notably, the developed

system also enables intraoperative lesion tracking on US images [58].

Recently, in the effort to enhance MRgFUS therapy planning, three classical
methodology types were assessed for their performance in segmenting ROIs (e.g.,
tissue, water, and transducer) on MR images of a HIFU setup [64]. The tested

methods were the simplest image segmentation method known as the Threshold
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method, the Watershed segmentation algorithm with markers (WSAM), and two
Level set methods (LSM); the Geodesic Active Contours (GAC) and the Distance
Regularized Level Set Evolution (DRLSE) methods. Preliminary results were
promising; however, the methods are accompanied by some limitations, such as the
need to establish an initial contour for GAC and DRLSE methods and the complex
procedure of defining the markers of WSAM, which both require previous

intervention by the user for MR image division [64].

The segmentation procedure is followed by path planning for selective ablation of
the delineated ROI [56]. Selection of the proper scanning pathway is essential in
forming uniform lesions throughout the segmented target and minimizing thermal
exposure of normal tissue [65]. A conventional scanning approach in clinical FUS
is the Raster scanning where the ultrasonic source sequentially visits spots arranged
in horizontal lines that are scanned in the same direction [65]. Thermal diffusion
was proven an essential phenomenon reducing the therapeutic outcome of this
scanning mode through the formation of asymmetric lesions [65]-[67]. This is
attributed to that lesion formation at a specific spot is affected by the thermal energy
diffusing from neighboring previously sonicated spots, thereby leading to
inadequate treatment of initial spots and extensive heating of the later ones, as well
as excess thermal dose deposition in the pre-focal area, a phenomenon known as
the near-field heating [68].

Therefore, there are still challenges in achieving ablation of a well-defined area by
eliminating thermal diffusion effects while ideally using the minimum energy and
treatment time possible. In this effort, researchers have investigated how various
scanning paths and the used sonication parameters affect the therapeutic result of
FUS therapy [65], [69]-[72]. Zhou et al. [65] investigated how the Spiral scanning
from the center to the outside and vice versa affects the formation of lesions by
sonicating a gel phantom and bovine liver in a discrete rhombus-shaped grid. The
proposed scanning approaches produced more uniform lesions but of a smaller
volume than conventional raster scanning when used under the same protocol [65].
Qian et al. [69] also investigated the performance of a Spiral pathway that was
executed in a continuous scanning mode covering a square area in acrylamide-based

heat-sensitive phantom and bovine liver. The results suggest that uniform lesions
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without overheating phenomena can be produced by continuous scanning along the
spiral pathway if proper scanning speed to regulate thermal energy diffusion is
selected [69].

Typically, discrete scanning modes employ a time delay between successive
sonications of equal duration to eliminate intense heating [68]. In accordance, the
accumulation of thermal energy should be controlled by selecting not only the
proper pathway, but also sufficient cooling periods. A recent study [68] evaluated
the effect of increasing time delay on the induced near-field heating and overall
treatment time for six different pathway algorithms, including the commonly used
Sequential and Spiral algorithms. It is noted that the Sequential algorithm differs
from the aforementioned Raster scanning only in that adjacent lines are scanned in
opposite directions. Experimental evaluation in a tissue mimicking phantom (TMP)
revealed that a minimum time delay of 50-60 s is needed for achieving a safe
thermal dose accumulation in the near-field region [68].

At this point, it is interesting to note that the use of different sonication times at the
various grid spots was proposed as an alternative method to avoid the introduction
of cooling intervals, thus minimizing the overall treatment time [70]. The relevant
article compared the performance of the Raster, Spiral, and Skip paths using
unequal heating duration with the conventional scanning mode by simulating the
ablation of a square area through electronic steering of the beam according to each
pathway [70]. The results suggest that the proposed method is robust when used in
combination with the Skip scanning path and could lead to a treatment time
reduction of more than 50 % [70].

1.6 Evaluation of MRgFUS robotic systems and applications

The introduction of robots in medicine has been critical in establishing minimally
invasive therapeutic modalities simultaneously facilitating their translation in the
clinical setting [42]. To date, robotic features have extended the benefits of
minimally invasive procedures to most surgical specialties [42]. In accordance,
robotic systems are constantly being developed to aid in the positioning and
manipulation of surgical instruments and energy sources, including ultrasonic

sources in the context of MRgFUS.
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1.6.1 MRI compatibility

Compatibility with the MRI scanner is required for devices intended to operate in

the MRI environment such as in the case of MRgFUS therapy. Electromagnetic

interference between the device and scanner can negatively affect not only the
imaging quality, but also the device functionality, thus compromising the reliability
of the procedure and the patient's safety in highly sensitive procedures. Notably,
MR thermometry and thus the efficiency of ultrasonic delivery to the target depend

on proper MR imaging.

A common methodology used for MRI compatibility testing makes use of the signal
to noise ratio (SNR)’s dependency on the interference between the device and
scanner [73]. In fact, it is evaluated whether the presence and operation of the device
within the scanner compromises the imaging quality in terms of SNR. Specifically,
the SNR of MR images acquired under different activation states of the robotic
system is compared. In addition, it is assessed whether any noticeable artifacts
appear on images. It should be though clarified that robotic FUS systems are
generally classified as MRI-conditional according to American Society for Testing

and Materials (ASTM) standards (F2503) since they require electricity to operate.
1.6.2 Accuracy and repeatability of robotic motion

Robotic-assisted procedures require a highly accurate operation to meet the clinical

requirement. Therefore, some of the initial tests conducted in the evaluation process
concern the accuracy of robotic motion. The accuracy data is also essential for

establishing safety guidelines for clinical applications.

All the techniques used to test the mechanical accuracy of a robot are based on the
idea of comparing the commanded motion step with the actual displacement as
estimated by a distance-measuring technique. Mechanical accuracy refers to both
the positioning and repeatability accuracy of motion. Before the procedure is
applied in the real environment and in-vivo, accuracy assessment is typically carried
out in free space; meaning not under real conditions (sometimes referred to as
intrinsic system accuracy). Most commonly, after acquiring evidence of sufficient
accuracy and repeatability by benchtop testing, the system is evaluated in the
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environment that is intended to be clinically used, such as the bore of an MRI
system. This is essential for ensuring that the system maintains a high degree of
accuracy in real-like scenarios. As mentioned previously, MRI compatibility is
required since even a minimal magnetic shift of the system's components in the
MRI could affect the accuracy of motion and consequently the accuracy of

ultrasonic delivery.

1.6.2.1 Benchtop evaluation

Motion tracking techniques were proposed for assessing the motion accuracy in a
free robot workspace [74]-[79]. The targeting accuracy of needle-related
interventions, which is estimated by the deviation of the actual tooltip position from
its intended location, has been widely evaluated using optical tracking systems
[74]-[77]. As an example, the accuracy of a robotic system designed for breast
biopsy was evaluated by driving a rigid test tool to various positions through
straight and angled paths and monitoring its actual position with an optical tracker
[74]. Similarly, Patriciu et al. [75] used an optical tracking system to assess the
accuracy of motion of a system for automated brachytherapy seed placement, where
an active marker was attached to the end-effector of the robotic arm to enable
tracking of its position. Patel et al. [76] also used an optical tracking system to
evaluate the performance of a robotic system for shoulder arthrography. In this
system, a tracking structure was integrated on the needle guide so that its position
can be tracked in relation to a specially-designed reference frame with optical
markers [76]. Dou et al. [77] selected a quite different tracking method to estimate
the positioning accuracy of a brachytherapy system using a 3D laser tracker, as well
as an inertial measurement unit [77]. In other studies, the actual displacement of a
linear motion stage [78] and an endoscope manipulator [79] after execution of the
commended movement was estimated using an optical measuring microscope and

two Charge-Coupled Device (CCD) laser micrometers, respectively.

More straightforward methods involving the use of digital calipers and special
structures have also been employed in the laboratory environment for accuracy
evaluation purposes. A breast biopsy robot was evaluated in terms of accurate
needle tip positioning in free air by targeting crosshairs drawn on a board [80],
where the error was defined as the distance from each target's center to the
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corresponding pierced hole [80]. A similar approach was followed in the framework
of assessing the accuracy of motion of a robot intended for transcranial FUS
surgery. In fact, a felt-tipped pen was used in the place of the FUS transducer and
commanded to reach multiple points distributed on three orthogonal planes
developed to demonstrate the entire robot's workplace [55]. The created marks were
assigned in resolution circles to facilitate estimation of the targeting error [55].
Other studies used a simplified method that involved digital calipers. To be more
specific, calipers were mounted on the motion stages under evaluation in a way
that their actual displacement after executing the commanded motion could be
directly measured by the incremental distance of the caliper [81], [82].

Robotic devices for non-invasive FUS applications are constantly being developed
[83] and extensively evaluated in terms of motion accuracy by performing multiple
ablations. Specifically, the separation precision of multiple ablations constitutes an
indication of the positioning error. For instance, in a study by Tao Wu et al. [84]
the focus positioning accuracy of a FUS system was assessed by performing
multiple sonications on a Lucite cart. The transducer was placed in a water tank for
efficient ultrasonic transmission to the target. Left-right and superior-inferior
movements by specific distance were commanded by a treatment planning
software, resulting in numerous sets of melted spots arranged in discrete patterns.
The actual distance between adjacent spots was measured with a digital caliper [84].
In the benchtop setting, gel phantoms constitute another cost-effective tool for
ablation experiments. In a study by Yiallouras et al [81], the motion stages were
commanded to create discrete ablations of specific spacing in a gel phantom. White
coagulation lesions were clearly visible, being spaced by the desired step, thus

confirming the accuracy of transducer positioning, as shown in Figure 6.
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Figure 6: Gel phantom with white coagulation lesions created to assess the motion

accuracy of a robotic mechanism [81].

16



1.6.2.2 MRI evaluation

Experimentation under more realistic conditions is commonly performed after
confirming adequate accuracy for needle-related interventions in a free space.
Phantoms serve as a common tool for evaluating the accuracy of needle positioning
in an imaging environment, where the procedure involves the use of fiducial
markers for the visualization and registration of the system in the imaging
coordinates. The target locations in the phantom are selected and the insertion
parameters are calculated based on a first planning scan [85]-[87]. The estimated
coordinates are exported to the motor controller through a dedicated software for
motion execution. Follow-up images are collected to assess the accuracy of needle
placement relative to the prescribed locations [85]-[87]. Patel et al. [85] performed
a phantom study using a needle-based therapeutic ultrasound applicator. The
applicator was inserted in various locations (predefined in 3D Slicer) of a gelatin
phantom by robotic motion under MRI guidance. Then, the probe tip position as
visualized in 3D-Fast Field Echo images was compared with the intended position.
Likewise, a system for prostate interventions was assessed in terms of motion
accuracy ina TMP [86]. The rectal sheath was aligned with the predefined insertion
point automatically and inserted in the phantom manually [86]. The phantom was
imaged using Turbo Spin Echo (TSE) proton density sequence, enabling
visualization of the void induced by the needle tip, and thus, estimation of the in-
plane error of targeting [86]. The accuracy of a robotic mechanism in precisely
reaching a target was also assessed in MRI in free space by tracking the position of

a gadolinium filled needle on T1-weighted images [87].

Price et al. [55] followed a similar approach but in the context of MRgFUS. An MR
conditional robot for transcranial FUS interventions was used to perform multiple
sonications in a 2 x 3 pattern in a heat-sensitive gel phantom located in a water tank.
The thermal images acquired after each sonication were superimposed onto one
image, and the positioning accuracy was defined as the spacing between the centers
of adjacent ablated areas [55]. This technique was also selected for evaluating the
accuracy of motion of an MR-compatible FUS device intended for brain diseases
treatment [21]. A four-point ablation pattern was performed in vitro, in lamb brain,

with different motion steps of 1 to 10 mm, and the formed lesions were visualized
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in T1-weighted Fast Spin Echo (FSE) images. The ablated areas appeared as spots
of increased signal intensity (SI), and the distance between neighboring ablations
was calculated from the center of each spot. Notably, smaller errors were estimated
with increasing step distance [21]. Similarly, Yiallouras et al. [82] performed
phantom experiments where T2-weighted FSE images revealed areas of reduced
signal being formed in a discrete pattern, as shown in Figure 7. It is notable that
Sagias et al. [88] developed a motion phantom for evaluating FUS protocols
specifically for moving targets in the MRI environment. In another study carried
out in a gel phantom [89], the robotic arm of an US-guided FUS ablation system
was commanded to move the focal point to ablate the four corners of the phantom,
and the targeting accuracy was assessed by visualizing the sonicated areas on US

images.
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Figure 7: T2-weighted FSE images revealing hypointense spots in discrete pattern [82].

1.6.3 Ex-vivo studies - Tissue mimicking phantoms as evaluation tools

Extensive preclinical ex-vivo and in-vivo evaluation should be carried out in the
process to translate new FUS technologies from the lab to the clinical setting. TMPs
serve as handy tool in the effort to evaluate emerging FUS applications and
optimize therapeutic protocols [90]. For transcranial applications of FUS, both soft

tissue and skull phantoms should be developed.

1.6.3.1 Soft-tissue phantoms

So far, various gelling agents have been proposed for the construction of TMPs for
multiple purposes, including the evaluation of thermal protocols. Polyacrylamide
(PAA) [91]-[92] and agar based phantoms [93]-[96] were shown to be capable of
emulating critical thermal, acoustical, and MR relaxation properties of various
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tissues [97]. Gelatin-based phantoms were also proven factional in this regard [98]-
[99]. However, they lack the capacity to withstand ablative temperatures, and
therefore, are only recommended for hyperthermia applications [97]. Other gelling
agents identified in the literature are Polyvinyl Alcohol (PVA) [100]-[102],
Polyvinyl Chloride (PVC) [103]-[105], silicone [106], [107] and TX-150/ TX-151
[108], [109]. However, adequate information on the efficacy of these materials for

thermal applications is lacking.

PAA gels are favorable in that they are characterized by optical transparency, thus
allowing for direct visualization of coagulative areas [97]. On the other hand, agar
phantoms were proven very promising for use with the MRgFUS technology, with
lower preparation costs and without the toxicity issues related to the preparation of

PAA gels. Figure 8 shows an agar-based phantom containing wood powder [110].
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Figure 8: Agar-based wood powder-doped TMP developed by Drakos et al [110].

1.6.3.2 Relaxation properties of soft-tissue phantoms

TMPs designed for FUS studies should have similar acoustic behavior with
biological tissue, with the speed of sound in the medium, characteristic acoustic
impedance, and attenuation coefficient being the most important properties to be
mimicked [96], [111].

Besides the acoustical behavior of TMPs, it is also critical that the thermal
characteristics of tissues are replicated. The thermal profile during FUS exposure
in a TMP is mainly governed by the three parameters; specific heat capacity,
thermal conductivity, and thermal diffusivity [96], [111]. Since the therapeutic

result during sonication is evaluated via thermometry based feedback, a tissue like
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thermal behavior is of major importance while precise modeling of acoustical
properties is not of great importance in this regard. The acoustic and thermal
properties of agar-based phantoms have been already assessed in various studies
[96].

A suitable TMP for MRgFUS applications should also possess similar MRI
properties with tissue. This is attributed to that MR parameters affect the contrast
between normal soft tissue and FUS lesions to a great-extend [112]-[114].
Moreover, the contrast in MR images and temperature monitoring during FUS
exposures are based on changes in the magnetic relaxation times T1 and T2 of
tissues [9]. It is thus ideal for MRgFUS phantoms to produce tissue-like signal in
the MRI. Nevertheless, there is a lack of previous studies focusing on the MR

relaxation properties of MRgFUS phantoms.

1.6.3.3 Skull phantoms

Without the appropriate knowledge about ultrasonic transmission through the skull,
it is extremely difficult to predict the heat deposition and temperature elevation
caused by the sonication, and therefore, to prepare an efficient treatment plan.
Preclinical studies for evaluating MRgFUS applications using TMPs should involve
a skull mimic with well-known properties. Therefore, ultrasonic characterization of

materials candidate for the construction of skull phantoms is deemed necessary.

Thermoplastic polymers constitute an appealing solution for fabricating hard tissue
phantoms due to their rigidity and high temperature tolerance. Skull phantoms can
be constructed by injection molding in patient-specific skull molds [115]-[116].
Polymethylmethacrylate (PMMA) was predominantly selected in this regard,
particularly for the production of cranial implants by casting PMMA into
customized 3D printed molds [115]-[116].

In the last decade, 3D printing has arisen as a promising manufacturing process
providing the ability of cost-effective rapid prototyping [93], [117]. Another major
benefit of this emerging technology over molding procedures is the ability to design
and develop parts of complex geometries with high accuracy and detail.
Accordingly, accurate geometrical replication of a human skull is feasible [93].

Several studies examined the efficacy of 3D printing bone phantoms using
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thermoplastic polymers, in terms of thermal and acoustic properties [93], [117]. As
an example, Figure 9 shows the stereolithographic (STL) model of a human skull

that was 3D printed for testing transcranial FUS applications [93].

Figure 9: STL model of a skull phantom developed by Menikou et al [93].
1.6.4 In-vivo studies

After ex-vivo preclinical evaluation in phantoms and excised tissues, a series of
animal studies follow. Typically, preclinical validation in animals enables
translation of applications to the clinical setting to be applied on humans. A
comprehensive search of existing literature regarding FUS studies on BBBD in
animals and patients was carried out. The results are presented in Table I of the
Appendix, revealing that mice constitute one of the prominent models for
preclinical studies in the field. Other animals used are rabbits, rats, swine, sheep,

and rhesus macaques.

1.6.4.1 Mouse models of neurological diseases

Regarding preclinical in-vivo studies, genetically modified mice are commonly
used for research purposes in the field. Generally, genetic mouse models have been
widely used to investigate the physical properties of BBB and enhance the
understanding on the mechanisms of the BBB function [118]-[119]. In the last
decade, many research studies involving the use of mouse models have shown that
FUS administered with an ultrasound contrast agent can sufficiently disrupt the
BBB so that molecules of pharmacologically relevant size can enter the brain
parenchyma [120]-[124]. Thereby, FUS has emerged in the field of neurosurgery
as a non-invasive technology for safe and reversible BBBD.

Choi et al. [120] applied pulsed FUS following administration of MBs to the
hippocampus of Wild Type (WT) male C57BL/6 mice transcranially. The induced
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BBB opening was sufficient to allow dextrans of 3 and 70 kDa to be diffusely
distributed through the treated brain regions. Importantly, this study proved the
capability of FUS accompanied with MBs to enable BBB permeability of molecules
with a size comparable to that of neurological drugs used in the treatment of major
CNS diseases, such as AD, PD, and Huntington’s disease [120]. In another study
by Wang et al., adeno-associated virus (AAV) vectors were delivered via
administration of MBs prior to pulsed FUS at the hippocampus and motor cortex of
WT mice, allowing non-invasive neural stimulation [125]. Remarkably, the volume

of viral transduction was determined by the volume of BBBD [125].

A large number of studies have focused on the treatment of AD. AD has no
established treatment in neurotherapeutics. The current therapeutic approaches
improve associated symptoms, but they do not induce considerable disease-
modifying effects. In the effort to address this, many studies have examined the
feasibility of FUS-induced BBBD as a way of supplying drugs into the brain of
mice models [126]-[129]. The transgenic mouse model of AD is extensively
selected for such experiments, firstly because it is inexpensive and reproducible,
and secondly because it exhibits abundant plaque load. As an example, transgenic
AD mice were involved in a study by Burgess et al. [128], in which spatial memory
improvement and behavioral changes were observed after repeated MRgFUS,
probably resulting from reduced AD-related pathological abnormalities and
increased neuronal plasticity of the treated areas. Repeated FUS with MBs was also
proven to modulate similar positive therapeutic effects in female triple transgenic
AD mice [130].

BBB impermeability also constitutes a major obstacle in brain cancer therapy [131].
In fact, the efficacy of chemotherapy in the treatment of brain tumors is limited by
the BBB [131]. Authors in [132] assessed the efficacy of US-mediated BBBD to
enhance the anti-tumor activity of a drug called Carboplatin in glioblastoma mouse
models. Enhanced efficacy of the chemotherapeutic agent was observed for the
mice treated with drug plus US, who showed delayed tumor growth and prolonged
survival compared to the drug alone group [132]. Similarly, Ishida et al. [133]
showed that MRgFUS is capable of enhancing drug delivery in a mouse model of

Diffuse intrinsic pontine glioma (DIPG); a highly aggressive brain tumor in
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children [133]. Enhanced drug delivery through the blood—tumor barrier was also
evidenced after FUS therapy in combination with MBs in mouse models of brain
metastasis from HER2-positive breast cancer [124], thus suggesting that the
modality may enhance the transport of chemotherapeutic anticancer agents in breast
cancer brain metastases [124]. Figure 10 shows an example of a typical

experimental setup used for FUS-mediated BBBD in mice.
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Figure 10: FUS applied in mouse brain. Figure obtained from Raymond et al. [129].
1.7 Study Overview and Research Objectives

MRgFUS was proven a very promising treatment modality. To date, many advances

have been reported in medicine due to the use of the specific technology, especially
in oncology and neurology. In the area of neurology, this modality has the potential
to address the holy grail for researchers of performing completely non-invasive

neurosurgery.

The methodology and tools for quality assurance (QA) of MRgFUS devices and

emerging applications are still to be standardized. In this regard, there is an

increased need for ergonomic and cost-effective TMPs that could mimic all the

critical properties of body tissues, including acoustic, thermal, and MR properties,

simultaneously contributing towards the minimization of animal testing.

In the framework of the current study, extensive literature search on TMPs, their
properties and potential for use with the MRgFUS technology was carried out.
Given that a lack of adequate literature on the relaxation properties of TMPs was

identified, the study aimed to investigate the T1 and T2 relaxation times of various
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agar-based phantom containing different concentration of inclusions. Furthermore,
simple and cost-effective methods involving the use of TMPs for the performance
assessment of MRgFUS devices and applications were proposed and investigated

for their effectiveness.

Another objective was to develop realistic skull phantoms embedding soft tissue
mimicking gels, as well as an anatomically accurate mouse model dedicated for
testing transcranial FUS applications. The main purpose was to use these phantoms
to examine the feasibility of trans-skull ultrasonic delivery using single element

transducers.

The previously reported data suggests that FUS-mediated BBBD facilitates the
passage of drugs naturally hampered by the BBB. Although the current data are

very promising for many neurological conditions, BBB still constitutes a significant

limiting factor for the application of therapies in the brain. Furthermore, there are

numerous potential applications still to be explored. Thus, the research community

underlines the urgent need for extensive research on the subject, which will

eventually lead to novel technologies for therapeutic drug delivery across the BBB.
Such research activities are essential to accelerating the translation of developed
systems/applications from the laboratory to the clinic for the treatment of
neurological diseases, especially those with no current effective treatments. Mouse

models constitute a powerful tool in this effort.

The current study aimed to contribute in this regard through a series of experiments

in mouse models. The study firstly aimed at carrying out an extensive literature

search on the specific application of FUS-mediated BBBD and the delivery of

therapeutic agents in the brain parenchyma. The next objective was to develop a

compact single-stage positioning device dedicated for transcranial applications in

small animal models and evaluate its performance in mice. Initially, the therapeutic
protocol for safe and efficient BBBD by MBs-enhanced pulsed FUS was

established. The next objective was to examine the potential of FUS-induced

enhanced therapeutic agent delivery in the treatment of two different brain
conditions; AD and HLD2. In the former case, the capability of the Af (1-40)

antibody to penetrate the brain tissue following FUS-mediated BBBD in the AD

5XFAD mouse model was investigated. In the latter case, FUS-induced BBBD was
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examined as a potential non-invasive method to facilitate brain transudation in P30
WT mice by administering different doses of an AAV9 vector and assessing its
biodistribution within the CNS.
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2 Simple, inexpensive, and ergonomic phantom for quality

assurance control of MRgFUS systems

2.1 State of the art

The therapeutic benefits of FUS have been widely exploited in the area of oncology
[134]. Malignant cells can be necrotized by concentrating the ultrasonic energy
within the target region, thus increasing the temperature to lethal levels non-
invasively [134]. The popularity of this technology is increasing substantially while
QA tools for FUS devices and protocols remain to be standardized, thus raising the
need for dedicated high-quality QA phantoms.

So far, gel-based TMPs have been the main tool for testing FUS hardware in the
research and development (R&D) stage, including assessment of the thermal
heating abilities of ultrasonic transducers [135]-[137] and the MRI compatibility
of devices intended for MRgFUS applications [135]-[139]. To begin with, gel
phantoms are considered suitable for thermal studies in that they enable insertion
of thermocouples for benchtop temperature measurements [97]. In addition, their
tissue-like MRI signal [140] is beneficial in monitoring thermal exposures in the
MRI setting through the use of MR thermometry. Accordingly, they serve as a
valuable tool for evaluating and optimizing therapeutic protocols before in-vivo
applications, for example, by examining the impact of various scanning pathways
on the off-target heating [68] and the formation of asymmetric lesions owning to
thermal diffusion phenomena [65].

PAA gels containing thermosensitive ingredients, such as thermochromic ink that
progressively changes colour under heating [92], BSA protein [92], and egg-white
[141], were proposed for FUS studies, having the advantage of visualizing the
formed lesions due to protein denaturation. Agar gels were also proven effective for
FUS studies having the benefit of easy and cost-effective preparation, as well as the
ability to simulate the critical thermal, acoustical, and MRI properties of several
soft tissues depending on the type and concentration of added complementary
ingredients [142]. On the contrary, gelatin-based phantom are only suitable for
hyperthermia applications because they cannot withstand ablative temperatures
[143]. Notably, the use of 3D printed materials and plastics to mimic bony tissues
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IS becoming popular in multi-modality phantoms intended for MRI and/or US
imaging [93]-[95].

In terms of evaluating the motion accuracy of robotic mechanisms designed to
navigate the ultrasonic transducer relative to the subject, the so far proposed R&D
techniques include digital caliper-based methods [136], MRI imaging of the
ultrasonic transducer or other dedicated MRI visible objects during step motion
[144], and visual assessment of lesion formation in transparent thermosensitive
phantoms [81], [135].

Regarding clinical use of test phantoms, the basic functionalities of a clinical
MRgFUS device can also be tested by mapping the temperature rise during heating
in a dedicated phantom. Several studies report on the use of MR thermometry
during sonication in US/MRI phantoms as a simple QA method for clinical routine
testing [145], [146]. In fact, this method has been the mainstay for clinical QA
allowing for testing the acoustic power output, the targeting accuracy, the noise
level introduced into the picture, and well as the size and shape of the focal spot.
An indicative example is a 4-year retrospective study [146], which was performed
to assess the basic functionalities of the first clinical MRgFUS system; ExAblate
2000 (InSightec Inc., Haifa, Israel) before each of 148 uterine fibroid treatment

sessions.

The aforementioned QA measures are also employed before clinical deployment
since they are extremely essential in the process of a system’s technical acceptance
[147]. In this regard, the MRgFUS system ExAblate 2000 has been tested by
employing MR thermometry in TMPs designed to match the ultrasonic properties
of tissue [147]. The focus positioning accuracy was examined by performing grid
sonications in coronal and axial planes and comparing the commanded position
with the actual position of the focus as defined by the peak temperature location

through the controlling software.

Similarly, Vicari et al. [148] proposed a series of radiation force measurements, 3D
modelling and geometrical tests for the daily in-vitro QA of the InSightec ExAblate
2100 equipment, with emphasis on the delivered power and position of the focus.

The authors followed an interesting technique to assess the focus positioning
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accuracy and software reliability by sonicating a 96 well plate filled with a
thermosensitive BSA-doped PAA gel [148].

While the need for phantoms dedicated to QA of FUS equipment has long been
recognized [149], their development was delayed until recently, when two relevant
studies were published [150], [151]. The proposed QA phantoms are both based on
the concept of placing ultrasonic calibration equipment in a plastic container that is
filled with a TMP. To be more specific, Acri et al. [150] developed an ergonomic
phantom for clinical routine QA of MRgFUS devices consisting of a hollow PMMA
cylinder that can host various movable inserts. These could be PMMA holders
specially designed to support instruments, such as a precision balance or a
thermometer, or small teflon pieces simulating microcalcifications. According to
the authors, it is filled with different fluids depending on the tested parameters,
which may be the precision and dimension of the FUS spot, the target temperature,

and the linearity of output power.

Ambrogio et al. [151] developed a QA phantom of similar design to evaluate the
performance of the Sonalleve commercial MRgFUS system (Philips, Canada) over
a 12-month period. The developed phantom is a PMMA cubic structure that embeds
a 3D-printed bone-mimic disk made of VeroWhite Plus material and 4 T-type
thermocouples within an agar-based soft TMP in clinically relevant places for the

specific intended therapeutic modalities of this system.

It becomes clear that gel phantom-based techniques have been essential in both
R&D and clinical testing of MRgFUS devices. Although widely accepted, these
techniques suffer from many potential sources of error related to human or
instrument failures, which may cause the results of assessment to be interpreted
incorrectly. For instance, gel phantoms are prone to air or other inhomogeneities
that may be introduced during the preparation process, as well as to gradual water
loss, which are very possible to influence the formation of uniform lesions and thus
the reliability of measurements. Furthermore, since phantoms have limited lifetime,
different phantoms will be used at different days, which is not ideal when examining

the functionality and loss of precision on a routine basis.

Following the aforementioned unmet needs, in this study, we propose the use of an

acrylic thin film as the most cost-effective and ergonomic way of evaluating the
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functionality and stability of MRgFUS equipment over time. A robotic device

dedicated to MRgFUS preclinical applications, and the relevant treatment planning/
monitoring software were employed in the study. The QA methodology is detailed
through a series of experiments designed to assess the performance of this system
in terms of targeting accuracy, heating effects of the ultrasonic transducer, software

functionality, and proper communication between hardware and software.
2.2 Materials and methods

2.2.1 Quality assurance acrylic film

The QA phantom proposed in this study is a clear film made of acrylic plastic with
a thickness of 0.9 mm (FDM400mc print plate, Stratasys, 7665 Commerce Way,
Eden Prairie, Minnesota, USA). The ultrasonic attenuation of the film was
estimated at 8.5 dB/cm-MHz (at 2 MHz) according to the transmission through
technique [152]. The following QA tests take advantage of the almost complete
reflection of ultrasonic waves at the plastic—air interface, which results in almost
immediate lesion formation on the upper side of the film at a threshold of applied
acoustic energy. Accordingly, in all experiments, the upper side of the film involved
air while degassed water was used as the coupling media between the transducer
and the bottom surface of the film, as shown in Figure 11, so lesion formation was

mainly based on reflection.
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Figure 11: Concept of lesion formation on the plastic film.
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2.2.2 MRgFUS robotic device for preclinical use

A preclinical MRgFUS robotic device previously described in detail by Drakos et
al. [136] was employed in the study. In brief, the system comprises a mechanism
enclosure where all the mechanical and electronic components are hosted and
another separate water enclosure where the transducer is actuated. The water

enclosure includes an acoustic opening at the top for placing the target.

For the purpose of the current study, the transducer comprised a single element
spherically focused ultrasonic piezoelectric (Piezohannas, Wuhan, China) with a
nominal frequency of 2.75 MHz (Radius of curvature: 65 mm, Diameter: 50 mm,
efficiency: 30 %). The transducer was powered by an RF amplifier (AG1016, AG

Series Amplifier, T & C Power Conversion, Rochester, US).

The system was integrated with and controlled by a custom made treatment
planning-monitoring software which provided the ability to plan sonications in
rectangular grids or complex patterns for full coverage of any segmented area on
MRI images, as well as to define the sonication (acoustic power and sonication

time) and grid parameters (spatial and temporal step).
2.2.3 Power field assessment

The power field of the 2.75 MHz ultrasonic transducer was evaluated by sonicating
the plastic film at varying distance from its surface. The transducer was securely
mounted on the bottom part of a plastic holder facing upwards to the plastic film.
Careful design of the holder was followed to ensure horizontal placement of the
film, thus minimizing sound refraction phenomena. The holder also included a
height adjustment mechanism for changing the transducer-film distance with a 10-
mm step. The setup was hosted in a tank, which was filled with degassed, deionized
water up to the upper surface of the plastic film to achieve the aforementioned
“water-plastic-air” configuration. Electrical power of 150 W (acoustic power of 45
W) was applied for 30 s in continuous mode for different transducer-film distances
of 40 to 90 mm. The diameter of the formed lesion at each tested distance was

measured using a digital caliper.
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2.2.4 Assessment of change in lesion size by varying sonication parameters

In this experimental part, the QA film was securely mounted on the acoustic
opening of the device using a dedicated holder, as shown in Figure 12. The distance
from the transducer was adjusted to equal the radius of curvature. Degassed water
was used as described above to ensure ultrasonic coupling with the bottom surface
of the film. The effect of the power (10-70 W electric power) and duration of
sonication (1-11 s) on lesion formation was examined independently by performing

sonications spaced by 1 cm.

e acoustic opening

holder

Figure 12: Photo of the experimental setup with the phantom fixed to the acoustic opening
of the MRgFUS device above the FUS transducer.

2.2.5 Accuracy and repeatability of motion assessment

This experimental part was carried out to assess the accuracy and repeatability of
motion, as well as whether the software commands are properly executed using a
similar setup as detailed above. The film was sonicated by robotically moving the
transducer along predefined pathways; square or irregular grids using the
commands of the relevant software. The planned sonication spots were visited in a
Zig-Zag pathway using varying motion step. An acoustical power of 6 W was
applied for 5 s to each spot while a waiting time of 60 s was left between successive

sonications to ensure adequate heat dissipation in the phantom.
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2.3 Results

Lesions of different dimensions were formed by sonicating the acrylic film at
varying distance from the transducer surface and served as indicators of the power
film distribution. The sonicated films are shown in Figure 13 with the measured
lesion diameter indicated. Among the tested distances, the largest lesion is observed
at 40 mm and gradually decreases in size until the distance of 60 mm, whereas at
80 mm it increases again, thus demonstrating heating in the far-field region. This
change in lesion size with varying distance gives a good approximation of the power
field distribution in that lesion dimensions can be defined as the half width and

length of a Gaussian power distribution at each distance.

Figure 13: Photo of acrylic films sonicated at increasing distance from the transducer using
acoustical power of 45 W for 30 s and the 2.75 MHz transducer (radius of curvature of 65
mm and diameter of 50 mm), indicating the diameter of the formed lesions.

The lesion size at a specific distance from the transducer surface can be controlled
by varying the sonication parameters. Figure 14 shows the change in lesion size by
varying the electric power from 10 to 70 W while keeping constant the sonication
duration at 6 s at the focal plane. The distance between successive sonications was
setat 1 cm.
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Figure 14: Photo of lesions formed using varying electric power of 10 to 70 W for a

constant sonication duration of 6 s.

Figure 15, Figure 16, and Figure 17 show indicative results of multiple lesions
formed on the phantom following pathway planning on the dedicated software.
Figure 15 shows discrete lesions formed in a 5 x 5 square grid using a spatial step
of 10 mm (each spot exposed to 20 W electric power/ 6 W acoustical power for 5
s). The overlapping lesions shown in Figure 16 were created after sonication in a 20
x 20 grid using identical ultrasonic parameters but a smaller spatial step of 1 mm.
An indicative result of sonication in irregular pattern with similar sonication
protocol and a 3-mm step is shown in Figure 17. Note that the ablated area matches
well the segmented area in the software. The selection of grid step defined the
formation of discrete or overlapping lesions. Overall, the lesion patterns

demonstrate good motion and alignment accuracy.

Figure 15: (A) Software screenshot showing the sonication spots (5 x 5 grid) and Zig-Zag
pathway as planned on an MRI image of an agar phantom. (B) The corresponding lesions
formed on the plastic film using acoustic power of 6 W for 5 s at each spot, with a spatial
step of 10 mm, using the 2.75 MHz transducer (radius of curvature of 65 mm and diameter
of 50 mm).

33



Figure 16: (A) Software screenshot showing the sonication area (20 x 20 grid) as planned
on an MRI image of an agar phantom. (B) The corresponding overlapping lesions formed
on the plastic film using acoustic power of 6 W for 5 s at each spot, with a spatial step of 1

mm, using the 2.75 MHz transducer.

Figure 17: (A) Software screenshot showing the segmented irregular area on an MRI
image of an agar phantom. (B) The corresponding lesions formed on the plastic film using
acoustic power of 6 W for 5 s at each spot, with a spatial step of 3 mm, using the 2.75 MHz

transducer.
2.4 Discussion

Through a literature search, it can be easily concluded that while there are well
established methods for calibrating FUS equipment, the methods and tools for QA
of MRgFUS robotic devices are still far from being standardized. Herein, a thin
acrylic film was proposed as the cheapest and most easily accessible QA phantom
for assessing the performance of MRgFUS hardware and software. Although, in
this study, we used a 0.9 mm-thick print plate obtained from a Stratasys printer, one

could simply buy a similar product from a bookstore at a very low price.
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Specific methods involving the use of the proposed film were utilized for assessing
the functionality of an MRgFUS preclinical robotic device. The setup is extremely
simple and is based on the concept of “water-plastic-air” described previously,
where lesion formation is mainly the result of sound reflection at the plastic/air

boundary.

Regarding quality assurance of the FUS transducer, the phantom provides
indication of the beam’s cross section. By collecting several slices in cross section,
it is possible to get qualitative information on the power field distribution of the
FUS transducer in axial direction. In addition, by adjusting the power and time it is
possible to control the size of the individual lesions, thus simulating different FUS
protocols. Following experiments with varying power and time, an acoustic energy
of 18 W was proven sufficient to produce a lesion of easily measurable dimensions
(=2 mm in diameter) on the proposed phantom. A limitation of this approach is that
evaluation is not possible in the axial direction.

Furthermore, the phantom was proven an efficient tool for assessing the accuracy
and repeatability of robotic motion by navigating the robotic system in grid patterns
and producing discrete lesions. Note that this was also demonstrated in a previous
study [144], but it was further assessed with extensive experimentation of various
motion algorithms. It is interesting to note that the formed lesion patterns did not

show evidence of thermal diffusion.

By using small spacing during navigation, it is also possible to assess several
navigation algorithms as they are used in actual treatments. In this study, complex
shapes were sonicated successfully as evidenced by the lesions created on the
plastic film, following planning of the sonication sequence on the software. This
method helps to assess not only the software performance, but also its
communication with the integrated robotic system and whether motion commands

are properly executed.

The main limitation of the proposed QA methodology is that it cannot be used as a
stand-alone tool to optimize clinical therapeutic protocols since it has different
acoustic properties and response to heat than soft tissues. The mechanism of thermal
diffusion that affects the formation of uniform lesions and treatment outcome in
tissue [65], [66] is less effective in plastics due to the difference in thermal
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conductivity. Besides, the mechanism of lesion formation is completely different.
This limitation is also considered a benefit in that it allows for reliable assessment
of the planning algorithms and robotic motion without phantom-dependent

parameters affecting the lesion’s size and shape significantly.

So far, tissue-mimicking gel phantoms have been the major tool for characterizing
the performance of preclinical and clinical MRgFUS systems. However, they have
a limited lifetime and are prone to air or other inhomogeneities, which are very
likely to shift or distort the formed lesions. In this regard, they are not ideal for
assessing the system’s functionality and stability over time or the motion accuracy
of robotically positioned MRgFUS devices. Furthermore, in case a thermosensitive
TMP is utilized that forms permanent lesions, it should be replaced after each QA
test. Notably, two recently published articles report the development of more
complex phantoms containing TMPs and FUS measurement tools for QA of clinical
MRgFUS devices [150], [151]. In this study, the proposed QA phantom and
relevant methodology are simpler and more ergonomic, highly cost-effective,
universal, and do not depend on human or instrument-related factors. Although it is
not reusable since the formed lesions are permanent, this is not a problem due to its

very low cost.

Overall, the obtained results qualify the proposed acrylic phantom as a reliable QA
tool for routine testing of MRgFUS robotic devices through a series of simple and
quick tests. Accordingly, it could be used for the detection of defects in system’s
performance and ease maintenance over its lifetime, while concurrently
contributing towards developing quality control and calibration guidelines for
clinical practices. It is though underlined that state-of-the-art gel-based methods
should also be employed when testing therapeutic protocols to optimize the

efficiency and safety before in-vivo use.
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3 Review of MR relaxation properties of tissue-mimicking

phantoms

3.1 Methodology

The PubMed database was mainly used since it includes a wide variety of sources
in the specific field of biomedical sciences covering all time periods, with 7.1
million articles archived. A systematic search of the PubMed papers was carried
out using specific vocabulary. The keywords {T1, MRI, US, phantom} were
applied without any year range filter, thus not limiting the amount of data and
resulted in a total of 608 results. Additional exclusion criteria were not applied, and
all articles were considered to eliminate the possibility of missing articles of
irrelevant titles which may actually include useful information. A scientific staff
member with experience in therapeutic US and TMPs fabrication evaluated the
results to ensure all criteria were applied properly and select the relevant articles for
inclusion. A total of 39 articles were considered relevant. Supplementarily, another

5 articles were retrieved from Google Scholar searches of similar keywords.

The search results are organized in three sections. The first one briefly introduces
the critical properties of phantoms intended for MRgFUS studies to facilitate the
reader's understanding. Next, the included articles are classified into five main
categories based on the phantom type (i.e., gelling agent used). Critical tissue
mimicking properties and any interesting trend in MR properties of each category
are listed. The rest of the paper briefly summarizes and discusses the search results
and underlines opportunities for further research in the field that would possibly
close gaps identified in existing studies. To the best of our knowledge, this is the

first attempt to review the MR properties of TMPs.
3.2 Critical Parameters of MRgFUS phantoms

Firstly, TMPs intended for FUS studies should possess similar acoustic properties
with body tissues. The speed of sound in the medium, characteristic acoustic
impedance, and attenuation coefficient are probably the most significant properties

to be emulated [96], [111]. The thermal characteristics of biological tissues need to
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also be replicated by phantoms intended for thermal studies with FUS. The thermal
profile of a TMP during FUS exposure is mostly governed by specific parameters,
among which the most common are the specific heat capacity, thermal conductivity,
and thermal diffusivity [96], [111]. These parameters are particularly crucial in the
process of assessing tissue necrosis during ablation under the guidance of MRI. In
fact, since the therapeutic result is evaluated via thermometry based feedback, a
tissue like thermal behavior is of paramount importance, whereas rigorous

modeling of acoustic properties is not required in this regard.

Besides the thermal behavior of TMPs, MR parameters are also critical in
determining their suitability for MRgFUS applications. As previously reported,
both the contrast in MR images and temperature monitoring during FUS exposures
are based on changes in the magnetic relaxation times T1 and T2 of tissues [9].
Most importantly, these parameters greatly affect the contrast between normal soft
tissue and FUS lesions [112]-[114]. Accordingly, it is essential for MRgFUS
phantoms to produce tissue-like MR signal in the process of evaluating therapeutic

protocols.
3.3 Gel phantoms for diagnostic and therapeutic modalities

3.3.1 Agar gels

Agar probably constitutes the most widely used gelling agent for the construction
of phantoms for multiple purposes, as confirmed by the current literature search.
The widespread use of agar gels may be attributed to several factors, including their
ease and low-cost fabrication, as well as their sufficient mechanical strength, which
allows them to be formulated in different shapes and layered structures [153].
Another significant benefit of agar as a gelling agent relates to its high melting point
of near 78°C [154], which makes it ideal for thermal studies. Additional benefits of

these gels will become apparent through the remainder of the paper.

The standard fabrication techniques of agar gels involve heating up
degassed/deionized water in an appropriate buffer to about to 50°C when the agar
powder is slowly added, and then gradually heating the mixture to the melting point

of agar, while it is continuously stirred to mitigate aggregation of agar in water
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[110], [155]. The properties of agar gels can be easily and independently varied by
adjusting the concentration of other ingredients added during the manufacturing
process [110], [153], [156].

A wide variety of agar-based phantoms simulating thermal and acoustical
properties of different types of soft tissue can be found in the literature [93]-
[96],[156]-[160]. Ultrasonic attenuation was found to vary with the addition of
scattering particles such as silicon dioxide [156], magnesium [157], calcium [157],
potassium [157], cellulose [158] and graphite [158] particles, as well as with the
addition of glass beads [159]. Evaporated milk was proven a dominant absorber of
acoustic energy [153]. Notably, glycerol has been proposed as a modifier of

ultrasonic velocity [158].

Agar gels can also provide tissue-like signal (T1 and T2) in MRI [161], and thus,
they were predominantly selected for validating new MRI protocols and imaging
techniques [155], [161]-[169]. MRI compatible phantoms simulating specific body
parts such as brain [170], prostate [171], carotid [161], renal artery [172], and
neonatal brain [173] exist in literature. Proper MRI imageability is also required for
MRgFUS phantoms since accurate replication of MR relaxation properties is
essential for producing tissue-like signal in MRI and more accurately testing and
optimizing therapeutic protocols. In this regard, several agar-based TMPs were
designed specifically for thermal ablation studies [93], [95], [110], [174].

Literature data clearly indicates that the transverse relaxation time T2
predominantly depends on the agar concentration [155], [162], [163], [175]-[178].
As described in more detail below, agar also served as the main T2 modifier in
phantoms containing other types of gelling agents [175], [177]. Furthermore, the
addition of MR contrast agents enables better MR visibility while concurrently
affecting the magnetic relaxation properties of phantoms [91], [167], [168], [173].
Gadolinium-(Gd) based contrast agents were extensively used allowing adjustment
of MR relaxation times, more significantly affecting the longitudinal value T1
[167], [168], [173]. T1 was also varied by incorporating different concentrations of
paramagnetic ion salts such as Manganese(ll) chloride (MnCl2) [164], Nickel
chloride (NiClz) [165], and Gadolinium(Ill) chloride (GdCls) [166]. Moreover,

varying concentration of copper (Cu) ions enables changing the T1 values of agar
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gels [155]. It is important to note that addition of Cu ions requires the presence of
another ingredient called Ethylenediaminetetraacetic acid tetrasodium hydrate
(EDTA), which combines to Cu ions forming a stable free molecule; Cu-EDTA.
Otherwise, Cu ions will be deposited on agar and loss their T1-modifying capacity
[155]. In a representative study by D’Souza et al. [178], the concentration of agar
(T2 modifier) and Cu-EDTA (T1 modifier) were properly selected, allowing the
creation of phantoms simulating the magnetic relaxation properties of prostate and

muscle tissue.

By using preservatives, such as thimerosal [178] and sodium azide (NaNs) [160],
bacterial invasion is prevented, thus extending the phantom lifetime. It is also
noteworthy that several studies proposed the addition of animal hide gelatin in
combination with agarose as a way to prevent the expulsion of an aqueous solution

that may be produced in agar only gels [179].

Although agar-based phantoms were proven functional in a wide range of
applications, they are accompanied by some limitations. Firstly, they have relatively
low toughness and thus are easily fragile [90]. Also, they provide limited optical
opacity, which prevents direct visualization of lesion formation in cases of thermal
exposures [90]. Extensive results of prior research are summarized in Table 111 of
Appendix Il. The referenced study, purpose of study, phantom recipe, and

estimated relaxation times T1 and T2 are listed in this table.
3.3.2 Gelatin gels

Another category of phantoms that are easily fabricated and were proven factional
is the gelatin-based phantoms [98], [99], [180]-[182]. Again, the gelation process
involves solving gelatin powder in aqueous solutions while several soft tissues can
be accurately mimicked by adding a proper concentration of other ingredients to the
base recipe [98], [99], [180]-[182]. For instance, evaporated milk [180] and
graphite powder [183] can be included to control the acoustic behavior of these
gels, whereas the addition of ethanediol and polyethylene powder allows
modification of electrical properties [184]. These phantoms can be manufactured in
a low cost and easy way, with proper mechanical stiffness by incorporating cross-

linkers during the phantom-making process [99].
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Similar to agar phantoms, gelatin-based gels doped with an MRI contrast agent,
most commonly a Gd-based agent, constitute a handy tool for MRI applications
[56]. In cases where US compatibility is desired, acoustic modifiers should also be
added in these phantoms. Farrer et al. [99] used porcine gelatin powders with three
different bloom values (125, 175, and 250) for the construction of MRgFUS
phantoms of different mechanical stiffness, in which evaporated milk was the main
attenuation component. The estimated T1 and T2 values varied for the different
bloom types of gelatin [99]. An interesting trend was also observed by Hofstetter et
al. [180], who developed a gelatin-based MRI/US compatible phantom containing
psyllium husk as the ultrasonic scattering agent. Interestingly, both relaxation times
were found to be decreasing with increasing concentration of psyllium husk. Again,
evaporated milk was included replacing a percentage of the water component to

enhance ultrasonic absorption [180].

Another typical material found in gelatin phantoms is oil [98], [181]. These
phantoms are commonly referred to as oil-in-gelatin phantoms and are mainly
involved in elastography studies, in which the elastic modulus depends on the
volume percentage of oil [181]. Remarkably, the oil concentration was shown to
have a noticeable effect on the MR relaxation properties of oil-in-gelatin
dispersions [98], [181]. In a study by Madsen et al. [181], the use of safflower oil
was proven suitable particularly for US elastography [181]; however, the resultant
relaxation properties of phantoms differed considerably from those of soft tissue
[181]. Advantageously, Yuan et al. [98] selected pure vegetable oil to develop an
oil-in gelatin human thigh phantom intended for radiofrequency heating because its
thermal and MR properties are comparable to that of human fat. In this category of

phantoms, thimerosal served as the preservative component [181].

Typically, gelatin phantoms possess a relatively low mechanical strength, as well
as a low melting temperature making them impractical for thermal regimes
exceeding 50°C [185]. These limitations can be fairly addressed with the addition
of a bonding agent such as formaldehyde [186] or glutaraldehyde [187]. These
chemicals act as cross-linkers of gelatin [54], thus increasing the stiffness and
temperature tolerance during thermal exposures in gelatin phantoms [188]. In fact,

the typical melting point of gelatin of about 32 °C [143] can be increased to more
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than 60 °C when using a cross-linking agent [188], [143]. Though this technique
has essential benefits, it may cause unfavorable changes in other critical parameters
[99].

Phantoms composed of mixtures of agar and gelatin have emerged as alternative
candidates for elastography [143] and MRI [179], [188] applications. Employment
of agar results in stiffer phantoms (i.e., higher Young’s modulus) with increased
geometrical stability while at the same time enabling the embedment of inclusions
to gelatin gels [143]. To be more specific, a different dry-weight gelatin
concentration between background and inclusions could result in over-time size
changes of inclusions due to osmotic effects [143]. This phenomenon does not
occur in the case of agar, and thus, a phantom of proper stability can be produced
by incorporating different agar concentrations between background and inclusions
[143]. Itis also noteworthy that several studies proposed the addition of animal hide
gelatin in combination with agarose as a way to prevent the expulsion of aqueous

solution which may be produced in agar only gels [179].

Cu ions have the capacity to lower T1 values of agar/gelatin phantoms [179], [143].
They are usually added in the form of ionic salts such as Cupric chloride (CuCly).
As previously described for the agar gels, addition of EDTA is required for
preventing the arrestment of ions to gelatin molecules [179], [143]. A representative
example is a study by Madsen et al. [143], who developed an agar/gelatin
elastography phantom consisting of agar as the stiffness agent, Cu-EDTA as the T1
modifier, formaldehyde as the cross-linking agent, and glass beads as the
attenuation and backscatter component. Sodium chloride (NaCl) was also included
to offer tissue-like NMR coil loading. Alternatively, Blechinger et al. [188] selected
glycerol instead of paramagnetic ions to attain the desired T1 in an animal hide
gel/agar phantom. Variations in glycerol concentration significantly varied T1
values, whereas T2 was minimally affected. In fact, T2 was strongly affected by the
animal hide gel concentration [188], confirming that the relaxation times can be
varied independently. In line with the previously reported data, the resultant
phantom showed durable stability, without any fluid extrusions, most probably due

to the addition of formaldehyde and n-propanol offering antibacterial activity, also
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given the agar-enhanced rigidity. The proposed gelatin-based phantoms and their

T1 and T2 relaxation times are summarized in Table 112 of Appendix I1.
3.3.3 Polyacrylamide gels

Another candidate material for fabrication of stable TMPs is PAA [91], [92], [141],
[189]-[192]. PAA is probably the most popular material for fabricating heat-
responsive phantoms, primarily due to its high melting point [189]. It is also of
paramount importance that these phantoms offer optical transparency [190],
enabling visual confirmation of coagulation in the phantoms. Common catalysts
added for activating PPA polymerization are the ammonium persulfate (APS) and
tetramethylethylenediamine (TEMED) [91], [92], [141], [193].

Thermoresponsive proteins such as Bovine serum albumin (BSA) were found to
enhance acoustic absorption in PAA phantoms [191]. When these proteins are
heated at lethal temperatures undergo irreversible changes in MR values and
become opaque, thus enabling discrimination of the heated area both visually and
via changes in MRI signal intensity [191], [192]. Specifically, white-opaque lesions
are formed when BSA is coagulated at temperatures between 60°C and 70°C.
Additional ingredients such as evaporated milk, corn syrup [194], glass beads [195],
and silica particles [92] can be used to adjust the acoustical properties of PAA-BSA

phantoms in the range of human tissues.

Bazrafshan et al. [193] developed an MR visible liver mimicking phantom intended
specifically for Laser interstitial thermal therapy (LITT) applications. The PAA gel
was doped with BSA protein for visualization of thermal effects. P\VA microspheres
were also incorporated to enhance photon scattering. The addition of two different
MR contrast agents; Magnevist and Lumirem, allowed modification of the T1 and
T2 relaxation times, respectively [193]. NaNs was used to prevent microbial growth
[193]. Notably, a PAA-based phantom for LITT applications may also contain

bovine hemoglobin as a photon absorber [91].

TMPs containing thermochromic ink that exhibits progressive colour change upon
heating can also be used for visual monitoring of thermal ablation [92]. Eranki et
al. [92] developed a PAA-based thermochromic TMP intended for HIFU

applications. Both BSA protein and a thermochromic ink that under heating
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changes colour from white to magenta were added. Proper concentration of these
inclusions allowed visualization of well-defined regions of permanent colour
change upon heating, which correlated well with MRI thermometry data and
regions of hypointensity on T2-weighted images [92]. Similar to agar-based
phantoms, silicon dioxide served as the attenuation component [92]. In this category
of phantoms, NaCl is usually included to adjust electrical conductivity [92], [193];
however, the relaxation values of PAA gels were found independent of the NaCl

concentration [196].

Egg-white is another heat-responsive material that was proposed for irradiation
studies with FUS as a less expensive alternative to BSA [141]. Careful selection of
egg white concentration is critical to maintaining adequate optical clarity in
phantoms. A suitable egg white (my mass) concentration of 10 to 40% was
proposed by Takegami et al. [141] for sufficient visualization during HIFU
exposures. Although the acoustic properties of the proposed phantom were found

to be similar to those of soft tissues, MR relaxation properties were not investigated.

Toxic materials are typically employed complicating the preparation of PAA gels
and generating safety concerns [197]. Specifically, the procedure involves
polymerization of acrylamide, a toxic monomer, which requires proper care and
may be hazardous when PAA-gels are not stored under proper environmental
conditions [197]. Another limitation relates to the use of BSA or egg white, which
undergo permanent changes when coagulated, thus making the phantoms unsuitable
for repeated use. The relevant studies are listed in Table 113 of Appendix IlI.

3.3.4 Carrageenan gels

Carrageenan constitutes a common additive that can be used as a bonding material
for phantom fabrication [177]. Although, as a poly-saccharide, it generally presents
similar characteristics with agar, carrageenan gels were proven less fragile than
agar-based gels [177]. They are elastic and can be easily shaped to form strong
phantoms of any configuration without the addition of other reinforcing materials
[177]. It should though be noted that carrageenan phantoms are not suitable for
HIFU exposures since they can only withstand temperatures of up to about 60°C
before liquefaction [177].
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The addition of carrageenan in agar gels seems to solve the problem of low
toughness in agar-only gels [97], [175]-[177]. Yoshida et al. [177] developed an
MRI phantom using carrageenan as a solidifier and agarose as the T2-modifying
component. T1 values were adjusted by addition of proper GdCls concentration.
Furthermore, inclusion of NaCl affected both T1 and T2 values, with T1 being
affected in a slightly larger degree [177]. Accordingly, in a study by Yoshimura et
al. [175], both relaxation times T1 and T2 were found to be increasing, respectively,
upon increasing concentration of GdCls and agarose at a fixed concentration of
carrageenan. Again, carrageenan served as the solidifying agent allowing the
creation of a robust phantom, while agarose served as the T2 modifier [175].
Neumann et al. [176] have proposed a carrageenan phantom mimicking thorax
tissue, in which T1 was adjusted by adding proper amount of gadoterate meglumine.
Again, NaNs may be added in this phantom type acting as an antiseptic [176], [177].
The proposed carrageenan phantoms are summarized in Table 114 of Appendix I1.

3.3.5 Other gelling agents

Other former candidates that were identified include PVA [100]-[102], PVC [103]-
[105], silicone [106], [107] and TX-150/151 [108], [109]. These materials served
as gelling agents in phantoms intended for imaging applications. Detailed results
can be found in Table 115 of Appendix I1.

PVA is a water-soluble rubbery synthetic polymer with which cryogels can be
formed through a repeated freeze-thaw method [100]-[102]. PVA cryogels doped
with Gd-based contrast agents were proposed for MR imaging studies [100]. It
should be noted that different types of contrast agents can be used to offer
compatibility with multiple imaging modalities. For instance, a PVA-based brain
phantom containing Barium sulfate (BaSOa4) as computerized tomography (CT)
contrast agent, Copper sulfate (CuSO4) as MR contrast agent, and talcum as US
contrast agent was recommended by Chen et al. [101] for multimodal imaging. In
such cases, the MR contrast agent acts as the main relaxation time modifier. A
notable trend observed by Surry et al. [102] is that increasing number of freeze-

thaw cycles during phantom preparation results in lower T1 relaxation times.
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Another common synthetic chemical polymer is PVC. Soft PVC phantoms are
relatively low-cost, with long-term easy storage [104]. The fabrication process
involves heating up a mixture of PVC powder and softener until polymerization
under constant stirring [103]-[105]. PVC gels mimicking soft tissue are useful in
MR and US elasticity imaging [104]. Chatelin et al. [104] found that their MR
relaxation properties are slightly influenced by the variation of the mass ratio PVC
Iplasticizer. In this study, cellulose served as a source of echogenicity without
consistent influence on relaxation values [104]. Another study [105] confirmed that
the MR properties of PVC gels can be regulated to mimic different soft tissues by
adjusting the ratio of the softener to polymer [105]. Remarkably, inclusion of glass
beads moderately lowered T2. Mineral oil was also incorporated to facilitate needle

insertion applications but did not produce any apparent effect on T1 or T2 [105].

More recently, a polysaccharide material called TX-150 has been introduced as a
candidate gelling agent for the construction of water-based TMPs for MRI
applications [108], [109]. Groch et al. [109] prepared a lesion phantom for MRI, in
which increasing weight % concentration of TX-150 in degassed water shortened
both relaxation times. This study suggests that T1 and T2 can be altered
independently by incorporating metal phthalocyanines and 2-2-diphenyl-1
picrylhydrazyl, respectively [109]. A modified form of this polysaccharide; TX-151
was used in the development of an MRI compatible breast phantom by Mazzara et
al. [108]. The amount of gelling agent had a weak influence on relaxation times.
Aluminum powder served as the dielectric component having insignificant effect
on T1 values. On the other hand, T2 was significantly shortened upon addition of
aluminum and largely affected by varying aluminum (Al) concentration [108]. The
relaxation time T1 was found to be decreasing with increasing Gd-DTPA
concentration. Authors concluded that variation of these additives allows the
creation of phantoms with a wide range of tissue-comparable MR relaxation times
[108].

3.4 Discussion on literature search outcomes

Due to the increasing popularity of the MRgFUS technology, there is a critical need

for TMPs that can replicate all the critical characteristics of human tissues,
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including acoustical, thermal, and MR properties. So far, TMPs have been widely
characterized in terms of thermal and acoustical properties; however, more limited
data is available about their MR properties. Thereby, this study aimed to review the
MR relaxation properties of different phantom types through a systematic search of
the literature. Although various physical properties of the referenced phantoms
were discussed through the article, particular focus was placed on their T1 and T2

relaxation values.

In this article, the several phantoms previously proposed for a wide range of
applications were briefly reviewed by category of gelling agent. However, the
included studies could also be classified according to the intended application of
the proposed phantom. Some studies were designed to investigate the physical
parameters of phantoms intended specifically for thermal therapy studies, whereas
the vast majority of included articles have proposed TMPs for imaging or QA
purposes.

As confirmed by the search results, agar is probably the most common gelling agent
for widespread applications. In fact, the majority of identified studies reporting MR
properties of phantoms (~43%) involve the use of agar-based gels [93], [110],
[155], [161-174], [178]. Agar has been quite extensively used as a gelling agent in
FUS phantoms simulating different soft tissues, with additional materials added to
adjust their thermal and acoustical properties [93]-[96]. In this regard, critical
properties that have been sufficiently investigated include the speed of sound,
acoustic attenuation, acoustic impedance, thermal diffusivity, specific heat
capacity, and thermal conductivity [93], [96], [110]. In addition, their tissue-like
MR signal makes them the material of choice for validating new MRI protocols and
imaging techniques [155], [161]-[169]. In such cases, modifiers of acoustic
properties such as glycerol [161], [172], cellulose particles [161], milk [178], and
glass beads [178], are also added and adjusted to provide tissue-like US visibility.

Regarding thermal studies, PAA [91], [92], agar [93]-[96], and gelatin [98], [99]
constitute the preferable gelling agents, each one having its own benefits and
limitations. The ability of all three to accurately simulate physical properties of
various biological tissues upon addition of proper concentration of inclusions has

been demonstrated [90], [97]. Both agar and PAA materials are characterized by

47



temperature tolerance sufficiently high to maintain their physical and mechanical
properties during HIFU exposures [154], [189]. On the other hand, gelatin
phantoms lack the capacity to withstand ablation temperatures. Their low melting
temperature makes them unsuitable for thermal studies in which temperatures

exceed 50°C, and thus, are only recommended for hyperthermia applications [185].

Upon proper use and storage, gelatin gels can maintain long-term stability;
however, they generally possess relatively low mechanical strength, which is
strongly dependent on temperature variations [180]. Although their insufficient
mechanical stability and temperature tolerance can be improved with the addition
of a bonding agent such as formaldehyde [186] and glutaraldehyde [187], this may
negatively affect their physical properties. Likewise, agar has been employed in
gelatin phantoms to provide geometrical stability and allow the creation of
inclusions without undesirable osmotic phenomena [143]. Thereby, the synergy of
agar and gelatin seems to provide essential benefits related to long term stability
and increased shelf life [143].

Except from being tissue equivalent and temperature resistant, phantoms intended
for thermal ablation studies should ideally offer visualization of the coagulative
regions, thus facilitating evaluation of therapeutic protocols. Visual capacity is also
of great importance for visual assessment of the motion accuracy in robotic
applications [81], [144]. Therefore, the optical transparency of PAA gels makes
them favorable over agar gels [190]. However, synthesis of PAA gels is generally
considered more complicated since it requires special care due to the use neurotoxic
ingredients [197].

On the other hand, agar phantoms are easily prepared and stored, cost-effective,
harmless, and with durable stability [97], [110], [155]. At this point, it should be
noted that carrageenan can be used as a mechanical stabilizer in agar gels, enabling
even more robust anatomical models [175], [177]. It should though be pointed out
that carrageenan cannot withstand ablation temperatures, and thus, it is unsuitable
for FUS ablation therapies [177].

Other mimicking materials identified in the literature are the PVA [100]-[102],
PVC [103]-[105], silicone [106], [107], and TX-150/ TX-151 gels [108], [109].
Although various studies report some very promising results, the physical
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properties of these materials have not been sufficiently investigated, and their
efficacy in thermal studies is yet to be established. This would of course require
further evaluation of those characteristics critical for thermal applications, and
particularly MRgFUS. In addition, proper gelation and solidification of such
materials typically require m ultiple steps [100]-[102] leading to more complicated
fabrication processes and sometimes to increased costs. Regarding TX-150, its
gelation parameters are not well defined, thus causing difficulties in the fabrication
process [108]. Moreover, TX-150 gels normally undergo bacterial degradation in
just a few days. It is though notable that the addition of metal phthalocyanines was
shown to create more stable and durable phantoms [109].

Potential modifiers of MR relaxation times become apparent through the collected
data. T2 relaxation time was predominantly tailored by varying the gelling agent
concentration. In fact, agarose served as the predominant T2 modifier in all the
proposed agar-based phantoms [155], [162], [163], [175]-[177], as well in
phantoms containing other types of gelling agents [175]-[177]. Varying animal
hide gel concentration also provides T2-modifying capacity [188], whereas both T1
and T2 of gelatin phantoms were found to vary for different types of gelatin [99].
This does not imply in the case of TX-151 gels, for which the amount of gelling
agent seems to cause insignificant influence on relaxation times [108]. Regarding
synthetic polymers, the MR properties of PVC gels can be adjusted to mimic
different soft tissues by adjusting the ratio of the softener to polymer [105], whereas
for PVA phantoms, smaller T1 values were observed with increasing number of

freeze-thaw cycles [102].

Ingredients added as modifiers of acoustical properties also have a significant effect
on the MR behavior of TMPs. Firstly, inclusion of glass beads was proven to
slightly lower T2 of PVC phantoms [105]. A similar trend was reported in a study
by Huber et al. [198], wherein the inclusion of glass beads lowered both T1 and T2
relaxation times of an agar/gelatin-based phantom. Another interesting trend
observed is the decrease of T2 with increasing concentration of psyllium husk in
gelatin-based phantoms [180]. Regarding the longitudinal relaxation time T1, it can
be varied by incorporating different concentrations of paramagnetic ion salts, such
as MnCl2 [164], NiClz [165], and GdCls [166], or copper ions [155]. Finally, both
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T1 and T2 can be modified with the addition of proper type and concentration of
MRI contrast agents [91].

Another remark emerging from the gathered data is that the same phantom
ingredient may act differently on the MR relaxation properties when companied
with different gelling agents. For instance, addition of NaCl in agar-based phantoms
markedly affected T1 and T2 values [177]. On the contrary, the relaxation values
of a PAA phantom were found independent of the NaCl concentration [196].
Therefore, the previously reported trends should be considered with caution,
considering synergic components and how they may interrelate. Additionally,
preservatives are required to prevent bacterial invention and offer long-term use.
NaNs is maybe the most widely used preservative since it was selected to lengthen
the lifetime of various phantom types, including agar [160], PAA [193], and
Carrageenan [176], [177] phantoms.

Even though an ideal phantom would possess all the characteristics of the simulated
tissue, this is extremely difficult. Thus, phantom recipes are adjusted to simulate
only the critical properties of tissue depending on the intended phantom application.
In the current study, focus was placed on the MR properties of a wide range of
TMPs. In synergy with other studies reviewing acoustical and thermal properties,
the reported data is expected to facilitate the selection of appropriate materials for

the construction of high-quality MRgFUS phantoms.
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4 MR relaxation times of agar-based tissue mimicking phantoms

4.1 State of the art

Gel phantoms constitute a more economical and ergonomic solution for preclinical
research compared to experimental animals, also given that their lifespan can be
simply lengthened by adding preservatives [90], [97]. As concluded from the
previously presented literature study, several categories of gelling agents, including
agar [110], gelatin [180], PAA [92], PVA [102], PVC [105], silicone [106], and
TX-151 [108] have been used in the construction of gel phantoms for quality
assessment purposes in medicine and biomedical research. Accurate replication of
tissue properties is of great importance for the efficacy of such procedures,
especially when evaluating therapeutic applications with clinical potential.

The current increasing application of FUS in medicine [134] requires the
development of high quality TMPs specially designed for use with this specific
technology to accelerate its clinical translation. The FUS-induced thermal effects
were proven to be essential in many oncological applications, thereby serving as an
alternative therapeutic solution over surgical and systemic approaches [1].
Therefore, TMPs intended for FUS studies should be capable of accurately

replicating both the acoustical and thermal characteristics of biological tissue.

FUS treatment is typically applied under US or Magnetic Resonance Imaging
(MRI) guidance [1], with MRI being the method of choice because of its superior
imaging resolution and its ability to acquire temperature data by intraoperative MR
thermometry [8], [9]. The contrast in MR images emerges from changes in the
proton density and the magnetic relaxation times T1 and T2 of tissues [9]. Several
animal studies have shown that the MR parameters of tissue greatly affect the
contrast between normal untreated tissue and FUS-ablated areas [112], [113]. In
fact, the MR relaxation times of FUS lesions were found to vary depending on the
tissue type, suggesting that the MR properties of the host tissue define the MR
appearance of lesions [112]. More importantly, the temperature dependence of
tissue relaxation times allows for noninvasive temperature monitoring during
thermal applications [9], [199]. Therefore, precise replication of MR relaxation

parameters is essential for producing tissue-like MR signal and more realistic
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temperature maps in the process of evaluating thermal protocols. It is thus of
paramount importance that TMPs are both US and MR imageable and possess
tissue-like MR properties in order to be qualified for use with the MRgFUS
technology.

As shown from the above literature study, PAA, gelatin, and agar-based phantoms
were proven efficient to properly mimic biological tissues in thermal studies by
replicating critical acoustical, thermal, and MR properties [92], [97], [110], [180].
Agar and PAA gels are favorable in that they possess melting points sufficiently
high for ablative FUS [97]. Nevertheless, agar gels serve as a more natural
alternative having easier and more cost-effective preparation and storage compared
to PAA gels [110]. They can be easily shaped to any configuration to form
phantoms of durable stability. Furthermore, their tissue-like MR signal makes them
the material of choice for MRI studies [155], [161], [164]-[166], [170], [171].

Agar-based phantoms has been quite widely used for thermal studies with FUS [93],
[95], [110], [156], [174] where agar served as the gelling agent, and proper
concentration of other materials was added to modify mainly the thermal and
acoustical properties depending on the tissue to be mimicked. Notably, a quite large
data on the acoustical properties of agar phantoms exist in the literature. Silicon
dioxide [156], cellulose [158] and graphite particles [158] are examples of

ingredients that served as attenuation modifiers enhancing ultrasonic scattering.

Although more limited research has been applied in the investigation of MR
parameters of agar-based phantoms, some interesting trends become apparent
through the literature. Agar turned out to be the prominent T2 modifier even in the
case where another material serves as the gelling agent [155], [163], whereas T1
was predominantly tailored by varying the concentration of paramagnetic ion salts
[164], [165] and copper ions [155].

Our group has previously proposed and characterized several agar-based phantoms
by estimating critical tissue properties, including the mass density, speed of sound,
acoustic attenuation, acoustic impedance, thermal diffusivity, specific heat, and
thermal conductivity [93], [96], [110]. Given the current need for TMPs that can
also replicate critical MR parameters, as well as the lack of targeted research on

trends between added ingredients and resultant MR properties of agar phantoms,
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the current study investigates the MR relaxation times of different mixtures of agar-

based phantoms previously proposed by our group.
4.2 Materials and methods
4.2.1 Phantoms' development

Ten agar-based phantoms with different concentrations of additives were prepared
and contained in a rectangular container. The container was specially developed
having 12 compartments to accommodate the TMPs and two reference liquids
(water, oil), as shown in Figure 18A. Figure 18B shows the composition of

materials used in each insert.
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Figure 18: (A) Photo of the phantoms in the container. (B) Recipe used for each one.

Three phantoms with varying agarose (Merck KGaA, EMD Millipore Corporation,
Darmstadt, Germany) concentrations of 2 — 6 % weight per volume (w/v) were
prepared to assess the role of agar as a modifier of the relaxation times. The effect
of varying silicon dioxide (Sigma-Aldrich, St. Louis, Missouri, United States)
concentration (2 — 6 % w/v) on the relaxation times was then investigated using a
certain amount of 6 % w/v agar. Finally, various amounts of evaporated milk
(Nounou, Friesland Campina, Marousi, Greece) were added in phantoms with fixed
concentrations of 6 % w/v agar and 4 % w/v silicon dioxide. The volume per volume

(v/v) concentration of evaporated milk varied from 10 to 30 %.
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Agar-based phantoms doped with wood powder were previously found to possess
lower thermal conductivity compared to the silica/evaporated milk doped phantoms
and an acoustic absorption coefficient closer to that of soft tissue [110]. Thereby,
another phantom containing 2 % w/v agar and 4 % w/v wood powder was

constructed according to the procedure previously described by our group [110].
4.2.2 MR properties of phantoms

4.2.2.1 Physical Principle of MR relaxation times

Tissues are characterized by two relaxation times, which describe the rate at which
protons return to equilibrium following a radiofrequency pulse. The maximum
transverse magnetization M, after a radiofrequency pulse is lost with time as the
spinning protons interact with each other and lose phase coherence. T2 is the
transverse relaxation time, which by default equals to the time needed for the
transverse magnetization (M, ) to fall to approximately 37% of its maximum value

(M,,0) and mathematically is defined by the following equation [200]:

TE

Mxy = 1\/10xye_ﬁ [1]
where TE is the echo time.

Accordingly, T1 relates to the realignment of spinning protons with the external
magnetic field and is defined as the time required for the longitudinal magnetization
(M,) to recover to approximately 63% of its maximum value (M,,).

Mathematically, this recovery is described as follows [200]:
TI
M, = My, (1 — 2e 1) [2]

where TI represents the inversion time. It is noted that this expression assumes that

the repetition time (TR) is sufficiently longer than the T1 to be estimated.

4.2.2.2 Estimation of MR relaxation parameters

The developed phantoms were imaged in a 1.5 T MRI scanner (GE Signa HD16,
GE Healthcare, Chicago, Illinois, United States) to demonstrate the effect of the
various additives on their MR properties. The container was covered by the
posterior head and face part of a head/neck/spine coil (Signa 1.5T, 16 channel, GE
Medical Systems, Milwaukee, Wisconsin, USA) as shown in Figure 19.
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Figure 19: The phantom container positioned on the MRI table within the posterior head

and face part of the head/neck/spine coil.

A 2D MultiEcho imaging sequence was used for assessing the transverse relaxation
time. Multiple coronal scans were obtained at variable TE values, thus
demonstrating the transverse magnetization exponential decay. T2 was estimated
by fitting the measured Sl over TE to the exponential function of equation 1. The
images were acquired with the following parameters: TR = 200 ms, TE = 12.0 —
250.0 ms, flip angle (FA) = 90°, echo train length (ETL) = 4, pixel bandwidth
(pBW) = 122.1 kHz, matrix size = 160 x 128, field of view (FOV) = 260 x 260
mm?, slice thickness = 7 mm, and number of averages (NEX) = 0.75.

Accordingly, T1-weighted (T1W) inversion recovery (IR) FSE images of the
phantoms were obtained at variable Tls for T1 mapping. The data were fitted into
equation 2 to estimate the longitudinal relaxation time (T1). 2D axial images were
acquired with the following parameters: TR = 7000 ms, TE = 9.94 ms, Tl =50 -
3000 ms, FA =90° ETL =9, pBW = 27.10 kHz, matrix size = 192 x 128, FOV =
260 x 260 mm?, slice thickness = 7 mm, and NEX = 1.

The methodology for estimating the MR relaxation times of each phantom included
both ROI and voxel-by-voxel analysis. The ROI approach for T1 and T2 mapping
involved measurement of the Sl in specific predefined ROI in the phantom for each
Tl and TE, respectively. The mean values of the SI were fitted to equations 1 and

2. Similarly, in the voxel-based approach, parametric maps were derived from the
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series of images by fitting the mathematic models to the acquired data for each

individual voxel through automated algorithmic processing.
4.3 Results

The phantoms were initially scanned in coronal plane using a MultiEcho sequence
with TE values ranging from 12 to 250 ms. Figure 20 shows indicative MR images

acquired at various TEs within this range.

Figure 20: Coronal slices acquired using a 2D MultiEcho sequence at TE values of (A) 12
ms, (B) 36 ms, (C) 50 ms, (D) 100 ms, (E) 150 ms and (F) 200 ms.

Figure 21 shows an indicative graph of the estimated mean Sl in a predefined ROI
of the phantom in insert 7 (6 % w/v agar, 4 % w/v silica, and 10 % v/v milk) plotted
against the TE, demonstrating the rate of transverse magnetization decay. The T2
parametric map of the phantoms as generated by the voxel-by-voxel analysis is
presented in Figure 22.

56



1500 T T T
Fitted T2 = 23.57 - Cl (22.04 - 25.11)
SSE =2409.13

-
[=
(=
(=]

Signal Intensity

-

150 200 250 300
Echo Time (ms)

Figure 21: Plot of the mean SI measured from the MultiEcho images using the region of
interest approach against TE for phantom 7 (6% wi/v agar, 4% wi/v silica, and 10% v/v
milk). SSE corresponds to sum of square errors. Cl corresponds to 95% confidence

intervals for the estimated values.
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Figure 22: T2 parametric map of phantoms. The map was generated by voxel-based

analysis of a series of 2D MultiEcho images with different TE values (12 - 250 ms).

Imaging of phantoms was then done in axial plane using a TIW IR FSE sequence
at various T1 values in the range of 50 to 3000 ms. Indicative results are presented
in Figure 23, where the yellow dotted circles indicate the phantoms with the lowest
S| for each TI. A typical graph of the change in SI with increasing Tl value as
estimated by the ROI approach is shown in Figure 24, which demonstrates the

mean Sl versus TI for the phantom in insert 9 (6 % w/v agar, 4 % w/v silica, and 30
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% vl/v evaporated milk). The T1 parametric map generated by the voxel-by-voxel

analysis is presented in Figure 25.

B

Figure 23: Axial slices of the phantoms acquired using a 2D T1W IR FSE sequence at Tl
values of (A) 1200 ms, (B) 1000 ms, (C) 900 ms, (D) 800 ms, (E) 650 ms, (F) 600 ms, (G)
1500 ms and (H) 125 ms. The material shown in the yellow dotted circle has the lowest SI.
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Figure 24: Plot of the mean SI measured from the TIW IR FSE images using the region
of interest approach against Tl for phantom 9 (6% wi/v agar, 4% w/v silica, and 30% v/v
evaporated milk). SSE corresponds to sum of square errors. Cl corresponds to 95%

confidence intervals for the estimated values.

The mean value of the T1 and T2 relaxation times and the corresponding standard
deviation (SD) for each phantom as estimated by the voxel-based approach are
listed in Table 1.
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Figure 25: T1 parametric map of phantoms, generated by voxel-based analysis of a series
of 2D axial T1-W IR FSE images with different TI values (50 - 3000 ms).

Table 1: Mean T1 and T2 and SD of phantoms estimated by voxel-based analysis.

Phantom Recipe T2 SD T1 SD
# (ms) (ms) (ms) (ms)
1 2 % agar 46.2 1.1 1669.5 13.3
2 4 % agar 46.7 1.0 1662.7 27.6
3 6 % agar 29.4 1.7 1394.9 3.8
4 6 % agar, 2% silica 20.9 0.4 1249.8 6.4
5 6 % agar, 4% silica 23.4 0.2 1251 3.0
6 6 % agar, 6% silica 19.0 0.3 1147.7 7.3
7 6 % agar, 4% silica, 10% milk ~ 23.0 0.2 1038.8 4.7
8 6 % agar, 4% silica, 20% milk  21.8 0.2 916.8 6.4
9 6 % agar, 4% silica, 30% milk  20.1 0.23 841.3 8.1
10 2% agar, 4% wood 65.2 2.7 837.5 12.0
11 Water - - 2125.6 42.1
12 oil 55.2 3.4 193.3 1.8

Figure 26A and Figure 26B show the estimated T1 and T2 values plotted against
the agar concentration, respectively, where the data points were fitted to a 2nd order
polynomial (R?=1) using non-linear least square regression. Accordingly, the effect
of varying amount of silicon dioxide and evaporated milk on T1 is presented in
Figure 27, in which the graphs also represent 2nd order polynomials (R?=0.899 and
R?=0.999, respectively).
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Figure 26: The mean (A) T1 and (B) T2 values plotted against the agar concentration. The data points are fitted by polynomial regression where the

error bars correspond to the standard deviation as estimated by voxel-based analysis.
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Figure 27: The mean T1 value plotted against (A) the silica concentration for a fixed amount of 6 % wi/v agar and (B) the evaporated milk concentration

for fixed amounts of 6 % wi/v agar and 4 % w/v silica. The data points are fitted by polynomial regression where the error bars correspond to the standard

deviation as estimated by voxel-based analysis.
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4.4 Discussion

Ten different agar-based TMPs were prepared and imaged in a 1.5 T MRI scanner
to assess their suitability to match the MR properties of real tissue. It is widely
known that the MR SI depends on the characteristic relaxation times of the imaged
object [9]. A typical methodology that makes use of this dependency was followed
for T1 and T2 mapping. A series of MultiEcho images were acquired at different
TE values for T2 mapping. Accordingly, T1 mapping was performed by acquiring
T1W IR images at different Tls after applying the inversion pulse (180°). The
relaxation times were estimated by fitting the acquired data to the signal decay and

recovery curves, respectively, through both ROI and voxel-based approaches.

Pure agarose phantoms were initially scanned to demonstrate the effect of agar
concentration on the relaxation times. Both relaxation parameters showed similar
behavior. Increment of the agar concentration from 2 to 4 % wi/v had no impact on
the resultant relaxation times, whereas both T1 and T2 showed a noticeable
decrease as agar concentration increased to 6 % wi/v. It is notable that the relation
between both relaxation times and the agar concentration can be perfectly modeled
as a 2nd degree polynomial function (R?=1). Although the present results are in line
with previous studies [155], [163] proposing agarose as a T2 modifier, they suggest

that this only applies for agar concentrations of 4 % w/v and above.

The change in MR properties of agar gels upon addition of various amounts of
silicon dioxide and evaporated milk was then assessed. The addition of silica
particles further lowered the relaxation times. However, no specific trend became
apparent with increasing silicon dioxide concentration for none of the relaxation
times. The results further suggest that the addition of evaporated milk has no
specific impact on T2, whereas a noticeable decrease is observed in the case of the
longitudinal relaxation time (T1). In fact, the T2 relaxation time of milk-doped agar
gels (6 % w/v agar and 4 % wi/v silicon dioxide) remained similar to those
containing only silicon dioxide. On the contrary, milk-doped agar-silica gels exhibit
noticeably shorter T1 relaxation times, with increasing evaporated milk
concentration (0 — 30 % v/v) resulting in a gradual reduction of T1 in a 2nd order

polynomial manner (R?=0.999). This implies that T1 and T2 may be changed
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independently; however, this should be further investigated. It is also noted that
milk concentrations higher than 30 %, which would probably lower T1 even more,

were not attempted because they would result in loose phantoms [201].

Our results further demonstrated that agarose could also serve as a T1 modifier.
However, it seems that T2 depends more strongly on the amount of agarose and is
not remarkably affected by the concentration of other additives. Note that with
increasing agar concentration at TEs of 36-200 ms the signal drops (Figure 20). On
the contrary, with a fixed agar concentration of 6 % w/v and increasing silica, the
signal does not change much. Note also that the same holds by increasing the milk
concentration. This result ties well with previous studies wherein T2 was mostly
defined by the gelling agent concentration, whereas T1 was mainly varied by

incorporating different concentrations of paramagnetic ion salts [164]-[166].

The MR parameters of TMPs have been previously shown to be dependent on the
concentration of scatterers [180], [198]. In a study by Hofstetter et al. [180], a
decrease of T2 occurred with increasing concentration of psyllium husk in gelatin-
based phantoms. A similar trend was reported in a study by Huber et al. [198],
wherein the inclusion of glass beads shortened T1 of an agar/gelatin-based
phantom. Herein, the addition of wood scatterers also lowered T1 of the pure agar
gel (2 % wi/v). The phantoms doped with silicon dioxide appeared with lower
relaxation times compared to agar only gels as well. However, it should be
emphasized that the trend with increasing silica may not be reliable as the
distribution of silica in the material might be random.

Overall, the MR relaxation times of the proposed agar-based phantoms are
comparable with the values reported for body tissues. A review article by Bottomley
et al. [202] reports T2 relaxation times of soft tissues ranging roughly between 40
to 80 ms. Herein, the estimated T2 values ranged from a minimum value of 19.0
(£0.3) ms for the phantom in insert 6 (6% agar, 6% silica) to a maximum value of
65.2 (£2.7) ms for the phantom in insert 10 (2% agar and 4% wood). Authors also
report a mean T2 in adisope tissue of 84 (+36) ms [202], which compares well with
the value of 55.2 (£3.4) ms found by the current study for oil. At this point, it should
be noted that the T2 measurement of water is not reported because of insufficiently

high echo times due to machine limitations. Regarding the longitudinal relaxation
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time, the estimated T1 values range from 837.5 (£12) ms to 1669.5 (£13.3) ms for
the phantoms in inserts 10 and 1, respectively. These estimates are partly consistent
with the literature documenting T1 values for soft tissues harshly between 500 —
1000 ms [203].

The several phantom recipes can be matched with specific tissue types through a
more detailed comparison with the cited literature. For instance, by using
concentrations of 2 % w/v agar and 4 % w/v wood (phantom in insert 10), a T2
value of 65.2 (x2.7) ms was found, which agrees with the value of 61 (x11) ms
reported by prior research for the kidney tissue [203]. Regarding the T1 relaxation
time, the value of 837.5 (+12.0) ms estimated by the current study is quite higher
than the value of 709 (x60) reported literally for the kidney [203]. Accordingly, the
silica/milk doped phantom in insert 7 was found to possess MR properties close to
that of skeletal muscle and heart tissue (at 1.5 T) [203]. Note that the high T1 values
estimated for the agar only phantoms can be well correlated only with the T1

relaxation times of human blood [203].
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5 Tumor phantom model for MRgFUS ablation studies

5.1 State of the art

Ex-vivo tumor models have an essential role in early stage experimentation and
validation of imaging and therapeutic modalities and protocols in the context of
oncology, provided that the use of animal tumor models is not only costly and
resource-intensive, but also against the minimization of animal testing [90].
Accordingly, as part of the effort to enable cost-effective and easily implemented
research methods to optimize such modalities and identify beneficial advancements
prior to in-vivo application, there exist numerous tumor models mainly involving

the use of gel phantoms proposed in the literature.

One category of tumor-bearing tissue phantoms concerns imaging applications.
High quality test objects are needed for examining the performance of newly
developed imaging applications or even routine testing of well-established imaging
systems and techniques [90], [204]-[206]. Recently, the 3D printing technology
allowed the development of more realistic tumor phantoms for x-ray radiographic
imaging [207], [208]. Phantoms simulating tumor heterogeneity in imaging have
been employed in radiomic studies as well [209]-[211]. Besides their usefulness
for imaging applications, tumor phantom models constitute a critical asset for the
training and experimentation on interventional procedures including needle
biopsies, and the assessment of relevant robotic-assisted equipment [80], [212]-
[214].

Image guided thermal ablation has arisen as a feasible alternative to invasive
surgery for patients with malignancies [215], and it may be minimally invasive with
the use of percutaneous radiofrequency ablation (RFA) and microwave ablation
(MWA) applicators [216], or completely non-invasive with the extracorporeal use
of FUS [57]. Although a wide variety of gel-based phantom models have been
proposed as ergonomic tools for preclinical thermal therapy studies [97], only some
of them incorporate tumor simulators. Thermally sensitive PAA phantoms are
considered advantageous in that they offer visualization of thermal damage owing
to the inclusion of heat-responsive materials, such as BSA protein [191], egg white
[141], and thermochromic ink [92]. As an example, Zhou et al. [217] proposed a
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tumor model for testing ablation protocols that consists of a 3-cm spherical tumor

mimic embedded in a PAA gel loaded with thermochromic ink.

Driven by the increasing utilization of RFA and MWA as the prevalent non-
invasive modalities for the management of hepatocellular carcinoma (HCC), gel
phantom models intended for RFA and MWA of the liver were quite widely
described in the literature [218], but with only few of them involving thermal
heating of a tumor model. In a relevant study [219], authors constructed a 5 % agar
cylindrical phantom featuring a cylindrical hole of 2 cm in diameter, which was
filled with an agar solution of smaller agar concentration of 0.25 % to represent a
tumor. The outer section also included an oil-based solute, the amount of which was
varied to achieve different thermal conductivities. According to thermocouple
measurements, changes in RF heating occurred as a result of this difference, with
the authors concluding that lower values of thermal conductivity in the background
material can increase the temperatures produced within the tumor target
significantly [219].

A two-section phantom was also utilized by Haemmerich et al. [220] for the purpose
of evaluating the functionality of low frequency RFA in tumor destruction by
thermocouple thermometry. The tumor phantom was a thin layer of 5 % agar gel
laid on the top of a piece of ex-vivo bovine liver tissue. In a similar study regarding
MWA, thermocouple measurements were performed in an agar-based breast tumor
phantom to evaluate the thermal effects of three types of microwave antennas [221].
The breast tissue was mimicked by a mixture of detergent, oil, and agarose in water
having embedded 1-cm and 1.5-cm spherical tumor inserts made of Sodium
chloride (NaCl), ethanol, and agarose, which served as modifiers of the

conductivity, permittivity, and solidity, respectively [221].

Tumor-bearing phantom models for interventional and thermal studies should
ideally combine both tissue-like imaging and therapeutic features provided the
apparent need for image guidance of such procedures. An indicative phantom model
featuring a tumor was presented by Zhong et al. [222] for the purpose of performing
thermal ablations and tumor puncture studies under US, CT or MRI guidance. The
phantom was formed by embedding a PAA-based 3-cm spherical tumor mimic in a

PAA gel loaded with thermochromic ink. lohexol and psyllium husk were added in
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the tumor mimic serving as the CT and US/MR contrast agents, respectively.
Another example is a study by Ki Soo et al. [223], who developed a two-
compartment phantom for RF studies, where normal and tumor tissues were
mimicked by agar gels doped with CuSO4 solution serving as the electrical
conductivity controller. The tumor compartment was differentiated from the
surrounding with the inclusion of a FesO4 nanoparticle suspension and 4% sodium
carboxymethyl cellulose. Temperature changes were intermittently recorded during
RF heating by performing MR thermometry in a 3T scanner, demonstrating that
nanoparticle-doped regions developed higher temperatures than the background.
Carrageenan was also used as the gelling agent for developing a tumor-bearing
phantom as a tool for evaluating RF ablation margins in HCC by contrast-enhanced
ultrasound-CT/MR image fusion [224]. Notably, while carrageenan gels possess
proper physical properties, they are not considered the material of choice for
evaluating thermal ablation protocols [140], [224].

Among the thermal ablation techniques, the rapidly evolving technology of FUS
has proven a promising non-invasive alternative to traditional cancer therapy [1],
[57]. In this process, tissue mimicking phantoms provided a test environment for
preliminary evaluation of equipment and protocols. Hassanuddin et al. [225]
investigated the impact of obstacles such as bone and metallic implants on FUS
thermal therapy in a novel tumor-bearing phantom. This phantom was a mixture of
PAA gel and BSA protein containing several metallic and plastic objects, as well
as a water-filled rubber balloon mimicking a cyst [226]. In another study [227], an
agar-based tumor model was utilized to evaluate the effectiveness of a newly

proposed dual modality combining magnetic and FUS heating for cancer therapy.

Numerous gelling agents have been proposed so far for the development of
phantoms for diagnostic and therapeutic ultrasound applications, with agar being
one of the most widely used. Although the use of agar-based phantoms in FUS
ablation studies is widespread [93]-[95], [97], [110], [174], [228], there is an
identified need for more realistic tissue-mimicking phantoms embedding tumor
simulators. Despite that agar gels don’t possess optical transparency, they are
considered ideal in mimicking biological tissues by replicating their most critical

thermal, acoustic, and MR properties when mixed with proper concentration of
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other ingredients [96], [110], [142], [153], as well as withstanding ablative
temperatures while maintaining their integrity [229]. They can be easily created in
any size and shape with inexpensive non-toxic materials and tailored to suit
different applications. Accordingly, we herein present the development and
evaluation of an agar-based single-tumor phantom model with tissue-like US, CT,
and MR visibility for MRgFUS ablation studies and the performance assessment of
relevant equipment and protocols. The proposed two-section phantom is based on
two inexpensive ingredients; agar and silicon dioxide, whose concentration was
selected to impart tissue-like properties and good US, CT, and MRI contrast of the
tumor simulator. The most critical acoustic, thermal, and MRI properties of the
phantom were investigated. High power single and grid FUS sonications were
performed in selected ROIs in and out of the tumor simulator and the temperature
evolution was recorded using MR thermometry to assess the suitability of the
proposed phantom model for the evaluation of FUS thermal protocols. The phantom
was sonicated using an MRgFUS robotic system featuring a 2.4 MHz single

element FUS transducer.
5.2 Materials and methods

5.2.1 Tumor phantom model design

The tumor phantom model was developed in the laboratory following a simple
procedure. The main ingredient was agar in granular form (particle size of 1400
um, Merck KGaA). This ingredient acts as a solidifier, but also by varying its
concentration it’s possible to adjust the MR relaxation properties of the gel [140].
The second ingredient was silicon dioxide (Sigma-Aldrich, St. Louis, Missouri,
USA) that was previously proven an effective modifier of ultrasonic attenuation
[140], [153].

The two-compartment phantom model was developed with the assistance of
dedicated molds that were 3D printed using Polylactic acid (PLA) plastic on a rapid
prototyping machine (FDM400, Stratasys). The background material was prepared
by dissolving proper amount of agar grounded into powder in degassed/deionized
water previously heated to 50 “C so as to achieve the desired w/v concentration of
6 %. A mixture containing similar amount of 6 % wi/v agar and 4 % wi/v silicon
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dioxide was selected as the tumor material. Silicon dioxide was slowly added a few
minutes after agar was poured while continuously stirring to avoid aggregation of
ingredients [110]. The tumor material was poured into the mold shown in Figure
28A and left to solidify to form a 3-cm spherical tumor mimic (volume of about 14
cm?®) having a thread running through it. Following demolding, the tumor mimic
was fixed in the center of the rectangular mold shown in Figure 28B by mounting
the thread at opposite sides of the mold and finally the background material was

poured in the container to form the final phantom, which is shown in Figure 28C.
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- 4 % w/v silica 6 % w/v agar

Figure 28: (A) The mold used for tumor mimic development. (B) Photo during phantom
development showing the tumor mimic within the rectangular mold. (C) Photo of the

developed agar-based tumor phantom model.
5.2.2 Characterization of tumor phantom model

5.2.2.1 Acoustical properties

The ultrasonic attenuation in the tumor and background materials was investigated
using the transmission-through variable thickness technique [153]. The specific
method is based on comparing the ultrasonic signals acquired through samples of
different thickness (2 cm and 4 cm). Planar transducers of 30-mm diameter and
operating frequency of 1.1 MHz (CeramTec, Plochingen, Germany) were
employed; one as the transmitter and one for receiving the attenuated signals, which
were displaced on a digital oscilloscope (TDS 2012, Tektronix, Inc., Beaverton,
Oregon, USA).

The well-established pulse-echo methodology was employed for estimating the

ultrasonic velocity in the two phantom compartments [152]. Samples of 2-cm
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thickness were fixed between a planar transducer (diameter of 10 mm, central
frequency of 2.7 MHz) and a reflector. The transducer was connected to a
pulser/receiver (model 500 PR, GE Panametrics, Waltham, MA; 25 MHz
bandwidth) and the reflection signals returning from the samples were recorded on
the oscilloscope. The characteristic acoustic impedance was then determined by
multiplying the density of each sample with the corresponding estimated speed of

sound.

The absorption coefficient was estimated according to the procedure described by
Drakos et al. [201]. The rate of temperature change (dT/dt) during phantom
sonication was recorded using a thermocouple (type K insulated beaded wire,
Omega Thermometer, HH806AU, Omega engineering, USA) for a short time so
that the effect of conduction is minimized, and a liner increase of temperature with
time can be assumed. This is a reasonable approach also given the low conductivity
of the phantom (estimated in section 5.2.2.2). Finally, the ultrasonic backscatter

coefficient was extracted from previous work of the group [230].

5.2.2.2 Thermal properties

The thermal properties (thermal conductivity, thermal diffusivity, and specific heat
capacity) of both phantom compartments were measured using a portable heat
transfer analyzer (Isomet model 2104, Applied Precision, Bratislava, Slovakia). A
dedicated needle sensor (S/N 09030019, Applied Precision) with a measurement
range of 0.2—1 W/m K was used for the measurements. The detailed description of
the employed methodology can be found in the study by Filippou et al. [231].

5.2.2.3 MR relaxation properties

The MR relaxation properties of the phantom were investigated as well. For this
purpose, the phantom was imaged in a 3T MRI scanner (Magnetom Vida, Siemens
Healthineers, Erlangen, Germany) using a multichannel body coil (Bodyl18,
Siemens Healthineers) that was securely positioned at a small distance above its top

surface.

Variable Echo Time T2 Mapping was employed for estimating the T2 relaxation
times of the tumor and background materials using a T2-W TSE sequence with TR
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=250 ms, FA = 180°, FOV = 260 x 260 mm?, Slice thickness =10 mm, matrix size
=128 x 128, NEX =2, ETL =12, and varying TE values in the range of 8 to 69 ms.
Similarly, for T2* mapping, the TE value was varied from 4 to 67 ms and the
parameters were as follows: TR = 445 ms, FA = 60°, FOV = 220 x 220 mm?, Slice
thickness =5 mm, matrix size = 384 x 384, NEX =1, and ETL = 10. The measured
Sl in the ROI plotted against the TE value was fitted to the exponential decay
function describing the gradual decrease in the transverse magnetization and

measured signal strength for T2 relaxation time estimation [200].

Accordingly, for T1 relaxation time mapping, images were obtained using a
Gradient Echo (GRE) sequence at variable FA values in the range of 3 to 15° using
the following parameters: TR = 15 ms, TE = 1.93 ms, slice thickness =5 mm, FOV
= 250 x 250 mm?, matrix size = 256 x 256, ETL = 1, and NEX = 1. The obtained
data were fitted into the formula describing the recovery of the longitudinal
magnetization to its equilibrium value for calculating the relevant T1 relaxation

time values [200].

5.2.2.4 Imaging features

The sonographic appearance of the developed tumor phantom model was evaluated
using a portable ultrasound machine (UMT-150, Shenzhen Mindray Bio- Medical
Electronics Co., Ltd., Shenzhen, P.R. China). The phantom was then scanned in a
high-resolution CT system (Optima CT580, General Electric (GE) Medical
Systems, Wisconsin, United States) to examine its radiographic appearance. The
employed parameters were: tube voltage = 100 kVp, tube current = 300 mA,
exposure time = 2.0 s, and slice thickness = 1.25 mm. The radiographic properties
of the phantom were also extracted from a previous study of the group. Finally, MR
images of the phantom were acquired in a 3T scanner (Magnetom Vida, Siemens
Healthineers) using a T2-Weighted (T2-W) Turbo Spin Echo (TSE) sequence with
the following parameters: TR = 2500 ms, TE =52 ms, FA =180°, ETL =12, slice
thickness = 10 mm, FOV = 260 x 260 mm?, matrix size = 128 x 128, and NEX =

2, to assess the MR contrast between the tumor mimic and surrounding material.
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5.2.3 Phantom response to thermal heating

The phantom was sonicated with a FUS transducer incorporating a single
spherically focused piezoelectric element (Piezo Hannas Tech Co. Ltd, Wuhan,
China) with a nominal frequency of 2.4 MHz, a diameter of 50 mm, and a radius of
curvature of 65 mm. The transducer’s acoustic efficiency was 30 %. An MRI
compatible positioning device featuring 4 degrees of freedom was employed in the
study allowing for robotic movement and placement of the transducer relative to
the tumor location [136]. A dedicated software was interfaced with the system
enabling remote control of the FUS transducer and positioning mechanism, as well
as with the MR scanner enabling sonication planning on preoperative MR images

and the use of MR thermometry for thermal ablation monitoring.

The robotic device was positioned on the MRI couch (Magnetom Vida, Siemens
Healthineers) with the phantom securely placed on the acoustic opening above the
transducer, which was supplied by an RF amplifier (AG1016, T & C Power
Conversion). Communication between the robotic device and software was
achieved through an electronic driving system placed outside of the MRI room. The
phantom was scanned using the 18-channel body coil (Siemens Healthineers) that
was securely fixed a few mm above its surface with the assistance of a rigid

supporting structure, as illustrated in the experimental setup of Figure 29.

Tumor
phantom
model
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structure
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Figure 29: The experimental setup arranged on the MRI table for phantom sonications.
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The distance between the phantom surface and the transducer was set at 30 mm
resulting in a focal depth of 35 mm. Single and grid ultrasonic sonications were
performed, where an electric power of 150-200 W (corresponding to focal

intensities of 8,000 -11,000 W/cm?) was applied for 60 s to each sonication spot.

The temperature change in the ROI during and after heating was calculated using
the well-known proton resonance frequency shift (PRFS) method [9]. This
technique makes use of the PRF change that occurs upon temperature change in the
subject. This PRF change is proportional to the difference in phase between an
initial image acquired at a specific baseline temperature (¢,) and images obtained
at various pre- and post-sonication time spots (¢), making it simple to translate
phase differences (¢ — ¢,) into temperature changes (4T) through the following
relation [9]:

AT = =20 [3]

yaBoTE

where y is the gyromagnetic ratio, a is the PRF change coefficient, B, is the
magnetic field strength, and TE is the echo time. The magnitude of @ was set at
0.0094 ppm/°C [232]-[234].

Accordingly, a pixel-by-pixel analysis of phase differences was followed to
determine the temperature change in a given ROI in the tumor mimic or surrounding
material. Coronal and axial thermal maps were derived from Fast Low Angle Shot
(FLASH) images acquired with the following parameters: TR =25 ms, TE = 10 ms,
FOV = 280%280 mm?, Slice thickness =3 mm, NEX =1, FA = 30° ETL = 1, matrix
size = 96 x 96, and Acquisition time/slice = 2.4 s. Colour maps were produced by
colour-coding the measured temperatures from the minimum to the maximum value

from yellow to red.
5.3 Results

5.3.1 Characterization of tumor phantom model

Table 2 summarizes the acoustic, thermal, MRI, and CT properties of both the
tumor mimic and surrounding materials, as measured in the current study or
extracted from previous studies of the group, along with indicative literature values
for biological tissues. Data are presented as mean = standard deviation (n=10).
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Note that the tumor-mimicking material was found to attenuate ultrasonic waves to

a greater extent. Similarly, it possesses higher ultrasonic velocity and acoustic

impedance. The results of relaxation time mapping in the 3T scanner revealed lower

relaxation times in the tumor material. The estimated thermal properties suggest

that the tumor mimic heats up more quickly owing to the addition of silicon dioxide.

Table 2: The acoustic, thermal, MRI, and CT properties of the phantom as measured in this

study or extracted from previous studies of the group, compared with literature values for

soft tissues.
6 % agar
0 :
Property 6 % agar + 4 9% silica Source Soft tissues
Attenuation coefficient 0.63 + 0.75 + Self- 0.54 +0.37
(dB/cm-MHz) at 1.1 MHz 0.05 0.06 measured [235]
. .. 0.16-0.34
Ao, ol o5 S G er
kidney) [236]
Group velocity 1512 + 1535 + Self- 1561 +51
(mis) at 2.7 MHz 16 17 measured [235]
Mass density 9455+  1020.0+  Self- 1043 + 42
(kg/m?) 17.7 20.2 measured [235]
Acoustic impedance 1.45 + 1.61+ Self- ~ 1.6
(MRayls) 0.03 0.03 measured [237]
Backscatter coefficient 3 0.078 + [230] B
(dB/cm-MHz) at 1.1 MHz 0.014
Thermal conductivity 0.520 + 0543+  Self- 0.545 — 0.587
(W/m-K) 0.002 0.002 measured [238]
Thermal diffusivity 0.296 + 0.306 + Self- 0.13-0.15
(106 m2/s) 0.001 0.001 measured [238]
Specific heat capacity 1859 + 1738 + Self- 3590 — 3890
(J/kg-K) 40 39 measured [238]
Self- 500 — 1000
T1 (ms) 2135.8 2099.2 measured  [202], [203]
Self- 40 — 80
T2 (ms) 400 3517 measured  [202], [203]
T2*(ms) 217 185 ool _
measured
20-80
CT number (HU) 24.4 54.3 [239] [240]

74



The US, CT, and MR images of the developed tumor phantom model are shown in
Figure 30. The inclusion of silicon dioxide in the tumor material provided sufficient
contrast for clear tumor delineation in all three imaging modalities. Note that the
tumor mimic appears more echogenic (Figure 30B) than the surrounding due to the
property of silicon dioxide to scatter ultrasound waves. Note also in the CT image
(Figure 30C) that some air spaces were created within the tumor mimic due to
insufficient stirring. The case shown was the worst case that was encountered. The
tumor mimic appeared with decreased intensity compared to the surrounding in the

T2-W MR image (Figure 30D) due to its lower water concentration.
5.3.2 Phantom response to thermal heating

Figure 31 and Figure 32 present indicative thermal maps for a single sonication
within the tumor mimic acquired in coronal and axial planes, respectively. The
phantom was exposed at 60 W acoustic power for 60 s at a focal depth of 35 mm.
The specific sonication parameters yielded ablative temperatures in the tumor. In
fact, peak temperatures of 75°C and 70°C were estimated in coronal and axial
planes, respectively, each starting from a baseline temperature of 37°C. The
corresponding results for single sonication outside of the tumor are shown in Figure
33, which is a collection of coronal thermal maps acquired at specific time spots
during and after sonication. In this case, a smaller peak temperature of 65 °C was
recorded. Note that some artifacts occur in these maps due to phantom vibration

caused by the ultrasound waves.

Typical results for a 3 x 3 grid sonication with a spatial step of 10 mm and a time
delay of 60 s between adjacent sonications are shown in Figure 34. In this case, an
acoustic power of 45 W was applied for 60 s at each sonication spot. Figure 34A
shows the sonication points overlaid on the thermal map acquired 4 s post-
sonication. The temperature evolution over time recorded for the 9 grid points is
shown in Figure 34B. Note that the recorded temperature changes were smaller
compared to the single sonication due to the use of a smaller acoustic power. Note
also that a progressive temperature increase occurred due to near-field heating while
during heating the largest temperature changes were observed within the tumor

material.
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Figure 30: (A) The proposed tumor phantom model. (B) US, (C) CT (tube voltage = 100 kVp, tube current = 300 mA, exposure time = 2.0 s, and slice
thickness = 1.25 mm), and (D) T2-W TSE coronal (TR = 2500 ms, TE = 52 ms, FA =180°, ETL =12, slice thickness = 10 mm, FOV = 260 x 260 mm?,
matrix size = 128 x 128, and NEX = 2) images of the developed tumor phantom model.
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Figure 31: Coronal thermal maps extracted from FLASH images (TR=25 ms, TE=10 ms, FOV= 280x280 mm?, slice thickness =3 mm, NEX = 1, FA =
30°% ETL =1, matrix size = 96 x 96, and acquisition time/slice = 2.4 s) during and after sonication within the tumor mimic with acoustic power of 60 W,

sonication duration of 60 s, and focal depth of 35 mm at 2.4 MHz.
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Figure 32: Axial thermal maps extracted from FLASH images (TR=25 ms, TE=10 ms, FOV= 280x280 mm?, slice thickness = 3 mm, NEX = 1, FA =
30° ETL = 1, matrix size = 96 x 96, and acquisition time/slice = 2.4 s) during and after sonication within the tumor mimic with acoustic power of 60 W,

sonication duration of 60 s, and focal depth of 35 mm at 2.4 MHz.
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Figure 33: Coronal thermal maps extracted from FLASH images (TR=25 ms, TE=10 ms, FOV= 280x280 mm?, slice thickness =3 mm, NEX = 1, FA =
30° ETL =1, matrix size = 96 x 96, and acquisition time/slice = 2.4 s) during and after sonication outside of the tumor mimic with acoustic power of 60

W, sonication duration of 60 s, and focal depth of 35 mm at 2.4 MHz.
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Figure 34: (A) The 9 sonication points (3x3) overlaid on the thermal map acquired 4 s post-sonication. (B) The recorded thermal profiles for the 9 spots

sequentially exposed at 45 W acoustic power for 60 s, at 35 mm focal depth with the 2.4 MHz transducer
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5.4 Discussion

This section presents the development and assessment of an US/CT/MRI
compatible tumor-bearing TMP model for MRgFUS ablation studies. The selection
of phantom materials and their concentration was based on knowledge acquired
through previous experimentation and published work of the group [142], [153],
[230]. While previous studies were focused on assessing how specific properties of
agar-based gels are affected by varying the concentration of inclusions, the current
study aimed to design a phantom not only replicating a wider range of properties
(acoustic, thermal, and MRI) but also embedding a tumor simulator with different

response to FUS heating from the surrounding material mimicking normal tissue.

The developed two-compartment phantom model consists of a 3-cm spherical
tumor simulator embedded in a square tissue mimicking phantom. Agar was
selected as the main ingredient for both compartments. The properties of the tumor
mimic were differentiated from those of the surrounding material mimicking
normal tissue by adding silicon dioxide. Although in this study a simplistic tumor
model was adopted to obtain proof of concept of the proposed phantom, one could
create patient-specific tumors, which may also be embedded in organ-specific
phantoms to enable more realistic conditions. This could be achieved by 3D-
printing dedicated molds having a cavity with the unique shape of the body part/
tumor to be mimicked, as extracted from CT data, and filling them with tissue-

mimicking agar-based gels.

The estimated ultrasonic attenuation coefficient and velocity of the proposed
phantom fall well within the range of literature-reported values for soft tissues
(Table 2). The acoustic impedance was also found to be consistent between the
phantom and live tissue, whereas both phantom compartments were found to
possess an absorption coefficient quite below the reported range for soft tissues.
Notably, it was shown that inclusion of a proper amount of milk in this phantom
type can increase absorption to the level observed in tissue [153]; however, milk
addition reduces the phantom robustness and shelf life. Note also that the tumor-
mimicking material was found to attenuate ultrasonic waves to a greater extent

verifying that silicon dioxide is an effective modifier of ultrasonic attenuation, as
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also demonstrated by previous research [140], [153]. Similarly, it possesses higher
ultrasonic velocity and acoustic impedance than the background material.
Regarding thermal properties, while the phantom’s thermal conductivity matches
well that of soft tissues, the thermal diffusivity and specific heat capacity are
roughly two-fold higher and smaller, respectively, than those reported by Giering
et al. [238] for the kidney, heart, spleen, and liver (Table 2).

The imaging contrast between the two compartments should be sufficiently high to
enable ease identification of the tumor mimic so that treatment planning and
navigation of the ultrasonic beam relative to the target (using the motion commands
of the relevant software) can be performed accurately. In the case of MRI
monitoring, good contrast further enables monitoring whether thermal energy is
delivered within the tumor with the required precision and as planned by
intraprocedural MR imaging and thermometry. Herein, the selected concentration
of 4 % wiv silicon dioxide resulted in shorter relaxation times and good delineation
of the tumor in MRI. This result ties well with the results of section 4, wherein
increasing silicon dioxide concentration in agar gels resulted in gradual decrease of
both relaxation times, with a greater effect on T1 [142]. Notably, the estimated T2
relaxation times fall within the range of values reported literally for biological
tissues, whereas the T1 relaxation times are longer than those observed in live
tissues (Table 2).

The proposed phantom further demonstrated excellent tumor visualization in CT
and US imaging. The silicon dioxide-doped tumor mimic has larger stiffness and
appeared with increased radiographic density on CT images. It is also characterized
by increased echogenicity due to the property of silicon dioxide to scatter ultrasound
waves. Previous studies have also demonstrated that the inclusion of a metal or

metalloid powder imparts noticeable ultrasonic attenuation [140].

The phantom’s response to thermal heating was investigated by performing high
power sonications with a 2.4 MHz single element spherically focused ultrasonic
transducer in a 3T MRI scanner. An acoustic power of 60 W applied for a duration
of 60 s inside the tumor mimic yielded sufficient temperature elevation (> 30 °C)
resulting in maximum focal temperatures over 70 °C, which fall within the ablative

range. In fact, most human soft tissues undergo coagulative necrosis promptly when
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exposed at temperatures over 56 °C [241], [242]. Sonication in the background
material with similar parameters resulted in a smaller focal temperature of 65 °C,
which is though sufficiently high for ablation purposes. Therefore, the selected
recipes were deemed suitable in terms of achieving a different thermal response to
heating between the tumor (6 % agar and 4 % silicon dioxide) and normal tissue (6
% agar) phantoms. In fact, the tumor material is characterized by a higher ultrasonic
absorption coefficient and a lower specific heat capacity, thus heating up more
rapidly and being a better heat reservoir than the surrounding normal tissue. It is
worth noting that the effect of silicon dioxide on ultrasonic absorption has also been
explored in a prior study [201], which found that the absorption coefficient
increases at low silicon dioxide concentrations of up to 4%. It seems that the
scattering effect of this material becomes prominent decreasing ultrasonic
absorption at silicon dioxide concentrations higher than 4% [201]. Therefore, the
higher temperatures recorded in the tumor mimic can be attributed to the silicon
dioxide-induced increase in ultrasonic absorption and reduction in specific heat
capacity. At this point, it should be mentioned that the overall ultrasonic attenuation
is higher in the tumor material while simultaneously ultrasonic waves encounter
additional attenuation at the tumor borders due to beam reflection and scattering,
which unavoidably reduces the ultrasonic energy reaching the tumor interior to
some extent. Refraction and diffraction phenomena may also affect the energy
deposition by causing distortion of the penetrating beam. In this example, the beam
incidence was perpendicular to the tumor surface and transducer diameter was
short, thus minimizing such energy losses. Although further investigation is needed
to determine the significance of these energy losses, they do not seem to affect the
thermal deposition to an extent that would reverse the effect of increased heat

accumulation observed in the silica-doped material.

For grid sonications, the transducer was robotically moved in a horizontal plane to
sequentially visit adjacent sonication spots using the relevant software commands.
The thermal profiles obtained by MR thermometry (Figure 34) reveal a rapid
temperature increase within the 60 s of sonication followed by exponential decrease
at a lower rate after transducer deactivation due to dissipation of heat through

conduction mechanisms. Notably, smaller temperature changes (=10 °C) were

83



recorded compared to the single sonication (=30 °C), resulting in smaller ablation
areas, due to the use of a smaller acoustic power of 45 W. Generally, the ablation
area can be easily increased by increasing the sonication time or applied power

similarly to what is observed in biological tissue.

The various sonications points were visited in a sequential manner leaving a 60 s
cooling period, which was previously suggested as the minimum required delay to
reduce pre-focal heating for the specific sequential pattern [68]. However, the
recorded temperature evolution at the 9 sonication points (Figure 34B) provides
clear evidence of heat dissipation. Generally, the baseline temperature at each point
increased over time due to heat dissipation from adjacent previously sonicated
regions. Notably, by increasing the time between grid points and adjusting the
movement pattern it is possible to reduce the phenomenon of heat deposition in the
near field region [68]. Furthermore, although all the recorded thermal profiles show
similar trend in the rate of temperature increase and post-sonication decrease, bigger
temperature changes occurred at the sonication points located within the tumor
mimic (1 and 6) owing to the previously discussed silicon dioxide effects. Note for
example that while the grid points 6 and 8 (Figure 34), respectively located inside
and outside the tumor, show similar thermal accumulation prior to sonication, the

recorded temperature change at point 6 within the tumor was more than 50 % larger.

The proposed phantom provides triple-modal imaging characteristics (US/CT/MR),
which may provide the basis for other image-guided procedures involving tumor
targeting. In fact, given the proven realistic haptic feedback of agar gels [243], the
phantom could also serve as a tool for tumor puncture training. Based on previous
literature, the phantom could be further optimized for other thermal applications
very easily by including additional ingredients during the preparation process. For
instance, sodium chloride can be included to modify the electrical conductivity of
the phantom for RFA and MWA studies [221], [224].

One limitation of our implementation is that no specific values of acoustic, thermal,
and MRI properties were considered for the tumor model. However, since each
tumor has its own specific characteristics, it’s not practicable to create a model that
mimics the specific properties of a single tumor type. Furthermore, it’s not feasible

to develop a model that sufficiently mimics all the critical properties of a specific
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tumor type given the wide variability of tumor features among subjects. Of course,
individual researchers may modify the proposed recipes to fit their tumor of interest
and create patient-specific tumor models. Furthermore, it could be argued that since
the ultrasonic absorption and specific heat capacity of the phantom model differ
from those of soft tissues, it’s response to thermal heating is not realistic and not
adequately representative of the clinical scenario. Furthermore, in real tissue, a
quicker focal temperature drop is expected due to the presence of blood flow.
However, the phantom could be used as a QA tool to assess the functionality of
MRgFUS hardware (i.e., robotic devices and transducers) and relevant software.
Given the comprehensive characterization of phantom properties, it is also possible
that precise dosimetry measurements and assessment of FUS ablation protocols
before in-vivo application can be accomplished by calibrating the relation between
the phantom’s and soft tissues’ response to thermal heating using mathematical
modelling and simulations. Good tumor visualization on US, MRI, and CT images
could also provide the basis for more applications, such as, image-guided tumor

puncture and ablation using thermal applicators.

Being in agreement with previous studies [96], [142], [153], the current results
provide sufficient evidence that the presented agar-based tumor phantom model
possesses acoustic, thermal, and MRI properties well comparable with those of soft
tissues. The low cost, ease handling, and the capacity to withstand ablative
temperatures and produce tissue-like US and MRI signal constitute additional
benefits of this phantom type. The phantom model is also capable of generating
multi-modality imaging contrast. MR thermometry revealed clear elevations of
temperature to ablation levels in and out of the silicon dioxide-doped tumor
simulator, with clear evidence of larger heat accumulation within the tumor. It was
therefore concluded that the difference in materials between the tumor and
surrounding is suitable to impart noticeable change in the thermal response of the
two compartments. This simple and inexpensive tumor phantom model could
facilitate preclinical MRgFUS studies, and potentially other image-guided thermal
ablation techniques upon minimal modifications. It may also allow for reliable
monitoring of thermal heating and assessment of ablation outcome through MR

thermometry or thermocouple measurements for routine laboratory testing.
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6 Development of an US, MRI, and CT imaging compatible
realistic mouse phantom for thermal ablation and FUS

evaluation
6.1 Introduction

As made clear from the previous chapters, preclinical evaluation of new diagnostic
and therapeutic systems and protocols is initially carried out in TMPs [95], [173]
or/and excised animal tissue [139], followed by in-vivo evaluation, which may
involve rodents [244], large animal models [138], [245], and non-human primates
[246]. Realistic TMPs could serve as a valuable tool in this process, offering
advanced ergonomics while contributing towards reducing animal experimentation
[247]. The phantom design and composition is determined by its specific intended
task, such as the assessment of dose accuracy, image quality, geometric accuracy,
etc. [248]. Water-based gel phantoms representing the human body constitute a cost
effective tool in biomedical research both for evaluation purposes and the training
of medical students, provided that low cost supplementary ingredients can be
included to adjust their properties [90], [140], [248].

Over the last decades, there has been a lot of research on the development of MRI
[108], [175] and US [249] imaging phantoms, which are typically based on
hydrogels, such as agar, gelatin, and polymeric materials [90]. Except from a wide
variety of in-house made phantoms, there are standards available by the
International Electrotechnical Commission (IEC) regarding imaging phantoms and

methods for quality assurance of medical ultrasound systems [250]-[252].

The application of FUS in the brain ranging from thermal ablation to drug delivery
is currently of intense clinical interest [18]. In the last decade, MBs-enhanced FUS
has emerged as a novel modality enabling safe and transient disruption of the BBB
so that molecules of pharmacologically relevant size can enter the brain
parenchyma [120]-[124]. Both WT and genetically-modified mice serving as
models of various neurological diseases have been widely used in the evaluation
process and have allowed for a greater understanding of the mechanisms underlying
the effects of FUS [120]-[124]. There is thus an urgent need for further research on
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this topic, so that clinical translation of transcranial FUS applications is accelerated.
Accordingly, realistic mouse phantoms would constitute a powerful tool in this

effort, given that they are inexpensive, easily accessible, and ergonomic.

3D printing has become a popular means of creating 3D phantoms for multiple
purposes. This emerging technology offers the ability for cost-effective rapid
prototyping of complex geometries with high precision and has been extensively
employed in the development of bone substitutes [93], [95], [117]. As an example
in the context of FUS, 3D-printed parts mimicking the skull [93], femur bone [95],
and ribs [94] were developed for FUS exposures, all replicating the ultrasonic
attenuation property of human bones.

The use of 3D-printed real-size replicas of mice has already been suggested by
numerous studies as an efficient and cost-effective way to replace live mice in a
wide range of applications. The 3D printing of both hard and soft tissue anatomical
structures is based on data collection from CT scans followed by surface rendering
and smoothing techniques [253]. Doney et al. [253] described in detail the process
of constructing plastic models of a full rat skeleton as derived from CT scans on
three different 3D printers using different printing plastics (acrylic, nylon, and
Acrylonitrile butadiene styrene (ABS)) and compared their performance in terms

of cost-effectiveness and manufacturing resolution.

Current literature suggest that 3D printed small animal models could be of great
value in preclinical medical imaging. Zhang et al. [254] developed an
anthropomorphic mouse phantom intended for CT, MRI, and PET imaging. The
bone part was manufactured by 3D printing on a Polyjet printer using VERO-
WHITE Resin. The skin shell was manufactured on a Fused Deposition Modeling
(FDM) printer using ABS thermoplastic and filled with an in-house made agar gel.
Micro-pearl powder and magnevist solution were included in the gel serving as the

X-ray attenuation and T1 relaxation time modifiers, respectively [254].

Dann et al. [255] proposed the use of PA2200; a commercial polyamide powder, as
a novel substrate for 3D printing optical imaging phantoms using a different
additive manufacturing technique called selective laser sintering. The authors

discovered that this 3D printing material exhibited photoluminescent properties
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owing to the anatase derivative of TiO2 and proceed to the development of a

PA2200 rat skeleton phantom to be used as a training/teaching tool.

Anthropomorphic mouse models are also gaining popularity as radiation dosimetry
tools. Welch et al [256] developed a realistic model mimicking the bone, lung, and
tissue of a mouse, in which radiographic films were included to establish dose
mapping capabilities. The bone parts were made of an epoxy resin-based material,
whereas a tissue equivalent urethane-based mixture containing polystyrene
microbeads was used to develop the lung tissue equivalent part. Similarly, Esplen
et al. [257] proposed a real-size heterogeneous mouse phantom containing a
radiochromic film and a plastic scintillating detector, thus enabling radiation dose
measurements. The phantom was constructed on a Stratasys Polyjet printing
machine using low-density photopolymer materials, which were chosen to simulate
PMMA as closely as possible. A Polyester-filled void served as the lung model.
Notably, authors clarified that a careful dosimetric characterization of the phantom
is required since the employed materials are not tissue equivalent. It is also
interesting to note that in a study by Price et al. [258], a bone-equivalent material
composed of ABS and CaTiO3 powder has been proposed as a novel substrate for
FDM printing. Authors developed a bone/soft tissue mouse phantom for preclinical
radiation dosimetry, in which the soft-tissue mimic was made of ABS and the lungs

were represented by air-filled voids.

Notably, Bainier et al. [259] explored the utility of 3D printed rodent phantoms for
neurosurgical training. The rodent models consisted of a 3D printed skull mimic
that was filled with Polyurethane expanding foam to simulate the brain tissue while

a thin silicone sheet was added to simulate the skin [259].

The use of 3D printed hard-tissue mimics filled with TMPs in preclinical
therapeutic applications is still under investigation and development. In this regard,
the in-house construction of high quality multipurpose phantoms with
anthropomorphic characteristics and tissue-equivalent properties remains a
challenge. For thermal ablation studies, phantoms should possess similar thermal
and acoustic properties with living tissues [96], [111] while concurrently being
compatible with the relevant imaging modalities used for guidance, which may be
US [260], MRI [261], or, more rarely, CT [262]. The T1 and T2 relaxation
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properties are considered the critical MR properties since they greatly affect the
contrast between normal tissue and thermal lesions [112]. Monitoring of thermal
heating is also based on changes in these properties [9]. Although less common, CT
was also employed for planning and guiding thermal ablation procedures, and thus,
phantom compatibility with CT scanners constitute an additional advantage for

phantoms enabling their wider use [262].

Previously proposed 3D-printed rodent-morphic phantoms matched only imaging
properties [254], [255] or they were specifically designed for radiation dosimetry
purposes [256], [257]. This may be partly attributed to the difficulty in
simultaneously mimicking a wider range of properties. In the effort to contribute in
this regard, we herein present the development and evaluation of an US, MRI, and
CT imaging compatible and anatomically accurate mouse phantom intended for
image-guided thermal ablation and FUS applications, which can mimic all the
aforementioned critical properties.

The proposed mouse model consists of skeletal and soft tissue mimics, both being
manufactured according to the CT scans data of a male mouse. The skeletal
structure was constructed by 3D printing on a Stratasys printer using Acrylonitrile
styrene acrylate (ASA) material, whereas the mouse body was mimicked by an in-
house made agar-based phantom doped with silicon dioxide. The specific materials
and their composition were selected to best approximate the critical properties of
the mouse tissue for the intended applications. Note that the thermal, acoustical,
and MRI properties of agar-based phantoms have already been investigated in
previous studies of our group [96], [142], and were taken into consideration in this
study. The candidate 3D printing thermoplastics were also proven suitable for MRI
and FUS studies [93], [95], [117]. Therefore, in this study, material characterization
was focused on the radiographic properties of the candidate materials. The
developed phantom was evaluated to assess whether it provides tissue-like signal
in MRI and CT. Trans-skull sonications with a single-element ultrasonic transducer

were performed to assess its feasibility for transcranial FUS studies.
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6.2 Materials and methods

6.2.1 Selection of materials

The mouse skeleton was developed using 3D printing, which was proven a cost-
effective rapid prototyping method that offers the ability to develop complex, high
resolution parts [257], [263], given also that there is literature data proving that 3D
printed thermoplastics can match the acoustical properties of the human skull and
other bony structures sufficiently [93], [95], [117], [152]. Polylactic Acid — PLA
(3DJ, Essex, UK), polypropylene — PP (ULTIMAKER, Utrecht, Netherlands), ASA
(Stratasys), and VeroWhite Resin (RGD835, Stratasys) served as the candidate

materials for manufacturing the skeleton bones.

Agar (Merck KGaA) was selected as the gelling agent for the construction of the
soft tissue mimicking phantom for the reasons explained previously in this thesis.
Silicon dioxide was included as a modifier of the attenuation property. The
concentration of inclusions in the agar-based soft-tissue mimic was selected so as
to replicate as closely as possible the aforementioned critical properties for the
intended uses of the phantom. Selection was based both on results from the current
study, as well as previous studies of the group, where the acoustical, thermal, and
MRI properties of agar gels doped with silicon dioxide and evaporated milk were
investigated [96], [142], [153].

There is though limited literature on the radiological properties of these candidate
materials, and thus, their suitability for imaging with CT remains to be
demonstrated. Therefore, in the framework of selecting proper materials that will
enable the development of a multimodality phantom, the radiological behavior of
candidate materials was examined by measuring their x-ray linear attenuation

coefficient using CT scans.

Overall, the current work aimed to combine previous knowledge on the acoustical,
thermal, and MRI properties of candidate materials with the current fundings
regarding the x-ray attenuation properties, along with the recent advances of the 3D
printing technology, to produce a more realistic and accurate model suitable for
multimodality imaging and thermal ablation studies, including transcranial FUS
applications.
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6.2.2 X-ray attenuation in candidate materials

Samples of the candidate soft-tissue and bone mimicking materials were prepared
as shown in Figure 35. Four agar-based mixtures were prepared and contained in
rectangular plastic containers of 64 mm? inner volume. Figure 35 shows the
composition of the corresponding materials used in each phantom. Three phantoms
contained different agar concentrations of 2 — 6 % w/v to assess the role of agar as
a modifier of radiographic attenuation. A fourth phantom was prepared with 6 %
wi/v agar and 4 % wi/v silicon dioxide (Sigma-Aldrich). Agar is a plant-originated
substance that can be easily formed into a gel when mixed with water and heated to
a temperature of around 85 °C and left to cool down naturally. The preparation
process of agar-based phantoms can be found in detail in the literature [110]. It is
important that during heating the mixture should be continuously agitated in order

to achieve proper image homogeneity [140].
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Figure 35: 3D-printed thermoplastics samples (ASA, PP, PLA, and VeroClear resin) and
agar-based samples prepared for X-ray imaging.

The candidate thermoplastic materials were 3D printed into cubes with 4 cm side
length using 100 % infill. The ASA (Stratasys) sample was manufactured on the
F270 Stratasys printer using the FDM technique. The same technique was used for
3D printing the PP (Ultimaker) and PLA (3DJ) samples. The former was
manufactured on an Ultimaker printer (3 Extended, Ultimaker, Utrecht,
Netherlands) and the latter on a Creality printer (CR10, Shenzhen, China). The
fourth phantom was manufacturing using VeroWhite Resin (Stratasys) on a Polyjet

3D printing machine (Object30 pro, Stratasys).

The x-ray attenuation coefficient of the candidate materials was measured using CT
scans and compared with that of body tissues. The samples were imaged with a GE
CT scanner (Optima CT580, GE Medical Systems) using a tube voltage of 120 kV
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and a tube current of 300 mA. The CT number (expressed in Hounsfield Units -
HU) for each sample was converted into linear attenuation coefficient (u) using
equation 4 [264]:

HU*Uyqter

u = T 1000 + Uwater [4]

where ,,q4:6r represents the linear attenuation coefficient of water (0,16 cm?).
6.2.3 Mouse phantom fabrication

The phantom was designed to resemble the skeletal bone and main body of a mouse.
CT images of a healthy mouse provided by the Cyprus Institute of Neurology and
Genetics (CING) under the study license CY/EXP/PR.L05/2021 were acquired on
the GE Optima CT scanner using the following parameters: tube voltage = 120 kV,
tube current = 80 mA, exposure time = 2.26 s, and slice thickness = 1.25 mm.
Figure 36 shows indicative CT images of the mouse. The acquired images were
processed in an open source software (3D slicer) [265] to isolate the bone and soft-
tissue volumes. Specifically, thresholds were applied to separately delineate the
mouse body and skeleton. The extracted geometries were converted into STL
format and further processed by an open-source 3D modelling software (Blender,
Blender Foundation, Amsterdam, the Netherland) to achieve a continuous and
smooth surface and improve feature resolution. The smoothed STL model of the
skeletal bone shown in Figure 37 was imported in the printer's software for final

processing and printing.

Figure 36: CT images of the mouse (A) Sagittal plane, (B) Axial plane at the skull level
(tube voltage: 120 kV, tube current: 80 mA, exposure time: 2.26 s, slice = 1.25 mm).
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Figure 37: STL model of the segmented mouse skeletal structure after rendering and
smoothing.

The mouse body was modelled using an agar-based recipe. The fabrication process
was carried out in two steps. Initially, a multi-part mold was 3D printed using PLA
having a cavity with the unique shape of the mouse body as extracted from the CT
data. Figure 38A shows a computer-aided design (CAD) drawing of the mold in
exploited view revealing the multiple layers, each one consisting of multiple parts.
This quite complex design was required so that the mold can be easily dissembled,
thus enabling proper demolding of the mouse model, and avoiding any deformation
or other surface defects. The assembled 3D printed mouse mold is shown in Figure
38B. Prior to the molding procedure, the 3D printed skeletal bone was placed inside
the mold cavity. The agar mixture was poured into the mold and left to solidify
overnight. Note that the concentration of included materials was selected based on
previous literature and the experimental work performed on the X-ray properties of

candidate materials.

Figure 38: (A) Exploited view of the mouse mold showing the multiple structure layers.
(B) Assembled 3D printed mouse model.
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6.2.4 Phantom Imaging

The mouse phantom was imaged in a 1.5 T MRI scanner (GE Signa HD16, GE
Healthcare) using the quad knee/foot/ankle coil (Signa 1.5T Transmitter/Receiver,
GE Medical Systems). The coil was sited on the MRI table and the phantom was
placed inside the coil cavity. For image acquisition, a proton density Cube 3D
sequence was used with the following parameters: TR = 2000 ms, TE = 30, 6 ms,
FA =90°, ETL = 64, pBW = 244 kHz, FOV = 160 x 160 x 1.6 mm?, matrix size =
224 x 224, NEX = 0.5, acquisition time/ slice = 58.6 s. Image acquisition was then
performed on the GE CT scanner with the following parameters: tube voltage = 120
kVp, tube current = 440 mA, exposure time = 2.34 s, and slice thickness = 1.25

mm.
6.2.5 Trans-skull sonication in the mouse phantom

This experimental part was focused on investigating the utility of the mouse
phantom in FUS applications. The phantom was mounted on a dedicated holder
inside a tank filled with degassed, deionized water. An in-house manufactured
transducer comprising a single element spherically focused piezoelectric
(Piezohannas, Wuhan, China) of 1 MHz (diameter of 50 mm and radius of curvature
of 100 mm) was fixed to the bottom part of the holder facing upwards to the
phantom, as shown in Figure 39. The distance between the transducer and the
phantom was adjusted so that the focal point is located 2 cm deep in the head part.
Sonications were performed at electric power of 30 W using continuous FUS and
pulsed FUS with duty factor (DF) of 1 % for a total duration of 60 s, and the
temperature changes at the focus were recorded using a thermocouple (HH806AU,
HH806 Series, OMEGA, CT, USA). The transducer was powered by an AG1016
RF amplifier (T & C Power Conversion). Note that the experimental setup used in
this study was not designed to simulate a real scenario of a live mouse study, but to
facilitate trans-skull sonication and thermocouple measurements. However, the
phantom could be used in any scenario relevant to a live rodent study due to its

rodent-morphic shape.
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Figure 39: Experimental setup used for performing FUS sonications in the mouse phantom

showing the location of each compartment.
6.3 Results

6.3.1 X-ray attenuation in candidate materials

Table 3 lists the estimated CT numbers (expressed in HU) for each sample and the
corresponding linear attenuation coefficient, as well the CT numbers of mouse and
human tissues for comparison purposes [254], [266]-[269]. Figure 40 shows
indicative CT images for selected samples. The estimated HU values for the ASA,
PLA, and VeroClear Resin samples were in the range of 100 to 200, whereas the
PP sample was found to possess a negative HU value. Regarding the agar samples,
increasing agar concentration from 2 to 6 % w/v, resulted in a gradual small increase
of the CT number, which translated to a minimal increase of the linear attenuation
coefficient. Further increase of the CT number occurred when silica was added,
yielding a slightly higher x-ray attenuation coefficient.

Figure 40: CT images of the (A) sample containing 6 % w/v agar and 4 % wi/v silica, (B)
PP sample, and (C) Vero Clear Resin sample (120 kV tube voltage and 300 mA tube

current).
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Table 3: The estimated CT number of each sample expressed in Hounsfield units (HU) and
the corresponding x-ray linear attenuation coefficient () for 120 kV tube voltage and 300
mA tube current, along with the CT numbers of mouse and human tissues as extracted from

the literature.

Material CT number (HU) p(em?) Source

ASA plastic 191.4 0.1906

PP plastic -171.0 0.1326 Self-

PLA plastic 154.1 0.1847 ~ Measured

VeroClear resin 111.9 0.1779

VERO-WHITE 130 = 10 - [254]

Cortical bone 1524 - [266]

Cancellous bone 265 £ 135 - [267]

Mouse skeleton 108 + 20 i [254]

Rabbit skeleton 146 + 20

2 % agar 10.2 0.1616

[0)

4 % agar 16.9 0.1627 Self-

6 % agar 24.4 0.1639 measured

6 % agar & 4 % silica 54.3 0.1687

Human muscle 45 £ 5 - [266]
. 20 - 40 [268]

Brain tissue 28 + 19 - [269]

6.3.2 Mouse phantom fabrication

The mouse skeleton was 3D printed to actual scale having a length of approximately
13 cm using ASA thermoplastic. Since none of the tested thermoplastic materials
were shown to have the proper radiographic behavior in terms of mimicking bone,
selection was based on other criteria. Firstly, ASA was found to possess the highest
HU value, which was essential for achieving good radiographic contrast in the final
phantom. In addition, it was previously proven to possess bone tissue-like ultrasonic

properties. It is also a benefit that ASA models have higher durability and high
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temperature resistance [270], and they are 3D printed using the FDM method that
is considered more cost-effective than Polyjet printing due to the use of minimal

support material [270], thus enabling lower cost production.

The mouse body consisted of 6 % w/v agar and 4 w/v silica. The specific
composition of inclusions resulted in a CT number similar to that reported in the
literature for soft tissues [254], [266]. The ultrasonic and MR relaxation properties
of the soft tissue mimic as estimated in previous studies were also taken into
consideration for the recipe selection. Table 4 summarizes the critical properties of
the proposed phantom by combining results of the current and previous studies and
compares them with literature values of live tissue. Figure 41A shows the 3D
printed skeleton as placed inside the mouse mold cavity before pouring the agar
mixture. Figure 41B shows the mouse skeleton model and the whole mouse

phantom side by side.

Table 4: The critical properties of the mouse phantom compared to literature values for

live human/mouse tissue.

Propert Agar-based Live ASA Live
perty phantom tissue skeleton tissue
Human muscle: Mouse
Hounsfield 45 + 5[266] skeleton:
Units 54.3 Mouse muscle: 1914 107.91 + 20
41 + 5 [254] [254]
Attenuation 1.1 £ 0.09 Rabbit Muscle: 16.8+1.8 Skull bone:
coefficient (1 MHz) 118 + 046 [15é] (1 MHz) 13-24 (1 MHz)
(dB/cm) [153] e [152] [271]
. 3041 + 27 Skull bone:
Ultrasonic

i i (27MHz) 2840158

velocity (m/s) [152] [271]

Tlrelaxation 551 13 Human muscle:

?nr::; st [142] 1060 + 155 [203] - -
:[Erznge;?)f;i(.)rn 234+0.2 Human muscle: ] ]
(ms) [142] 35 + 4 [203]

'Cl'ohnedrlrjr:;il\/ity Agargel:  Human muscle:

(W/m-K) 059[272]  0.5-0.6 [273]
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Figure 41: Photos of the (A) 3D printed skeleton as placed inside the mouse mold cavity,

(B) 3D printed mouse skeleton and whole mouse phantom.
6.3.3 Phantom Imaging

Figure 42 shows Proton Density Cube images of the phantom from a 1.5 T MRI
scanner. Note that the brightness in Proton Density images is determined by the
hydrogen content of the imaging object. Thereby, the 3D printed mouse skeleton
appears black due to the lack of protons. On the contrary, the agar-based mouse
body phantom is rich in protons due to its large water component, thus producing
stronger signal and appearing brighter in the image. CT scans of the phantom are
shown in Figure 43. Note that there is a good radiological contrast between the

mouse skeletal bone and body.

Figure 42: MRI image of the mouse phantom acquired using Proton Density 3D FSE Cube
sequence: (A) coronal plane with TE = 60 ms, and (B) 3D reconstruction with TE = 30

ms.
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Figure 43: CT image of the whole mouse phantom (tube voltage = 120 kV, tube current =
440 mA, exposure time = 2.34 s, slice thickness = 1.25 mm): (A) Side view center slice,
(B) Top view slice, and (C) Front view slice of mouse head.

6.3.4 Trans-skull sonication in the mouse phantom

Sonication with continuous FUS at 30 W (for 60 s) resulted in a total temperature
increase of 11.2 °C at the focus, whereas pulsed FUS (DF=1% for 60 s) caused a
temperature rise of 2.9 °C. The corresponding temperature profiles (focal
temperature versus time) can be seen in Figure 44. Note that a substantial (about
4-fold) decrease in temperature change is observed when using pulsed FUS
(compared to continuous FUS) owing to the very low acoustic intensities produced
in the phantom. Also, note that the thermal profile presents plateaus where the

temperature remains constant for several seconds indicating a very slow rate of heat

deposition.
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Figure 44: Temperature change versus time recorded in the phantom at focal depth of 20
mm during continuous and pulsed (DF of 1%) sonication at acoustic power of 30 W for 60

s using the 1 MHz transducer.
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6.4 Discussion

An US, MRI, and CT imaging compatible realistic mouse phantom for thermal
ablation and FUS studies has been developed. The thermal ablation modalities
could be RFA, MWA, and laser thermal ablation [215]. The mouse model consists
of the mouse body and skeletal bone (excluding the ribs) and was developed
according to the segmentation data derived from CT scans of a mouse. The skeletal
structure was isolated by thresholding and manufactured by 3D printing with ASA
material following further smoothing on a dedicated software. Similarly, the mouse
body was constructed by molding an agar-based gel in a 3D printed mold, which
was specially-designed having a cavity with the unique shape of the imaged mouse.
Careful mold design with multiple layers was followed to allow the mouse model
to freely separate from the cavity, thus creating a smooth phantom surface, which

is essential for achieving proper ultrasonic transmission.

The selection of an agar-based phantom to mimic soft tissue was based on numerous
criteria, including its ability to replicate critical properties of living tissues (Table
4). Our results further demonstrated the ability of agar gels to induce similar
radiographic attenuation with soft tissues. The x-ray attenuation coefficient of the
four candidate soft-tissue mimicking materials was measured using CT scans and
compared with that of living tissues. The results suggest that increasing agar
concentration (2 to 6 % w/v) increases the CT number at a low rate (10 to 24 HU).
The addition of silicon dioxide (4 % silica, 6 % agar) resulted in a more than 2-fold
increase of the CT number (54 HU), which is slightly higher than the value of 45 £
5 HU reported for human muscle [266]. The silica doped phantom also matches
sufficiently the value of 41 + 5 HU reported by Zhang et al [254] for mouse muscle.

The methodology used for manufacturing the skeleton mimic including bone
segmentation by thresholding, image processing, and 3D printing resulted in a
smooth and detailed model, which matched the size and accurately reproduced the
shape of the imaged mouse skeleton. Advantageously, several studies have
demonstrated the efficacy of 3D printed thermoplastics to mimic bone in terms of
acoustic properties and have suggested their use with the FUS technology [93], [95],
[117].
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Ideally, bone-mimicking materials should also be x-ray attenuation equivalent to
bone in order to be suitable for radiographic imaging. According to the evaluation
results, none of the tested thermoplastic samples was found to be radiographically
representative of human bones [274], which have significantly higher CT numbers
in the range of 300-2000 HU depending on whether they are cancellous or cortical
[274]. However, the estimated CT numbers are close to the value of 107.91 + 20
HU reported by Zhang et al. [254] for mouse bone (at 120 kVp and 100 mAs).

The developed phantom was evaluated by MRI and CT imaging to assess whether
it provides tissue-like signal. The agar-based mouse body mimic demonstrated
tissue-like MRI signal as expected. In addition, the mouse skeleton was delineated
well by MRI imaging (Figure 42). Accordingly, the CT images (Figure 43) reveal
good radiological contrast between the mouse skeletal bone and body, which is

similar to that observed for the live mouse (Figure 36).

Finally, the mouse phantom was able to reproduce realistic behavior during trans-
skull sonication as proved by thermometry measurements with a thermocouple. As
demonstrated in Figure 44, the temperature increased due to heat absorption and
then decreased gradually after transducer deactivation due to heat dissipation
through conduction mechanisms. As expected, heat dissipation is a slower process,
and its rate decreases with time. In this regard, the phantom demonstrated realistic
response to heat, except from the absence of blood flood, which contributes to post-
sonication heat loss and would result in steeper drop of the focal temperature. The
obtained preliminary results further suggest that the phantom can develop high
temperatures during heating, and thus, it can be used for assessing thermal
protocols, given also that it possess tissue-like acoustic, thermal, and MRI

properties (Table 4).

However, further investigation is required to comprehensively assess the phantom’s
response to thermal heating. Regarding pulsed FUS, the recorded temperature
change is important in the sense that it was maintained below the safety threshold
where thermal effects can be considered negligible [275]. It is also essential that the
phantom enabled the insertion of thermocouples without losing its structural
integrity. As expected, the presence of the ASA skull affected the results by

decreasing the rate of heat deposition through beam spreading and focal shifting
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[152]. Note also that although single element transducers cannot compensate these
energy losses, they were proven suitable for trans-skull applications in mice due to
their thin skull bone [120], [276]-[278].

The phantom offers realistic visualization in US, MRI, and CT, which constitute
the modalities that have been used so far for the positioning of thermal applicators,
as well as for therapy guidance or/and determination of tissue destruction [260]—
[262]. In the context of transcranial FUS, although the proposed phantom is not
physiologically accurate, replication of the main acoustic, thermal, and MRI
properties is considered adequate in terms of assessing the spatial accuracy of
ultrasound delivery and how it is affected by the skull-induced beam aberration, the
dimensions of the FUS spot, thermal effects at the ROI and potential off-target
effects, such as thermal deposition near to the skull, as well as the focal acoustic
pressure in the case of pulsed FUS. Such information are required for adjusting the
setup and/or sonication parameters so as to correct beam shifting, avoid off-target
bioeffects, and compensate for energy losses, thus achieving the desired thermal or
mechanical effects at the desired location. In terms of equipment testing, examples
of particular applications we anticipate the phantom being useful for are the testing
of the trans-skull heating abilities of newly-developed FUS transducers or the
steering abilities of phased array ones, the linearity of output power, the response
to increasing power and the limit for safe operation, as well as the assessment of

shelf-heating effects and identification of malfunctions in equipment’s operation.

The feasibility experiments performed in this study demonstrated the functionality
of the phantom for the evaluation of thermal protocols. Future studies are though
needed to further assess the thermal response of the phantom when exposed to
continuous FUS at increasing ultrasonic power, as well as the acoustic pressure field
generated by pulsed FUS with varying ultrasonic parameters. In this regard, its MRI
compatibility will enable temperature monitoring in real-time through MR
thermometry. It is clarified that the phantom is not intended to replace mouse
studies but rather to minimize the required number of studies by allowing
optimization of experimental features and parameters before in-vivo

experimentation.
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7 Simple methods to test the accuracy of MRgFUS robotic

systems

7.1 State of the art

All the techniques used to test the mechanical accuracy of a robot are based on the
idea of comparing the commanded motion step with the actual displacement as
estimated by a distance-measuring technique. Mechanical accuracy refers to both
the positioning and repeatability accuracy of motion. Before the procedure is
applied and evaluated in vivo, accuracy assessment is typically carried out in free
space, sometimes referred to as intrinsic system accuracy, meaning not under real
conditions. Most commonly, after acquiring evidence of sufficient accuracy and
repeatability by benchtop testing, the system is evaluated in the environment that is

intended to be clinically used, such as the bore of an MRI system.

Regarding benchtop evaluation, several motion tracking techniques were proposed
for assessing the accuracy of motion in a free robot workspace [74]-[79]. Optical
tracking systems have been widely used for confirming adequate targeting accuracy
for needle-related interventions, where the placement error is defined by the
deviation of the actual tooltip position from the desired location [74]-[77]. The
accuracy of an automated robot intended for breast biopsy in precisely reaching a
target was evaluated using a rigid test tool, which was driven to target positions
through straight and angled paths and monitored with an optical tracker [74].
Similarly, other studies [75]-[76] investigated the motion accuracy of robotic
systems using optical tracking systems. A different tracking method was chosen by
Dou et al. [77], who measured the positioning accuracy of a brachytherapy system
using a 3D laser tracker, as well as an inertial measurement unit [77]. An optical
measuring microscope has also been proposed for estimating the actual
displacement of a linear motion stage after the execution of commanded movements
[78].

More straightforward methods involving the use of digital calipers and special
structures have also been carried out in the laboratory environment for accuracy
evaluation purposes. The needle tip accuracy of a breast biopsy robot was evaluated
in free air by targeting crosshairs drawn on a board [80]. The needle tip was
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commanded to puncture these targets and the error was estimated by the distance
from the center of each target to the corresponding pierced hole [80]. Similarly, in
the framework of evaluating the motion accuracy of a robot intended for
transcranial FUS surgery, the transducer was replaced by a felt-tipped pen, which
was commanded to touch multiple resolution points distributed on three
perpendicular planes demonstrating the entire robot's workplace [55]. Each created
mark was assigned in resolution circles having radial and angular approximation
zones for facilitating targeting error measurement [55]. Another simplified method
involves mounting digital calipers on the motion stages of a robot such that their
actual displacement after motion execution can be directly measured by the

incremental distance of the caliper [81], [82].

Robotic devices intended for non-invasive FUS applications are constantly being
developed [83] and extensively evaluated by performing ablation studies, in which
the separation precision of multiple ablations constitutes an indication of the
positioning error. Tao Wu et al. [84] performed quality control of a FUS system,
where the focus positioning accuracy was tested by performing multiple sonications
on a Lucite cart. Left-right and superior-inferior movements by specific distance
were commanded by a treatment planning software, resulting in numerous sets of
melted spots arranged in discrete patterns. The actual distance between adjacent
spots was measured with a digital caliper [84]. In other phantom experiments
conducted in a benchtop setting [81], the linear motion stages were commanded to
create discrete ablations of specific spacing in a gel phantom. White coagulation
lesions were clearly visible, being spaced by the desired step, thus confirming the

accuracy of positioning.

Price et al. [55] followed a similar approach but in an MRI setting. An MR
conditional robot for transcranial FUS interventions was used to perform multiple
sonications in a 2 x 3 pattern in a heat-sensitive gel phantom located in a water tank.
The thermal images acquired after each sonication were superimposed onto one
image, and the positioning accuracy was defined as the spacing between the centers
of adjacent ablated areas [55]. This technique was also selected for evaluating the
accuracy of motion of an MR-compatible FUS device intended for brain diseases

treatment [21]. A four-point ablation pattern was performed in vitro, in lamb brain,
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with different motion steps of 1 to 10 mm, and the formed lesions were visualized
in T1-weighted FSE images. The ablated areas appeared as spots of increased signal
intensity, and the distance between neighboring ablations was calculated from the
center of each spot. Notably, smaller errors were estimated with increasing step
distance [21]. Similarly, Yiallouras et al. [82] performed phantom experiments
where T2-weighted FSE images revealed areas of reduced signal formed in a
discrete pattern. It is notable that Sagias et al. [88] developed a motion phantom for

evaluating FUS protocols specifically for moving targets in the MRI environment.

Herein, we present three simple methods that can be used to assess the accuracy of
motion of an MRgFUS robotic system in both benchtop and MRI environments. In
the first method, a digital caliper is mounted on the motion stage under evaluation
with the assistance of specially designed 3D printed parts, having its one edge fixed
on a stationary part and the other on a movable part. In that way, a specific step
movement of the stage results in an analogous increment in the caliper. The second
evaluation procedure relates to accuracy assessment in the MRI setting. The robotic
device is sited on the MRI couch, and a plastic marker is mounted on the top of the
FUS transducer so that it can be visualized in MR images. The third method
involves performing multiple ablations in a transparent plastic film by robotic

movement of the transducer.
7.2 Materials and methods

7.2.1 Robotic system

A robotic system featuring 4 DOF that was developed for preclinical ex vivo and in
vivo applications of the MRgFUS technology was employed in the study. It is
particularly intended to treat cancer in small and large companion animals. The
positioning device was 3D-printed (F270, Stratasys) with ABS thermoplastic
material. The positioning mechanism features motion in 4 DOF, which is adequate
to ablate a tissue volume of any shape and size. Specifically, the device allows the
user to linearly navigate the focused transducer in three axes (X, Y, and Z), whereas
angular rotation about a single axis is also available. All motion stages are
computer-controlled through a customized software. Due to the spatial limitations
of the bore, there are some motion restrictions. The maximum travel of the
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transducer is 60 mm in the X axis (forward and reverse), 75 mm in the Y axis (left
and right), and 26 mm in the Z axis (up and down). The rotation limit is 90 degrees.
Piezoelectric motors (USR60-S3, Shinsei Corporation, Tokyo, Japan) and dual
digital encoders (US Digital Corporation, Vancouver, WA, USA) were
incorporated in all motion stages, thus providing a highly accurate motion. The

CAD drawing of the fully assembled robotic device is shown in Figure 63.

Figure 45: CAD drawing of the 4 DOF robotic system (A) without the cover (components
are visualized), and (B) with the cover.

7.2.2 Digital calipers method

The motion accuracy of the positioning mechanism was evaluated using digital
calipers with a measuring accuracy of 0.01 mm. The digital calipers (one for the
linear stages and one for the angular stage) were mounted and stabilized on 3D-
printed structures. The structures were easily attached to the robotic device as
illustrated in Figure 64. The one edge of the caliper was securely mounted on a
stationary part of the device, while the other part was attached on the movable part.
In that way, the caliper was perfectly aligned with the axis under evaluation, thus
providing accurate distance estimation. A different structure was used for the
measurement of the angular motion as shown in Figure 65. Note that this stage was

evaluated separately, outside of the mechanism enclosure.

In each case, the motion stage was moved through the designed software at a certain
distance (or degrees) and the actual displacement was measured by the incremental
distance in the caliper. Both directions of each linear axis were evaluated at step

movements of 1, 5, and 10 mm. Accordingly, the angular motion accuracy was
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evaluated for clockwise (CW) and counterclockwise (CCW) directions at step

angles of 1, 5, and 10°.

Moreover, the speed of motion of the robotic device in all axes (X, Y, Z, and ©®)
and directions was calculated by the time required for the stage to cover specific
step movements, which was equal to the activation time of the piezoelectric motors

as provided by the software.

Figure 46: (A) Stationary (1, 2, 4) and moveable (3) 3D-printed structures that were used
for the X and Y axes distance measurements. (B) CAD drawing of the setup that was used

for the X axis motion accuracy estimation.

(B)

stationary part

moveable
part

digital angle caliper

Figure 47: Experimental setup used for estimating the angular motion accuracy using the

digital angle caliper: (A) CAD drawing, and (B) photo.
7.2.3 MRI method

Another simple method for estimating the motion accuracy of a robotic system is
through MRI. This method is limited to MR-compatible robotic devices. The
concept of the proposed technique is based on the fact that structures without
protons appear dark in MR images. The focused transducer was replaced by a 3D-
printed plastic structure with a tip of 2 mm thickness, which served as a marker,
and the water enclosure was filled with degassed water. The robotic device was
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placed inside an MRI scanner (1.5 T, GE Signa HD16, GE Healthcare) and covered
with a Signa 1.5 T General Purpose flex surface coil (General Electric Medical
Systems, Milwaukee, Wisconsin, USA). Figure 48A illustrates the experimental
setup as placed on the MRI table, while Figure 48B shows a CAD drawing of the
plastic marker. MR scanning was performed using an FSE sequence in coronal
plane. The main MRI parameters were: TR =800 ms, TE =19 ms, FA =90° ETL
= 3, pBW = 65.1 Hz/pixel, and FOV = 280x280x10 mm?,

Figure 48: (A) The robotic device (i) as placed on the MRI table, showing the location of

the plastic marker (ii) and the flex surface coil (iii). (B) CAD drawing of the plastic marker.

The accuracy of linear motion was assessed in the X and Y axes. The initial position
of the tip was located, and then the transducer was moved by a certain distance.
Bidirectional movements with step of 3 and 5 mm in both axes were tested. An MR
image was acquired after each step movement to detect the tip location. A special
approach was followed for locating the position of the 2 mm thick tip of the marker.
First, the image zoom was enhanced to focus on the plastic marker. Then, the
corresponding pixels were scanned to identify the x and y coordinates of the pixel
with the lowest SI (assumed to be the center of the marker). The change in pixel
number after a step movement reflected the shift in position of the transducer in the
tested direction. The pixel difference was then multiplied by the pixel size (0.5469
mm) of the acquisition matrix so as to measure the shift in mm. This technique had
an inherent error of 1 pixel, which translated to £0.5469 mm. Finally, the series of

images were superimposed onto one image for visualizing the motion patterns.
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7.2.4 Visual method

The motion accuracy was also assessed through visual observations of multiple
ablations produced on a transparent plastic film (0.9 mm thickness, FDM400mc
print plate, Stratasys). The acoustic attenuation of the plastic film at the frequency
of 2.1 MHz was 8.5 + 0.2 dB/cm-MHz based on a standard transmission through
immersion technique [96]. The water enclosure containing the transducer
(spherically focused, frequency: 1.1 MHz, diameter: 50 mm, focal length: 70 mm,
Medsonic Ltd., Limassol, Cyprus) was filled with degassed water up to the plastic
film. The robotic device was moved to sonicate the film in square grid patterns for
evaluating the accuracy of motion, as well as the linear motion alignment in the X
and Y axes. An acoustic power of 10 W was applied at each grid point using an RF
amplifier (AG1012, T & C Power Conversion). The sonication time varied from 1-
4 s s0 as to control the lesion size. Subsequently, sonications were performed with
varying motion step and sonication time, with the time delay between the successive
sonications set at 30 s.

Also, the maximum motion range of the positioning mechanism in the horizontal
plane was estimated by applying sonications at the extreme points of movement in
the X and Y axes. It is noted that lesion formation was a result of reflection from
the plastic/air interface.

7.3 Results

The motion accuracy of the robotic device in both linear and angular axes was
evaluated using digital calipers. Linear motion steps of 1, 5, and 10 mm and angular
steps of 1, 5, and 10° were performed for 20 repetitions in bidirectional movements.
Figure 49 shows a bar chart that displays the actual distance measured at a
commanded step movement of 5 mm in both X axis directions for each repetition

measurement.

The range of actual displacement measured at each commanded step, as well as the
mean motion error and standard deviation for all the axes (X, Y, Z, and ®) are listed

in Table 5. Furthermore, the speed of motion of all stages in bidirectional
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movements was calculated according to the motors' activation time during

movement execution. The corresponding results are also listed in Table 5.

Intended

[ X-axis reverse direction

wzzzzzz: X-axis forward direction

(ww) 8duelsip painsealy

Repetition (n)

Figure 49: Distance measurements for 20 repetitions in the X axis with step of 5 mm in

movements. The black straight line indicates the commanded distance.

bidirectional

MRI was also used to examine the accuracy of motion in the X and Y axes. The

MR images acquired after execution of each 3 mm motion step in the X axis reverse

and Y axis right directions were superimposed onto the images shown in Figure

50A and Figure 50B, respectively. Table 6 lists the range of actual distance

measured for each commanded motion step (3 and 5 mm) and each direction, as

well as the corresponding mean motion error and standard deviation.

Figure 50: Minimum intensity projection from a combination of FSE coronal images that

shows a (A) reverse step movement of 3 mm in the X direction, and (B) right step

movement of 3 mm in the Y direction.
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The motion accuracy was visually assessed by sonicating plastic films. Sonications
at the extreme points of movement in the horizontal plane revealed a maximum
motion range equal to 6 and 7 cm in the X and Y axes, respectively. The effect of
lesion formation on the plastic film was originally examined by varying the
sonication time while keeping constant the acoustic power as shown in Figure 51.

|

Figure 51: Effect of varying sonication time on lesion formation on the plastic film, using
low power and a spatial step of 10 mm (transducer specifications: 1.1 MHz frequency, 50

mm diameter, 70 mm focal length).

The appropriate selection of sonication time and grid step allowed formation of
discrete and overlapping lesions, and visual evaluation of the accuracy of motion
and alignment. Figure 52 shows discrete lesions formed after applying sonications
at acoustical power of 10 W for 1 s, in a 6x5 grid pattern with a step distance of 5

mm. The formed lesions show satisfactory alignment in both axes.

Sonications at the same acoustical power for a longer time of 3 s in a 15x15 grid
pattern with the same time delay of 30 s, but a smaller spatial step of 2 mm, resulted
in overlapping lesions as illustrated in Figure 53. The ablated area was well defined

in a square of about 3.3 x 3.3 cm?, without any significant protrusions.
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Figure 52: Discrete lesions as formed on the plastic film for sonications in a 6x5 grid

pattern, with acoustical power of 10 W for 1 s, and a step distance of 5 mm.
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Figure 53: Overlapping lesions as formed on the plastic film for sonications in a 15x15
grid pattern, with acoustical power of 10 W for 3 s, and a step distance of 2 mm.
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Table 5: The range of distance measurements at commanded spatial steps of 1, 5, and 10 mm in each linear axis and angular step of 1, 5, and 10° about

the rotational axis, the corresponding mean motion error and standard deviation, and the mean speed and standard deviation in each case.

[ Commanded Range of actual Mean Error £t SD  Mean Error + SD  Mean Speed = SD Mean Speed + SD
Step (mm) displacement (mm) forward (mm) reverse (mm) forward (mm/s) reverse (mm/s)
1 0.88-1.08 0.042 + 0.032 0.051 + 0.032 10.31 £ 0.62 10.05+£0.26
X 5 4.85-5.15 0.047 £ 0.033 0.065 + 0.044 10.43 £ 0.57 9.80+0.94
10 9.78 - 10.19 0.081 + 0.058 0.058 + 0.057 10.01 +£0.21 9.98+0.78
Step (mm) Range (mm) Error right (mm) Error left (mm)  Speed right (mm/s)  Speed left (mm/s)
1 0.88 - 1.09 0.045 + 0.042 0.042 + 0.026 14.28 £ 1.40 15.93+£0.83
v 5 4.89-5.19 0.053 +0.032 0.084 + 0.050 13.84 +1.02 14.16 + 0.62
10 9.85-10.29 0.123 + 0.082 0.086 + 0.061 14.66 + 0.29 14.46 £+ 0.64
Step (mm) Range (mm) Error up (mm) Error down (mm) Speed up (mml/s) Speed down (mm/s)
. 1 0.89-1.11 0.052 + 0.029 0.039 + 0.030 9.90+0.20 10.09 £ 0.21
5 490-5.11 0.055 + 0.037 0.055 + 0.035 9.90+0.13 9.73+0.30
10 9.78 - 10.11 0.069 + 0.060 0.084 + 0.062 9.78 £ 0.08 9.59+0.38
Angular Step (°) Range (°) Error CW (°) Error CCW (°) Speed CW (°/s) Speed CCW (°/s)
1 0.8-1.3 0.100 = 0.077 0.155 + 0.097 1324 +£12.2 118.8 £ 16.2
0 5 4.7 -5.7 0.250 £ 0.175 0.245 +£0.193 1445+ 10.8 145.1 +10.2
10 9.9-10.7 0.320 £ 0.225 0.290 + 0.251 148.4 £ 3.74 1445+ 3.2
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Table 6: The range of distance measurements as estimated by MRI at commanded spatial

steps of 3and 5mm in X and Y axes bidirectional movements, and the corresponding mean

motion error and standard deviation.

Range of actual Mean Error Mean Error
. Commanded .
Linear displacement + SD forward = SD reverse
step (mm)
(mm) (mm) (mm)
X 3 2.73-3.83 0.277 £0.007  0.342+0.172
5 4.92 -5.47 0.339+0.184  0.352+0.179
Range of actual Mean Error Mean Error
Commanded . i
eol(nm) displacement + SD right + SD left
P (mm) (mm) (mm)
v 3 2.73-3.83 0.330+£0.166  0.278 £ 0.007
5 4.37 -5.47 0.171+£0.191  0.286 £ 0.239

7.4 Discussion

Three simple and practical methods for assessing the accuracy of motion of a
robotic device are described. It is emphasized that the caliper and MRI methods are
suitable for evaluating any robotic system, while ablation of the plastic film is
intended specifically for FUS systems. It is also noted that the device should be
MR-compatible in order to be properly evaluated in an MRI environment. All these
methods are based on the idea of evaluating the performance of the device in

accurately executing commanded movements.

Firstly, the motion accuracy of an MRgFUS robotic device was evaluated using
digital calipers integrated on the motion stages under evaluation using specially
designed 3D printed structures. The mean error of linear motion varied from 0.042
+ 0.032 mm for the 1 mm step in the X axis forward direction to 0.123 £ 0.082 mm
for the 10 mm step in the Y axis right direction. Accordingly, the mean error of
angular motion varied from a minimum value of 0.100 + 0.077° for the 1° step to a

maximum value of 0.320 £ 0.225° for the 10° step (clockwise rotation). Contrary to
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the findings of a previous study [21], the mean error was found to be increasing

with increasing motion step for all four axes.

The speed of motion was estimated by the time activation of the robot's motors as
provided by the controlling software during motion execution. The results revealed
no significant difference in the speed of motion for bidirectional movements. A
mean motion speed of approximately 10 mm/s was estimated for both the X and Z

axes, while a higher value of about 14 mm/s was found for the Y axis.

In comparison with previous designs [21], [81], [82], [279], the principle of
movement of the proposed one was significantly improved by the dual encoder
positioning control that guarantees a smooth, reliable, and highly accurate motion
in all stages. Additionally, the previously observed problem of reduced accuracy
for small steps [21] seems to be solved by using faster software commands that

makes the encoder’s reading more accurate.

The system was then evaluated in the MRI environment that is intended to be used.
The accuracy of motion remains satisfactory during full operation of the system in
the MRI environment. Additionally, there was no evidence of any magnetically
induced shift of the mechanical components that could compromise the accuracy of
ultrasound delivery to the target, and therefore the patient's safety. Notably, the
spatial positioning errors estimated by the benchtop setting using digital calipers
are significantly smaller than those obtained in the MRI setting. This is attributed
to the size of voxels of the MR images that determine the finest possible accuracy.
Given the MRI resolution of about 0.55 mm per pixel, the estimated motion errors
are within a reasonable range. Although this approach suffers from imaging
resolution limitations, a smaller pixel could provide more precise distance

estimates, but at the cost of increased image acquisition time and reduced SNR.

The high degree of accuracy evidenced by benchtop testing with calipers was also
confirmed by multiple ablations on a transparent plastic film. The melted spots

formed after grid ablation were arranged in a discrete pattern, in a highly accurate
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manner, clearly demonstrating that the linear stages were moved by the commanded
step. As observed, the centers of almost all the spots were equally spaced,
demonstrating excellent repeatability. Multiple ablations in a grid with a smaller
spatial step between adjacent sonications and a three times longer sonication time
resulted in a well-defined square area of overlapping lesion. The results suggest that

the system can precisely ablate a large tissue volume by overlapping lesions.

The aforementioned ablation method is intended specifically for testing the
accuracy of FUS systems and is essential for assessing their ability to precisely
deliver heating spots along the desired pattern. It is notable that in such systems the
accuracy in free robot workspace is representative of that in more realistic scenarios
(phantom and in vivo experiments), whereas for instance, in needle-based
interventions is not. This is consistent with what has been previously reported by
Price et al. [55], who found that the intrinsic accuracy of a FUS system as estimated
in the air was similar to that obtained by phantom experiments in the MRI setting.

The proposed methods were greatly improved in terms of accuracy compared to
previously used similar methods [81], [82], [280], [281]. The quality of benchtop
evaluation was enhanced by using 3D printed structures specially designed for each
individual axis, which provided perfect alignment of the caliper with each axis of
measurement and reduced systematic errors [81]. Regarding the MRI evaluation,
the accuracy of step movement has been previously estimated by locating the
transducer on MR images [281]. Advantageously, a more accurate method is
proposed herein, involving the use of a 2 mm plastic marker, which is clearly visible

on MRI images using the appropriate sequence.
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8 Challenges regarding MR compatibility of an MRgFUS

robotic system

8.1 State of the art

High intensity FUS is a non-invasive modality for tumor treatment by local thermal
ablation [2], [6]. To achieve these localized biological effects, piezoelectric
transducers are used to converge ultrasound waves at a pre-selected focal point of
interest [2], [6]. Accordingly, precise navigation of the ultrasonic transducer is
needed for the ablation of a large tissue volume. FUS can eliminate the risks
associated with surgical incisions and exposure to ionizing radiation and allows for
multiple treatment repetitions in case of disease recurrence. So far, the most
common side effect of FUS thermal therapy is thermal injury (e.g., skin burns),

which is caused by energy deposition in the beam pathway [282].

Since Lynn's et al. [283] early studies in 1942 introducing the concept of high
intensity FUS and Fry's et al. [284], [285] groundbreaking studies in the 1950s, in
which FUS was used for brain surgery in animals and people, this intriguing
technology has come a long way in terms of development and maturation. This was
made feasible by a number of factors, including improvements in transducer design
and particularly the introduction of the phased array technology, as well as in
monitoring of ultrasonic delivery, with the major improvement being the
development of MR thermometry [19], [286].

When FUS is combined with MRI guidance, precise targeting and real-time
temperature monitoring with closed-loop control of energy deposition are achieved
with an ideal safety profile [9], [287]. The thermometric data help to adjust the
ablation strategy in situ through feedback control of the acoustic power, as well as
to assess the tissue necrosis and hence define the therapeutic endpoint [288].
Currently, MRI is the only imaging technique that provides quantitative

temperature measurements in vivo [9], [287].
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Image quality and the accuracy of temperature mapping are largely dependent on
the SNR [289]. In conventional MRI, high spatiotemporal resolution is achieved by
employing multiple channel coil arrays that are placed in close proximity to the
patient [290]. It is well known that phased array coils yield higher SNR compared
to single-channel coils for identical parameters of imaging [291]-[294]. An
example in the context of FUS is a study by Werner et al. [295], in which a custom
built 8-channel head array was proven to offer a 3.5 times higher SNR than that of
a standard body coil, thereby providing more anatomical details and better image
guidance for MRgFUS neurosurgery. The coil characteristics, such as the number
and size of its elements [293], as well as its rigidness [296], have an impact on SNR
as well. Random motion of the patient (e.g., due to respiration) and the imaging coil
is a common source of image blurring in the MRI and can also impact the measured
SNR [297].

Different sources of noise and artifacts may influence the quality of diagnostic and
therapeutic information negatively, and may be related to the MRI hardware itself
or its interaction with the patient/imaging object or other equipment in the MRI
room [298]. In this regard, there are a lot of challenges regarding the development
of hardware for robotic assisted MRI-guided therapeutic interventions. The main
sources of noise for robotic devices operating within an MRI environment are the
employed construction materials, motion actuators and controllers, which are
possible to interfere with the static magnetic field, the magnetic field gradients, and
RF signals of the scanner depending on their activation condition (passive or active

mode).

Materials should be electrically nonconductive, nonmetallic, and nonmagnetic in
order to be classified as “MR safe” according to the ASTM standards (F2503) [299].
“MR conditional” devices are anticipated to enter and operate in a specific MRI
environment safely (with no hazards) only under specific conditions (e.g., magnetic

field strength, spatial gradient, RF fields, etc.). MR unsafe devices are those that
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should remain outside the MRI room because they are known to pose hazards in all
MRI environments. Generally, electrically active medical devices could be either
MR conditional or MR unsafe since they contain electrically conductive

components.

Materials are typically classified for MR safety based on their susceptibility
property. Materials with very low susceptibility magnitude such as plastics (e.g.,
ABS, nylon, Polycarbonate, and teflon), rubber, glass, wood, copper, and high-
alumina ceramic do not induce detectable image artifacts [300]-[302]. It is
interesting to note that in recent years, rapid prototyping with plastic using 3D CAD
data offers an ergonomic way to manufacture MR-safe components of any
geometry [303], and was widely used for manufacturing motion stages of MR
compatible FUS robots [137]-[139], [304]. Easily noticed artifacts can be produced
by metals such as titanium, molybdenum, tungsten, tantalum, zirconium,
aluminium, as well as by graphite [302], [305]. However, their influence on imaging
can be minimized if they are placed at specific locations in the MRI room and at
smaller quantities [302], [305]. Since imaging relies on tissue excitation by RF
pulses under a strong static magnetic field, ferromagnetic materials such as iron and
nickel that are characterized by very high magnetic susceptibility produce
significant artifacts and are easily magnetized in the field direction. Therefore, their
use should be precluded if possible. Otherwise, in case such materials are to be
employed in the MRI room, they should be housed in fixed structures to ensure that
they will not be attracted towards the magnet [305].

In robotic devices, magnetic materials are typically found in the mechatronic
components (motion actuators and encoders), which are typically arranged in the
motion mechanism, thus not raising any safety concerns. However, their presence
perturbates the homogeneity of the external field causing errors in the image readout
process. Specifically, the magnetic field variations in the presence of magnetic

impurities induce variations of the resonance frequency of protons and signal
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dephasing, and thus, signal loss [306]. Displacement of signal in the slice selection
direction can also cause signal loss in specific regions (black areas) and
accumulation of signal in other regions, thus creating another type of artifact known
as the “pile-up” artifact [306]. In case the field variations are smooth, the image
may exhibit milder artifacts such as geometric distortions [306]. In general, the
artifacts originating from magnetic field strength variation at regions with different

magnetic susceptibility are commonly known as susceptibility artifacts.

Another concern regarding safe operation of robotic devices in the MRI
environment is the use of motion actuators. Piezoelectric motors completely
designed with non-ferrous materials are available in the market and are widely
incorporated in MR guided robotics [53], [136], [139], [281], [300], [307]. Despite
that they are generally considered to be safe for operation in proximity to high field
scanners, it was observed that they interfere with the MRI equipment when not used
properly [73]. The major issue is the use of electric circuits, which drastically
reduce the SNR if not shielded properly [300], [305]. To address this issue, the
motors can be placed far away from the scanner’s isocenter [300], [303] so as to
function properly, with Larson et al. [308] suggesting a distance of at least 0.5 m.
Accordingly, this often creates the need to use mechanical means to transmit the
motion to the workspace [300], [309], which unavoidably introduces a source of
error since the system is more prone to friction and backlash [300]. Notably,
introduction of the motors inside the isocenter of the scanner while maintaining
acceptable SNR reduction was proven feasible when placing the electronics into an
enclosure acting as a Faraday cage while simultaneously filtering the control lines
[310]. Furthermore, accurate motion in robotics requires continuous feedback from
sensors. Optical encoders are widely implemented for position sensing, but the
generated electric pulses can also introduce noise [305].

Further challenges are faced when employing MRgFUS hardware in the scanner. A

technical limitation of an MRgFUS experimental setup relates to the coil position.
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It is important that coil arrays do not obstruct the beam’s propagation since a clean
path is required for proper ultrasonic delivery to the target. It is interesting to note
that recently, Corea et al. [290] reported that 3D printed coil arrays exhibit
significant transparency to the acoustic energy and proposed their use as a way to
enhance image resolution by placing the coil in the beam path.

Caution should also be paid to potential noise that may be introduced by the
ultrasonic transducer. Piezoelectric elements are sometimes plated with nickel
while backing materials and acoustic matching layers often contain ferromagnetic
particles, which are included to increase their density and thus their acoustic
impedance [311]. As already mentioned, ferromagnetic components should be
avoided since they are known to induce significant susceptibility artifacts [311],
[312]. Alternatively, Gerold et al. [312] have suggested the inclusion of other fillers
such as AI203 or Cu powder. Cu-epoxy composites were shown to offer
electromagnetic shielding and proper acoustic impedance for ultrasonic matching
with piezocomposite materials [312]. Furthermore, conductive components may
develop eddy currents when experiencing magnetic field changes, thereby arising
additional safety concerns [311]. Eddy currents can induce not only SNR
degradation, but also considerable image distortion [313]. Small components such
as wiring and printed circuit boards produce acceptable field disturbance, whereas
other bigger conductive structures must be shielded [311]. Finally, it is necessary
that the housing of the piezoelectric element is manufactured with proper materials.
3D printed plastic holders were found to be fully compatible with MRI and

constitute an ergonomic and cost-effective solution [314].

The experiments described in this section concerned the evaluation of a robotic
device dedicated to MRgFUS preclinical use in terms of MR compatibility. The
term "MR-compatibility"” refers to an MR-conditional device that can be operated
in an MRI setting properly without affecting the quality of imaging and diagnostic

information significantly. The device used is classified as MRI conditional
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according to the ASTM standards because it contains metallic and electronic
components. The SNR served as the main metric for evaluating the MR image
quality and compatibility of the various system’s components (i.e., employed
materials, actuators, encoders, and transducer) with a 1.5 T clinical MRI scanner.
In addition, various set-up parameters such as the coil stability and its positioning
relative to the target, target size and stability, as well as the positioning of electronic
components relative to the imaging coil and activation status of encoders (i.e.,
counting pulses on/off), were examined for optimizing the SNR and imaging
quality. Imaging was performed in a TMP and freshly excised pork tissue using
common MR sequences. By summarizing all the experimental data, the study aims
to contribute to addressing major challenges regarding operation of a robotically
positioned MRgFUS system in the MRI environment and raising awareness for
potential sources of noise and distortion that may not be obvious to researchers in
the field.

8.2 Materials and methods

8.2.1 Robotic Device for MRgFUS applications

The robotic device used in the experiments comprises a mechanism with three linear
(X, Y, Z) and one angular (®) stages of motion dedicated to positioning a single
element spherically focused transducer relative to the target. All the mechanical
components are installed in a compact housing, thereby enabling ease integration
of the device into the MRI table so that thermal ablation can be accurately
performed under the guidance of MRI. The ultrasonic transducer operates in a
separate enclosure that includes an acoustic opening at the top for ultrasonic
coupling with the target through water. A CAD drawing of the device is shown in
Figure 54A, whereas Figure 54B shows its integration into the MRI table. A
dedicated software is used for therapy planning, kinematic control of the

positioning mechanism, therapeutic ultrasound control, and monitoring of
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ultrasonic delivery through MR thermometry, thereby offering an efficient

procedural workflow.

Encoder

module

Figure 54: CAD drawings of the robotic device (A) without top covers, (B) with top covers
as integrated in the MRI table, with the main components and location of motors and

encoders indicated.

Piezoelectric motors (USR30-S3N, Shinsei Kogyo Corp., Tokyo, Japan) serve as
the actuators of motion. The rotational motion of the motors is converted into linear
mainly through jackscrew mechanisms, which amplify the motor torque. Motion of
each positioning stage is controlled by an optical encoder set up (US Digital
Corporation), which increases the motion accuracy and eliminates the possibilities
of mechanical problems not being detected. The location of the motors and encoder

modules is indicated in Figure 54A.

The mechatronic parts (motors and encoders) are wired up to medical non-magnetic
connectors (S 103 A053-130+, Fischer Connectors, Saint-prex, Vaud, Switzerland)
at the rear of the mechanism enclosure. The driving electronics, i.e., the motor
drivers (D6030, Shinsei corporation) and the Microcontroller card (Arduino cc,
Ivrea, Italy) used to convert analog signals into digital signals that are recognized
by the software, are housed in a compact enclosure located outside of the MRI
room. The driving system is powered by a DC supply (24 V, 6A) and is wired up
to the device through the grounded MRI penetration panel using rubber-shielded

copper cables (Shinsei Kogyo Corp., Tokyo, Japan) for the motors and a copper-
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shielded coaxial cable (RJ58, 50 Q) for transducer supply. Note that each cable has
its own shielding layer for reducing electromagnetic emissions. Outside of the MRI
room, the transducer is paired to a custom-made low pass RF filter (10 MHz cutoff
frequency), which is in turn connected to the amplifier (AG1016, AG Series
Amplifier, T & C Power Conversion, Inc., Rochester, US) to block harmonic

currents and prevent image distortions effects.

All individual embodiments employed were specially selected to ensure MR
compatibility of the system. The structural and moving parts were 3D printed using
non-magnetic ABS thermoplastic material on a rapid prototyping machine
(FDM400, Stratasys). Regarding the FUS transducer, the element is made of MR-
safe piezoceramic material (Piezo Hannas Tech co. Ltd, frequency of 2.45 MHz,
radius of curvature of 65 mm, and diameter of 50 mm) and is housed in a plastic
case. The conductive surfaces of the piezoelectric element were connected to the
electric circuit required for transducer activation through contacts and layered with
epoxy (ASonic, Trzaska c. 134, 1000 Ljubljana, Slovenia). The epoxy encapsulant
serves as the backing material immobilizing the element inside the housing while
providing electrical isolation. The encapsulant is a two-component epoxy adhesive
prepared by mixing metal-free resin glue with hardener (1 kg glue to 0.4 kg

hardener).

Despite the careful selection of materials and mechatronic parts and the use of cable
shielding, the impact of their existence and/or operation in the scanner should be

assessed extensively. Evaluation was done as described in the following sections.
8.2.2 Experimental setup in MRI

The MRI experiments took place at the German Oncology Center (GOC) in Cyprus
usinga 1.5 T MRI scanner (GE Signa HD16, GE Healthcare). For each experiment,
the robotic system was sited on the MRI table, with an agar-based phantom or

freshly excised pork tissue being positioned at the acoustic opening. The
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phantom/excised tissue sample was scanned under different activation conditions
and setup parameters. The water container was filled with degassed and deionized
water up to the bottom of the phantom/tissue sample so that proper ultrasonic
coupling is achieved. The acoustic opening was not covered by a membrane, so the
target was in direct contact with water. The phantom was prepared with a 6% wi/v
concentration of agar (Merck KGaA). The phantom was carefully prepared with

constant stirring to achieve MRI homogeneity.
8.2.3 SNR assessment of MR compatibility

To determine the SNR, the ratio of the mean Sl of a preselected ROI in the target
(Sltarger) to the standard deviation (oy,is¢) from a ROI placed in the air
(background signal) was simply calculated as follows assuming a gaussian
distribution of noise [315]:

_SI ¢
SNR =9 /Unoise [5]

Specifically, the signal was estimated as the mean intensity and standard deviation
of five consecutive measurements in a circular ROl of 5-mm diameter placed in the
phantom/excised tissue sample. In all the experiments, the ROI was placed in such
a way so that its center coincided with the focus location, i.e., 65 mm above the
transducer’s surface and 25 mm deep in the phantom. For the SNR measurements,
the phantom was centered at the isocenter of the magnet (0,0) using the external
laser positioning system so that the ROI is defined at isocenter level. Both the
single- and multi-channel coils were centered at constant vertical distance above
the phantom/ROI to avoid inhomogeneity due to inconsistent coil placement among
the various experiments. Accordingly, the background ROI was also defined at a

location with identical offset for all experiments.

With the above-described configuration, the closer motor was located at 24 cm from
the isocenter while other mechatronic components were located further away.
Connection of motors and encoders with the driving system (located outside of the
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MRI room) was achieved through the penetration panel using specially shielded

cables.

Image acquisition was mainly performed using an Spoiled gradient recalled echo
(SPGR) sequence with the following parameters: TR = 23 ms, TE =16 ms, FA =
35°, ETL = 1, pBW = 45 Hertz/pixel, FOV = 280 x 280 x 10 mm?3, matrix = 128 x
128, and NEX = 2. A FSE sequence was also implemented in a few experiments
using TR =500 ms, TE =13 ms, FA=90° ETL =13, pBW = 130 Hertz/pixel, FOV
=260 x 260 x 10 mm?®, NEX = 1, and matrix = 256 X 256.

MRI k-space data were used for image reconstruction. Raw data were transferred
to MATLAB (MathWorks, Natick, MA, United States) for offline reconstruction
using inverse Fourier transform. No filtering was applied. For the multichannel coil,
k-space samples were obtained for each coil. The individual coil data was combined
using a sum of squares. In all experiments, signal to image conversion was
performed using similar scaling, where the recorded signal values were distributed

over the gray scale range.
8.2.4 Impact of activation states on SNR

The noise introduced by the presence and operation of the device in the MRI
scanner and potential remedies for enhancing compatibility with the scanner were
investigated through a series of experiments. Each of the following experiments
consisted of a target being imaged with the system in power off and then in power
on or moving configuration. Specifically, SNR measurements were performed
under different activation states of the robotic mechanism and ultrasonic transducer
[81], [138]-[137]. Regarding ultrasonic control, the following states were tested:
Ultrasonic RF cable not connected, ultrasonic RF cable connected, amplifier
energized (zero ultrasonic power applied), and electrical power applied (50-200 W).
Regarding motion control, the following states were tested: motor/encoder cable

not connected, motor/encoder cable connected, electronic control system energized
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(no motion command initiated, referred to as “DC ON”), and motion command
initiated (referred to as “motor moving”). SNR evaluation was mainly carried out

in a TMP, but also in freshly excised pork tissue for comparison purposes.
8.2.5 Effect of magnetic impurities in the transducer on image quality

Initially, the potential effect of magnetic impurities contained in the transducer's
backing material on image quality was assessed qualitatively. For this purpose, two
different transducers were used; the one manufactured with a metal-free epoxy
encapsulant and the other one containing ferromagnetic, iron particles. Both
transducers were manufactured in house using a similar methodology, where a
concave piezoelectric element with central frequency of 2.45 MHz, radius of
curvature of 65 mm, and diameter of 50 mm was housed in a 3D printed plastic case
which was filled with epoxy (2-part epoxy adhesive, Asonic, Slovenia, Ljubljana).
For the “iron-doped” transducer, the epoxy mixture was loaded with iron particles.
Specifically, iron filler powder (GF51431240, Sigma-Aldrich) was added during

the preparation of the epoxy adhesive.

The transducer was located under the phantom/tissue sample and its location was
adjusted so that its focal point was located 2.5 cm deep in the phantom coinciding
with the ROI center. The transducer was centered in the horizontal plane with
respect to the phantom. Imaging was done with the transducers deactivated using
the FSE sequence with identical parameters. Visual assessment was performed by
comparing the imaging quality (e.g., signal loss and introduced artifacts) in the

presence of each transducer.

At this point, it should be noted that all subsequent experiments were carried out
using the transducer containing iron-free epoxy encapsulant that was proven proper

for operation in the MRI scanner.
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8.2.6 Impact of set-up parameters on SNR

In the effort to eliminate image distortion, several set-up parameters were
examined. Initially, the SNR was obtained using a single-channel general-purpose
flex surface coil (Signa 1.5T Receiver only, GE Medical Systems), as well as a 12-
channel body coil (Signa 1.5T, GE Healthcare Coils, Aurora, Ohio, USA) to
confirm the SNR advantage of the multichannel-coil and how significant it is in the
context of MRgFUS. Subsequently, the impact of coil stability and positioning in
relation to the target was evaluated by comparing the SNR with the multichannel
coil being placed in the two different configurations shown in Figure 55. In the
former case, the coil was placed directly above the phantom using positioning pads
and supporting objects (Figure 55A), whereas in the latter case it was securely
stabilized at sufficient distance above the top of the phantom using a dedicated 3D

printed plastic structure with 6 legs (Figure 55B).

Figure 55: The robotic device positioned on the table of the 1.5 T MRI scanner, with the
multi-channel body coil (A) placed directly above the phantom using pads and supporting

objects and (B) securely mounted using a dedicated 3D printed plastic structure.
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Similarly, the impact of target stability on image quality was assessed by comparing
the SNR estimates in the preselected ROI in a small square phantom and a larger
phantom of dedicated shape, as illustrated in Figure 56A and Figure 56B,

respectively.
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Figure 56: 3D printed molds used for manufacturing the (A) small size square phantom

and (B) the larger phantom of dedicated shape.

In the second case, the phantom's dimensions and shape were modified so that its
bottom protruding part was submerged in water through the acoustic opening while
its top part was being supported on the plastic top cover, thus improving the
phantom's stability during exposures. The phantom’s stability was also enhanced
by the increased weight. The square phantom had a weight of about 0.8 kg, whereas

the bigger dedicated phantom weighted about 1.3 kg.

Other set-up parameters examined in the effort to eliminate electromagnetic
interference between the various components and magnet were the positioning of
the actuators relative to the imaging coil and encoders' activation status (i.e.,
counting pulses ON/ OFF). The placement of electronic components relative to the
coil is illustrated in Figure 57. In Figure 57A, the electronic parts are placed within
the coil detection area, whereas in Figure 57B the electronic parts are placed

outside of the coil detection area.
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Figure 57: The robotic device positioned on the table of the 1.5 T MRI scanner with the
multi-channel body coil securely mounted on the positioner with the electronic parts (A)

within the coil detection area and (B) outside of the coil detection area.
8.3 Results
8.3.1 Effect of magnetic impurities in the transducer on image quality

The effect of transducer material on image quality is revealed by Figure 58, in
which the FSE images acquired in the presence of the iron-doped (Figure 58A) and

iron-free (Figure 58B) transducers (deactivated) are compared.

g Gel phantom F

Figure 58: FSE axial images of (A) an iron-doped transducer and a gel phantom as the

target and (B) an iron-free transducer and tissue sample as the target. Green arrows indicate

signal loss artifacts around the transducer. The blue dotted circle indicates Zipper artifacts.
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Itis clearly seen that image quality is compromised in the presence of ferromagnetic
impurities due to susceptibility artifacts. Notice that the susceptibility artifacts near
the “iron-doped” transducer in Figure 58A are more pronounced than the

susceptibility artifacts in Figure 58B.
8.3.2 Effect of transducer operation on SNR

The impact of the various activation states of the transducer containing iron-free
epoxy encapsulant on SNR for the SPGR and FSE sequences is revealed by the bar
charts of Figure 59. The greatest reduction in SNR occurred during transducer’s

operation at the highest power level of 200 W for both sequences.
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Figure 59: Bar charts of the SNR acquired using the SPGR and FSE pulse sequences under

different activation states of the ultrasonic transducer.

Figure 60 compares the SNR values acquired in the (6% w/v) agar phantom and
freshly excised pork tissue with the SPGR pulse sequence and the 12-channel coil
being properly stabilized above the target. The bar chart shows a slightly higher
SNR (approximately 5 on average) in the agar phantom for each tested activation
condition of the system. This shows that the developed phantom provides similar
SNR with excised tissue. The corresponding SPGR slices of the tissue sample are
shown in Figure 61.
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Figure 60: Bar charts of the SNR acquired in excised tissue sample and 6% w/v agar
phantom using the SPGR sequence under different activation states of the transducer.

Figure 61: SPGR coronal images of the pork tissue sample acquired with (A) disconnected
cables, (B) connected cables, (C) DC ON, and power on at (D) 50 W and (E) 100 W.

8.3.3 Impact of set-up parameters on SNR

Figure 62 reveals the impact of coil type (single-channel versus multi-channel coil)
on SNR for the various activation states of the FUS transducer. Note that the change
in SNR among the various conditions follows a similar trend. Also, note that the
SNR advantage of the multi-channel coil is more prominent during FUS sonication.
Similarly, Figure 63 shows the SNR evaluation for different transducer activation
states for two different positionings of the multi-channel body coil with respect to

the phantom. Note that the use of the dedicated supporting structure raises the coil
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at sufficient distance above the phantom so that it is not prone to target vibrations
during sonication. These results prove that the use of properly stabilized multi-
channel coils and their isolation from the target can help towards maintaining

sufficiently high SNR during high-power sonications of up to 200 W (electrical

power).
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Figure 62: Bar charts of the SNR acquired with the multi-channel and single-channel coils

using the SPGR sequence under different activation states of the ultrasonic transducer.
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Figure 63: Bar charts of the SNR acquired using the SPGR sequence with the multi-
channel body coil being placed without any supporting structure above the phantom
(unstable) and securely mounted on a dedicated plastic supporting structure (stable) for

different activation states of the ultrasonic transducer.
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Further results on the effect of FUS-induced coil vibrations are presented in Figure
64. Image acquisition during heating at 200 W electrical power using the SPGR
sequence resulted in completely noisy images when the coil was not secured
properly at sufficient distance above the phantom. Note that Figure 64C was
acquired just after deactivation of the transducer. Normal image contrast and detail

occurred when the transducer was deactivated.
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Figure 64: SPGR axial images acquired in a 6% agar phantom with the coil placed directly
above the phantom (without supporting structure) during sonication at 200 W for 12 s and
after sonication. Images were acquired (A) 4 s, (B) 85, (C) 125, (D) 16 s, (E) 20 s, and (F)
24 s after the start of sonication. The corresponding SNR is overlaid on each image. White

arrows indicate the focal area where temperature increase occurred.

The effect of target size was also evaluated. The bar chart of Figure 65 reveals a
notable SNR improvement owing to the higher stability of the large phantom
compared to the small-size phantom. Insights on target size and stability are also
given in Figure 66, which presents SPGR images of a pork tissue sample obtained
with the transducer at different activation states. In this case, image quality during
heating is getting degraded as the power is increased from 10 to 100 W, with
complete loss of detail and contrast at 100 W owing to the small size of the tissue
sample.
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Figure 65: Bar chart of the SNR acquired in the small and large phantom using the SPGR

sequence under different activation states of the ultrasonic transducer.
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Figure 66: Example of SPGR coronal images acquired in excised tissue sample with the
(A) Cables disconnected, (B) Cables connected, (C) DC ON, and power ON at (D) 10 W,
(E) 50 W, and (F) 100 W. The corresponding SNR is overlaid on each image.
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Finally, the SNR impact of placing the electronic parts outside of the coil detection
area is revealed by Figure 67, whereas Figure 68 shows the corresponding SNR

improvement occurred after switching off the encoder's counting pulses.
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Figure 67: Bar charts of the SNR acquired with the electronic parts inside and outside of
the coil detection area using the SPGR sequence under different activation states of the

positioning mechanism.
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Figure 68: SNR measured using the SPGR sequence with the cables disconnected
(reference image), cables connected, and electronic driving system energized (DC ON) for

two different cases: encoders' pulses activated and deactivated.

136



8.4 Discussion

The current section aimed to provide insights on major challenges faced when
implementing a FUS robotic system in the MRI by evaluating the compatibility of
an MRgFUS robotic device with a 1.5 T scanner. Imaging was performed in tissue
mimicking agar-based phantoms (6% wi/v agar) and freshly excised pork tissue. The
SNR served as the main metric for the quantitative assessment of the MR
compatibility of the various system’s components. MR compatibility was
investigated under different activation states of the system and set-up parameters.
Simultaneously, potential sources of SNR degradation and image quality distortion

in an MRgFUS system were identified through quantitative and visual examination.

As previously mentioned, there are numerous issues impeding the design of robotic
devices for MRI-guided interventions, including the employed construction
materials. In the proposed robotic device, metallic components are incorporated in
the motion mechanism, which is housed in a plastic enclosure, and thus do not raise
any safety concerns. However, their presence perturbates the homogeneity of the
external field and may cause susceptibility artifacts. In this study, such artifacts
were observed as signal loss and distortion around the transducer, due to the
magnetic field inhomogeneity introduced by the iron particles contained in the
backing material. In line with previous studies [311], these results highlight that
caution should be given not to include ferromagnetic particles during the
manufacturing process of ultrasonic transducers, despite that this constitutes a

common way for enhancing backing material's density to the desirable level [311].

Note also that some zipper artifacts (appear as white lines) are aligned in phase

encode direction for the iron-doped transducer. In the first place, this appears to be

a case of RF interference. However, this type of RF artifact is not expected to appear

when the transducer is in passive state. We thus speculate that the source of these

artifacts is unexpected noise from the amplifier, possibly due to high frequency

harmonics that could not be filtered by the low pass filter used. Such kind of RF
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artifacts were observed by Shokrollahi et al [316] and were attributed to RF
interference caused by electric signals between motors and drivers during imaging
with the motors being in active mode. However, since such artifacts can arise for
any cable that is not properly installed through the RF waveguides and not related
to the MRgFUS setup, further investigation is required to identify their source.

Image acquisition was performed using two standard MR sequences (FSE and
SPGR). Both sequences present similar behavior in terms of SNR drop compared
to the baseline for the various activation modes. Thermometry maps are typically
constructed by PRFS calculation; a method that is typically implemented with an
SPGR sequence [9]. Generally, the sensitivity of this sequence type to the PRFS
effect makes them ideal for MR thermometry [9]. Therefore, the rest of experiments
were carried out using the specific sequence, given also that it produced SNR values

sufficiently high for the purposes of the current study.

It is by now widely accepted that multi-channel coils provide substantially higher
SNR compared to single-channel coils. In this study, their SNR advantage was
examined in the context of MRgFUS, and specifically under different activation
states of the FUS transducer. The multi-channel coil increased the SNR compared
to the single-channel coil by up to 50%. It is important to note that the SNR
improvement differs between activation states, with the highest difference
occurring when the transducer is powered on. Therefore, in line with previous
studies [295], the use of a multi-channel coil is crucial for proper imaging during
MRgFUS.

It is obvious that proper stabilization of the imaging coil is required for proper
imaging. The current results go beyond this, showing that the coil placement
technique plays a more important role in the context of MRgFUS procedures. When
the coil was placed above the phantom without any dedicated supporting fixture
was being subject to vibrations of the target during transducer’s activation, and

consequently the SNR dropped drastically (to about 25%), and imaging was
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affected severely (Figure 63). To solve this issue, a specially designed positioner
was developed using 3D printing in order to securely position the coil a few mm
above the phantom. With this arrangement, more than 3-fold improvement in SNR
was observed for electric power values of 50-200 W. Although the SNR is slightly
affected by increasing the ultrasonic power it remains at sufficiently high levels for

high quality imaging. This was true whether a surface or body coil was used.

Visual assessment of SPGR images acquired during and after heating at 200 W
yields similar conclusions (Figure 64). Specifically, when the transducer was
activated, the coil with no support structure caused intense granular noise and
resulted in severe image distortion with complete loss of detail. Deactivation of the
transducer allowed for proper imaging and visualization of the heated region as a
slightly black circular spot that was fading with time due to heat diffusion, thus
revealing the coil interaction with the target and instability (and resultant vibration)
as the main image polluter in that case.

The weight and shape of the target (phantom/tissue sample) play a very important
role as these parameters define its stability under acoustic pressure. It was observed
that due to the force exerted by ultrasound on the phantom, the image during a fast
MRI pulse sequence was affected severely. In fact, the SNR dropped drastically in
the lightweight phantom compared to the heavier phantom. For the highest tested
power of 100 W, the SNR during activation with the 0.8 Kg phantom was about 12,
whereas for the 1.3 Kg phantom the SNR was increased by 4-fold to 48 (Figure
65). Note that the impact of using a stable phantom is more pronounced at higher
applied electrical power. Furthermore, it is notable that the SNR for the heavy
phantom was not affected by increasing the electrical power from 50 to 100 W.
Further results on image degradation arising from small and unstable targets were
obtained using an excised pork tissue sample. The details of SPGR images of a ROI
including the excised tissue sample placed on a special holder above the transducer

(Figure 66) were gradually blurred as the electrical power was increased from 10
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to 100 W. Note that complete loss of details and contrast occurred at the highest
tested power of 100 W.

Although the above experiments do not represent a clinical scenario, it is a possible
scenario in the preclinical setting or in the process of QA of clinical MRgFUS
equipment. Phantoms are the most commonly used QA tools in this regard [140].
Therefore, the above conclusions may contribute towards optimizing QA
methodologies by providing insights on key set-up parameters, given also that
methods for QA of MRgFUS devices are still to be established and standardized.

By comparing the SNR among different activation states and experiments, some
other interesting observations can be made. Firstly, it was observed that in many
cases connected cables provided higher SNR than disconnected cables. This is
attributed to that disconnected cables act like antennas and they can easily pick up
RF noise, whereas connected cables are grounded and are less likely to cause noise
emission. In addition, noise from disconnected cables is somewhat random, and
thus, SNR fluctuations are typically observed. It is also worth noting that some SNR
variability should be expected among experiments due to FUS electromagnetic
noise. When the transducer is in active mode, unexpected noise may be generated
from the transducer cable. To be more specific, harmonic components that cannot
be eliminated by the filter may fall into the MRI-sensitive frequency band, thus
generating noise. Note that this phenomenon is more pronounced at high power

operation.

Other main “polluters” of MRI quality existing in an MRgFUS system are the
motors and motor control electronics. As explained previously, the presence and
operation of the motors can cause susceptibility and RF interference problems,
which unavoidable result in signal loss and significant image distortion [316].
Signal voids and pileup artifacts were observed by Shokrollahi et al. [316] and were
attributed to inhomogeneities of the external and gradient fields caused by the

presence of the motor (deactivated). Herein, a serious SNR degradation occurred
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when the electronic control system was energized, and motion command was
initiated. In this regard, an important measure for SNR improvement was proven to
be the placement of motors and encoder electronics outside of the coil detection
area (Figure 67). It is interesting to note that the effect of motor orientation and
location on image artifacts has already been assessed previously and it was shown
that susceptibility artifacts are reduced when the motor’s shaft is aligned with the
z-axis [316]. In our case, the SNR is affected by the presence of all motors, each
one having different location and orientation, since they are all housed in a single

enclosure.

According to previous studies, SNR reduction of up to 80% can be caused from
harmonic motors, such as the Shinsei motors used in this study, whereas non-
harmonic motors cause much less interference [317]. For the specific MRgFUS
system proposed herein, it was proven essential to keep the motors and encoders
outside of the coil detection area. However, it is possible that other designs allow
operation of the electronics within the coil detection area without substantial impact
on SNR, maybe through additional shielding or the use of specially designed
actuators and encoders. For instance, in a study by Hofstetter et al. [318], imaging
remained largely unaffected (in terms of SNR) by the presence and operation of a
specially designed electromagnetic servomotor (and the encoder) at 15-cm distance
from the object. In comparison with the current study, the closest motor was located
24 cm from the phantom center (ROI location). Generally, the compatibility
requirements depend not only on the type, but also on the specific characteristics of

motors and encoders.

The tested MRgFUS system incorporates purchased optical encoders, which are
considered to be MRI compatible and are widely used in robotic design.
Deactivation of the encoders’ counting pulses during image acquisition was proven
essential for maintaining high SNR (Figure 68). Specifically, the acquired SNR

with the pulsing system deactivated was increased by about 70% compared to that
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obtained with the counting pulses activated. To our knowledge, this aspect was not

examined previously.

Overall, among the various activations states of the FUS system, the most
significant distortion occurs when the transducer is activated mainly owing to coil
and target vibrations and is getting worse as the output power is increased. It is thus
crucial to securely stabilize both the coil and imaging object. In this regard, isolation
of the imaging coil from the sonicated target is essential to avoid FUS-induced
vibrations from being transferred to the coil. The use of a multi-channel coil is also
critical for increasing the SNR in the context of MRgFUS. Regarding robotic
motion, the current outcomes raise concerns about the proper use of motion
actuators and sensors. Piezoelectric motors and optical encoders are extensively
employed in MRgFUS devices; nevertheless, the current study suggests that they
should be located outside of the coil detection area during imaging, otherwise the
image quality may be compromised severely. It is also crucial to have the counting
pulses of encoders turned off during image acquisition since this was also proven
to increase SNR remarkably. By summarizing all the experimental data, the study
contributes towards addressing major challenges regarding operation of an
MRgFUS system in the MRI environment and raises awareness for potential

sources of noise and distortion to researchers in the field.
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9 MRI monitoring of thermal lesions produced by FUS

9.1 Introduction

In the last decades, the adoption of thermal ablation modalities has been rapid,
enabling safe and efficient delivery of thermal energy to deep-seated body targets
[319], [320]. This is achieved in a minimally invasive manner with the use of
radiofrequency ablation (RFA), microwave ablation (MWA), and LITT, or in a non-
invasive manner using thermal FUS [319], [320]. While these modalities have been
characterized by remarkable developments, such as the introduction of image
guidance and robotics [83], [321], the establishment of methods for monitoring

ablation lesions has fallen behind.

The superior performance of MRI over other imaging modalities in the acquisition
of high resolution anatomical images with excellent contrast among soft tissues and
its ability to monitor tissue temperature non-invasively contributed to developing
safe and efficient thermal ablation applications that were more easily adopted into
clinical practice [60], [322]. Nowadays, there exists a wide range of MRI contrast
mechanisms for post-sonication lesion assessment and temperature estimation
methods, among which the PRFS thermometry is predominantly utilized for the

intraprocedural monitoring of ablation therapy [261], [323].

As early as the 1990s, T2-W MR sequences were proven to provide excellent
contrast between FUS lesions and the surrounding intact tissue in excised and in-
vivo animal tissue [324]-[326], and they are still considered among the standard
methods for determining the extent of ablation lesions. In the same period, Hynynen
et al. [327] reported that the size of lesions inflicted in rabbit thigh muscle as
visualized on T2-W images matched well the size estimated after tissue excision by
caliper measurements and histological examination. Another important observation
made was that contrast-enhanced T2-W FSE imaging showed signal enhancement

only in normal tissue and not in lesions [327]. This phenomenon was also reported
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a few years later for rabbit skeletal muscle [328], rabbit brain [329], and synovial
tissue [330] and is considered to be attributed to vascular disruption in the ablated
tissue. Contrast-enhanced T1-W FSE imaging also allowed accurate lesion
assessment following FUS ablation in rabbit skeletal muscle [328] and brain [331],
synovial tissue [330], as well as in the clinical setting [332], where the predicted

size was well correlated with the histological lesion size.

While both T2-W FSE and contrast-enhanced T1-W FSE sequences are currently
considered as gold standard for assessing the extent of FUS damage, it seems that
in early studies, T1-W FSE sequences were more frequently employed for MR
thermometry rather than lesion assessment due to the superior T2-W FSE contrast
between intact and damaged tissues reported in numerous studies at the time [333].
Later, it was clarified that the selection of proper sequence in terms of optimizing
lesion contrast and delineation highly depends on the specific tissue characteristics.
This has been demonstrated in a study by Damianou et al. [334], who performed
FUS ablations below and above the boiling level in freshly excised lamb and in-
vivo rabbit tissue. Both T1-W and T2-W FSE imaging were suggested by authors
for accurately visualizing ablation lesions in the kidney and liver, whereas for
boiling lesions, the T2-W sequence was considered optimal. T1-W FSE imaging
was proposed as the optimal sequence for detecting brain lesions of either kind.
This was supported by another study where T2-W FSE images showed higher
anatomical resolution in the brain compared to T1-W FSE images, but the latter
ones offered better contrast between lesion and brain tissue [335]. Notably, lesion
discrimination can be further optimized by selecting proper imaging parameters.
For these two basic sequences; T1-W and T2-W FSE, the effect of the TR and TE
on the resultant contrast to noise ratio (CNR) between lesion and normal tissue was
investigated in excised lamb brain, with authors suggesting the use of TR values
above 500 ms and TE values in the range of 40 to 60 ms for optimized contrast
[335].
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Intraoperative monitoring of thermal ablation procedures is critical in deciding
whether heating should be continued or modified depending on the desired
therapeutic outcome. Lesion monitoring is typically carried out utilizing
thermosensitive sequences that allow precise monitoring of temperature evolution
for controlled coagulative necrosis [9], [261]. There is though a limited literature
on the intraprocedural monitoring of signal and contrast changes in the ROI and

how these correlate with histological tissue damage and lesion formation.

Bremer et al. [336] investigated the efficacy of non-enhanced MRI to accurately
monitor lesion size during LITT in pig liver compared to histological size
assessment. For this purpose, T1-W turbo FLASH images were acquired at 1-
minute interval, revealing a stable reduction in the standardized Sl in the center and
periphery of the lesion during LITT, which was partially recovered throughout the
cooling period. Furthermore, the Sl in the lesion center was found to decrease with
increasing deposited laser energy. Another example is a study by Vergara et al.
[337], who developed a novel system for navigating electrophysiology catheters to
ablate atrial tissue under real-time guidance in a 3T MR scanner with the assistance
of dedicated MR sequences [337], whose performance was tested in pigs. In the
clinical setting, results on intraprocedural MRI lesion monitoring during MWA of
liver malignancies were reported by Lin et al. [338]. Specifically, a series of T2-W
fat-suppressed fast-recovery FSE images were acquired every 35 s during ablation
to monitor tissue effects, with the results showing a gradual Sl decrease in the

tumor.

In the context of FUS, T1-W and T2-W FSE imaging was mostly employed before
FUS ablation for ROI definition and treatment planning and post-ablation for
assessing FUS-induced tissue damage [323], [334], [335]. Furthermore, these
sequences were employed in numerous studies involving the use of TMPs and
freshly excised animal tissue to investigate the effect of acoustic energy and grid

parameters in the formation of discrete and overlapping lesions, as well as how the
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selected imaging parameters affect lesion visualization [334], [335]. Despite the
widespread use of these sequences in MRgFUS studies, their performance was not
well investigated in the context of intraoperative lesion monitoring, which may
refer to the visualization and/or quantification of progressive changes in the SlI of
the exposed ROI over time and also to real-time monitoring of lesions’ formation

according to the desired pattern.

Therefore, the main goal of this section is to provide insights on the topic of
intraoperative lesion monitoring by presenting indicative results of a series of MRI-
guided ablation experiments carried out in freshly excised pork tissue. Multiple
sonications in sequential patterns were planned on a custom-made dedicated
software and executed by an MRI-compatible robotic system featuring a single
element spherically FUS transducer with a central frequency of 2.6 MHz [136]. The
T1 and T2 relaxation times of the pork tissue and coagulation lesions were
estimated in a 3 T MRI scanner. The impact of critical imaging parameters on the
resultant CNR between coagulated and intact tissue was then investigated to
optimize lesion discrimination on T1-W and T2-W FSE images. Both discrete and
overlapping lesions were inflicted in pork tissue samples with simultaneous
acquisition of T2-W images at a specific rate to enable visualization of the heated
area and assessment of lesion progression with time. Following MRI assessment,
the tissue was dissected to confirm successful lesion formation and assess how it is
correlated with the CNR changes observed intraoperatively, as well as to obtain
quantitative information of the real extent of tissue damage by caliper

measurements.

9.2 Materials and methods

9.2.1 FUS ablation of ex-vivo porcine tissue

FUS was generated by a spherically focused ultrasonic transducer (Piezo Hannas

Tech Co. Ltd) with a nominal frequency of 2.6 MHz, a diameter of 50 mm, a radius
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of curvature of 65 mm, and an acoustic efficiency of 30 %, which was utilized over
the course of all experiments. The transducer was mounted on an MRI-compatible
computer-controlled positioning system with 4 degrees of freedom driven by
piezoelectric motors, which is detailed described elsewhere [136], and was supplied
by an RF amplifier (AG1016, T & C Power Conversion).

All the experiments were carried out in a GE 1.5 T MRI scanner (GE Signha HD16,
GE Healthcare), as well as in a Siemens 3 T scanner (Magnetom Vida, Siemens
Healthineers). As shown in the photo of Figure 69A, the FUS positioning system
was seated on the MRI table and connected to the electronic driving system placed
outside of the room through shielded cables. The top cover of the device includes
an acoustic opening above the working space of the FUS transducer, to which the
porcine tissue sample was fixed. The distance between the bottom surface of the
tissue sample and transducer was adjusted at 35 mm, resulting in a focal depth of
30 mm. Degassed, deionized water was poured inside the container until it reached
the bottom surface of the tissue sample to achieve efficient ultrasonic coupling.
Multichannel body coils (12-channel body coil, Signa 1.5T, GE Healthcare Coils,
Aurora, Ohio, USA and 18-channel body coil, Siemens Healthineers) were utilized
for image acquisition. In each case, the coil was attached to a rigid plastic structure
at some distance from the tissue surface to improve the signal by preventing tissue
vibrations due to FUS from being transferred to the coil [339]. Figure 69B is an
axial T2-W FSE image of the setup showing the concept of tissue sample placement
above the FUS transducer and through-water ultrasonic coupling. The imaging
parameters were as follows: TR = 2500 ms, TE =90 ms, FA =90°, ETL = 60, pBW
= 0.50 Hz/pixel, NEX = 2, matrix size = 192x128, and FOV = 260x260x10 mm?.

A treatment planning/monitoring software was interfaced with the amplifier and
electronic driving system enabling remote control of the motion and ultrasonic
parameters. The transducer’s location was registered relative to the target location

based on images obtained at the level of the porcine tissue sample and transducer
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as illustrated in the graphic of Figure 69C. Specifically, the user segments the
transducer (lower image) and the center of the transducer is fused in the tissue image
(upper image). Then, the position of the transducer relative to the tissue is easily

found.

_ Porcine
tissue sample

C Porcine

tissue sample
i

Figure 69: (A) The robotic device positioned on the MRI table with the piece of raw
porcine meat mounted on the acoustic opening for ablation experiments in the MRI setting.
(B) Axial T2-W FSE image (TR =2500 ms, TE =90 ms, FA =90° ETL = 60, pBW = 0.50
Hz/pixel, NEX = 2, matrix size = 192x128, and FOV = 260x260x10 mm?®) of the setup
showing the concept of tissue sample placement above the FUS transducer. (C) The
concept of registering the transducer location relative to the tissue sample by acquiring

parallel coronal images at the level of the tissue and transducer.
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9.2.2 Estimation of MR relaxation times of lesion and normal porcine tissue

The difference in relaxation times between coagulated and intact porcine tissue was
investigated in the 3 T scanner. A piece of raw porcine meat received a single
sonication at electrical power of 225 W (corresponding to an acoustic power of
nearly 68 W) for 120 s at a focal depth of 30 mm, which resulted in a well-defined
lesion. For T1 relaxation time measurements, images of the tissue sample with the
inflicted lesion were acquired using a GRE sequence with variable FA. Circular
ROIs were defined in the inflicted lesion and surrounding intact tissue. The mean
SI measured in each ROI was plotted as a function of FA and the data were fitted
to the following formula [340]:

_TR
M, = M,, (ke—nm> sina [6]

l1-cosae T1

where M, is the longitudinal magnetization, M,,, is the magnetization at thermal
equilibrium, a is the excitation flip angle (herein referred to as FA), TR is the
repetition time, and T1 is the longitudinal relaxation time. The imaging parameters
were as follows: TR = 15 ms, TE = 2.3 ms, pBW = 275 Hz/pixel, matrix size =
256x256, FOV = 160x160x5 mm? NEX =1, ETL = 1, and FA values ranging from
5° to 26 ° (step of 3°).

Images were then acquired using a T2-W SE sequence at variable TE for T2
relaxation time mapping. For each ROI, the mean Sl was plotted as a function of
TE. Following regression analysis, an exponential trendline was fitted to the plotted
data to calculate the T2 relaxation time based on the exponential function of
equation 1. For image acquisition, the following parameters were employed: TR =
2000 ms, FA =180° ETL = 10, pBW = 202 Hz/pixel, matrix size = 192x192, FOV
=220%220x5 mm?, NEX = 1, and TE values ranging from 10 to 110 ms (step of 10

ms).
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9.2.3 Effect of MR parameters on CNR between lesion and normal porcine

tissue

In this experimental part, the contrast between the lesion (68 W acoustic power for
120 s) and surrounding intact tissue was calculated as a function of critical MR
parameters in the Siemens 3T MRI scanner for optimizing lesion contrast and

detectability on FSE sequences; alternatively referred to as TSE by Siemens.

The effect of TE and ETL on the CNR was explored for the T2-W FSE sequence.
Specifically, the ETL was varied from 6 to 129 with a TE equal to 51 ms and the
TE was varied from 10 to 154 ms for a constant ETL of 60 while in both cases the
TR was set at 2000 ms. For the T1-W FSE sequence, variable ETL of 6 to 129 at a
constant TR of 2000 ms and variable TR values of 700 to 2500 ms at a constant
ETL of 60 were tested using a TE of 10 ms. In all cases, the rest imaging parameters
were as follows: FA = 180°, pBW = 150 Hz/pixel, matrix size = 256x256, and FOV
= 280x280x5 mm?. For comparison purposes, measurements of the CNR between
coagulated and intact porcine tissue as a function of TE were also conducted in the
GE 1.5 T MRI scanner (TE = 10 — 150 ms, TR = 2000 ms, FA = 90°, ETL = 12,
pBW = 81.4 Hz/pixel, matrix size = 224x192, and FOV = 260x260x4 mm?®).

For both sequences, the changes in CNR with varying matrix size and NEX were
investigated. Different matrix sizes of 64x64, 96x96, 128x128, 256x256, and
512x512 were tested using a constant NEX of 1. The NEX was varied from 1 to 4
for a contrast matrix size of 256x256. The rest imaging parameters of the T1-W
FSE sequence were as follows: TE =10 ms, TR = 1500 ms, ETL = 60, FA = 180°,
pBW = 150 Hz/pixel, and FOV = 280x280x5 mm?3. For T2-W FSE imaging, the
TE value was changed to 51 ms and the TR value to 2000 ms. Circular ROIls of 3
mm in diameter were initially defined for the lesion, normal tissue, and background
noise. These ROIs were consistently placed at the same anterior-posterior location
to eliminate signal differences due to the signal drop occurring as one moves away

from the coil. For the CNR estimation, the following formula was used [341]:
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SI; i — Sljesi
CNR = intact tissue lesion [7]

Onoise

The SI was measured as the mean value in the corresponding ROl and the o0,,;s. as
the standard deviation from a ROI placed in air/background noise, where the noise

was assumed to follow a gaussian distribution.
9.2.4 Lesion monitoring during grid ablation in ex-vivo porcine tissue

The transducer’s location relative to the target was registered in the MRI
coordinates and different sonication patterns were planned on the relevant software
as described previously. The sonication patterns were executed by the FUS robotic
system under MRI monitoring of lesion formation. Specifically, an image was
acquired immediately after each individual sonication to visualize lesion

progression in discrete and overlapping patterns.

In the 1.5 T MRI scanner, grid sonications with different spatial step were
performed, where an electrical power of 180 W (acoustical power of 54 W) was
applied to each individual grid spot for a total duration of 120 s. T2-W FSE images
were acquired using TR = 2000 ms, TE =59 ms, FA =90°, ETL =60, pBW = 27.1
Hertz/pixel, matrix size = 224x192, and FOV = 260x260x6 mm?. The time delay
between successive sonications was set at 60 s to minimize pre-focal heating [68].

Accordingly, in the 3 T scanner, T2-W FSE images were obtained with TR = 2500
ms, TE=48 ms, ETL =60, FA = 180°, pBW = 50 Hz/pixel, matrix size = 256x256,
and FOV = 200x200x10 mm?. Various sonications patterns were tested using a
specific electric power of 200 W (acoustic power of 60 W) while the sonication
time and spatial step were varied. Again a 60-s cooling time was left between
sonications. Post-ablation, the tissue samples were dissected to visualize and
quantify the extent of necrosis in planes parallel and perpendicular to the FUS beam

direction.
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9.3 Results

9.3.1 MR relaxation times of lesion and normal porcine tissue

The T1 and T2 relaxation times calculated for the lesion and normal porcine tissue
are summarized in Table 7. The FUS lesion is characterized by lower relaxation
times than the intact tissue, which is considered to be attributed to changes in the
water content of coagulated tissue. The difference in these properties between
coagulated and intact tissue allowed assessment of lesion formation by T1-W and
T2-W FSE imaging.

Table 7: The mean value and standard deviation (SD) of the T1 and T2 relaxation times

of the lesion and normal porcine tissue at 3 T.

Tissue T1+ SD (ms) T2 + SD (ms)
Lesion 738 + 46 43 +3
Porcine Tissue 1158 + 58 50+ 2

9.3.2 Effect of MR parameters on CNR between lesion and normal porcine

tissue

Figure 70 shows the T1-W FSE CNR between lesion (created using 68 W acoustic
power and 120 s sonication time) and surrounding intact porcine tissue as well as
the ratio of the CNR to the acquisition time plotted against the ETL and TR. ETL
values up to 60 provided CNR higher than 80 allowing proper lesion discrimination
(Figure 70A). ETL values in the range of 35 to 60 resulted in the highest
CNR/acquisition time. Considering the importance of minimizing imaging time, an

ETL value around 60 was considered optimum.
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Figure 70: (A) Plots of the CNR between lesion and normal tissue and CNR/acquisition
time of T1-W FSE images (TR = 2000 ms, TE = 10 ms, FA = 180° pBW = 150 Hz/pixel,
matrix size = 256x256, and FOV = 280x280x5 mm?) versus ETL (6 — 129) at 3 T. (B)
Plots of the CNR between lesion and normal tissue and CNR/acquisition time of T1-W FSE
images (ETL = 60, TE = 10 ms, FA = 180°, pBW = 150 Hz/pixel, matrix size = 256x256,
and FOV = 280x280x5 mm?®) versus TR (700 - 2500 ms) at 3 T.

As seen in the graph of Figure 70B, the CNR/acquisition time reached its maximum
value and remained almost constant for TR values in the range of 1500 to 2000
while the CNR was increased from 90 to 120. Although the TR of 2500 ms may be
considered ideal in terms maximizing contrast, one should alternatively select a
value close to 1500 that still provides good CNR (>80) at the minimum time cost

possible.
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The corresponding results of the ETL and TE effect on lesion contrast of T2-W FSE
images are shown in Figure 71. From Figure 71A, it is observed that ETL values
around 90 resulted in the highest values of CNR/acquisition time but in a very poor
CNR (< 80), which made lesion detectability difficult. On the contrary, values in
the range of 25 to 60 offered both sufficiently high CNR (>80) and CNR/acquisition

time, with the ETL of 60 considered the ideal in terms of minimizing the acquisition

time.
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Figure 71: (A) Plots of the CNR between lesion and normal tissue and CNR/acquisition
time of T2-W FSE images (TR = 2000 ms, TE = 51 ms, FA = 180°, pBW = 150 Hz/pixel,
matrix size = 256x256, and FOV = 280x280x5 mm?) versus ETL (6 — 129) at 3 T. (B)
Plots of the CNR between lesion and normal tissue of T2-W FSE images (TR = 2000 ms,
ETL =60, FA = 180°, pBW = 150 Hz/pixel, matrix size = 256x256, and FOV =280x280x5
mm?®) versus TE (10 - 154 ms) at 1.5 Tand 3 T.
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In Figure 71B, the trend of CNR vs. TE increases until the TE of 50 ms and then
gradually decreases, clearly suggesting the TE value of 50 ms as optimum for
maximizing CNR. Note that the acquisition time is not considered in that case since
it is not affected by TE. The corresponding plot for evaluation at 1.5 T shows a
quite similar trend but with a lower increase rate in the TE range of 20 to 90 ms and

remarkably smaller CNR values.

The graphs of Figure 72 show the changes in the CNR and CNR/acquisition time of
T2-W FSE images as a function of NEX. The minimum NEX of 1 offered CNR
much higher than the minimum suggested value of 80, and thus, the use of a larger
NEX is unnecessary provided that it results in longer acquisition times. Similar
results were obtained for the T1-W FSE imaging suggesting the NEX of 1 as the

optimum.
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Figure 72: Plots of the CNR between lesion and normal tissue and CNR/acquisition time
of T2-W FSE images (TR = 2000 ms, TE =51 ms, FA = 180°, pBW = 150 Hz/pixel, matrix
size = 256x256, and FOV = 280x280x5 mm?®) versus NEX (1 —4) at 3 T.

Finally, concerning the effect of the matrix size, the CNR decreased from about 740

to 95 with increasing matrix size from 64x64 to 512x512 for the T1-W FSE

imaging, whereas the CNR in T2-W images decreased from 880 to 140. The

smallest matrix size is preferred in terms of minimizing the acquisition time, but it

provided poor resolution. On the contrary, the biggest matrix size provided
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excellent resolution and sufficiently high CNR (>80), but at the cost of increased
acquisition time. By balancing the parameters of CNR and imaging time, the use of

a 256x256 matrix size is proposed.

The MR parameters suggested by the current study for optimizing the CNR between
FUS lesions and surrounding tissue on T1-W and T2-W FSE images also
considering the importance of minimizing the acquisition time are summarized in
Table 8.

Table 8: Summary of the suggested MR parameters for optimizing CNR between lesion

and tissue at the minimum time cost for the specific parameters employed in the study.

MR parameter T1-W FSE T2-W FSE
TR (ms) 1500 2000
TE (ms) 10 50
ETL 60 60
NEX 1 1
pBW (Hz/pixel) 150 150
Matrix size 256x256 256x256
FOV (mm?) 280%280 280x280
Slice thickness (mm) 5 5

9.3.3 Lesion monitoring during grid ablation in ex-vivo porcine tissue

An indicative example of lesion monitoring in the 1.5 T MRI scanner is shown in
Figure 73. Figure 73A shows a series of T2-W FSE images acquired during ablation
in a 3x3 pattern with a special step of 10 mm, where the coagulated regions appear
as spots of reduced SI. The acoustical power of 54 W applied for 120 s was
sufficient to induce well-defined easily detectable lesions. Note that the lesion
created at the reference location of the transducer is visible on the left side of all
images. Note also that a circular area of reduced intensity appears immediately after
the first sonication (#1) but not in the next images, thus revealing heat accumulation

in the ROI but no evidence of lesion formation.
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Figure 73: (A) 2D Coronal T2-W FSE images (TR = 2000 ms, TE =59 ms, FA =90° ETL
=60, pPBW = 27.1 Hz/pixel, matrix = 224x192, FOV = 260x260x6 mm?, and NEX =2)
acquired during ablation in a 3x3 pattern (acoustical power of 54 W for 120, 10-mm step,
60-s delay) at 1.5 T. (B) The meat sliced (horizontally) at 10 mm from the sonicated side
showing the formed lesions and reference lesion. (C)-(E) Photos of the tissue sliced
vertically: Lesions 1 to 3 had a length of 29 mm, lesions 4 to 6 a length of 30 mm, and

lesions 7 to 9 a length of 32 mm.

Figure 73B is a cross section photo of the meat at 10 mm from the sonicated
surface. In contrast to the MRI images, all 9 lesions were visible. Tissue was also
dissected vertically to visualize the extent of necrosis in a plane parallel to the beam
direction. Again, all nine lesions were visible extending 29 to 32 mm from the tissue

top surface as shown in Figure 73C to Figure 73E.
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Typical results obtained in the 3T MRI scanner are presented by Figure 74 to Figure
76. All lesions were formed using acoustic power of 60 W. Figure 74 shows T2-W
FSE images of the porcine tissue sample sonicated in a 2x3 grid with varying step
of 10 or 15 mm and sonication duration of 10 to 60 s, revealing the effect of
sonication time on the resultant lesion size and distance between adjacent lesions.

4 (30 s duration) 5 (20 s duration) 6 (10 s duration)

3 (40 s duration) 2 (50 s duration) 1 (60 s duration)

15mm

10mm

>@

15mm

10mm 15mm

Figure 74: 2D Coronal T2-W FSE images (TR = 2500 ms, TE =48 ms, FA =180° ETL =
60, pBW = 50 Hz/pixel, matrix size = 256x256, and FOV = 200x200x10 mm?®) acquired
during sonication in a 2x3 grid (acoustic power of 60 W) using varying sonication time and
spatial step in the 3 T MRI scanner. The sonication pattern is presented on the left bottom

corner.
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The T2-W FSE images of Figure 75 show the lesion progression for a 3x3 grid with
a 10-mm step, where each spot was sonicated for 40 s. With the specific parameters,

discrete lesions were inflicted in tissue.

Figure 75: 2D Coronal T2-W FSE images (TR = 2500 ms, TE =48 ms, FA =180° ETL =
60, pBW = 50 Hz/pixel, matrix size = 256x256, and FOV = 200x200x10 mm?®) acquired
during sonication in a 3x3 grid (acoustic power of 60 W for 40 s) with a spatial step of 10
mm (time delay of 60 s) in the 3 T MRI scanner. The sonication pattern is presented on the

right bottom corner.
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The T2-W FSE image of Figure 76A shows the overlapping lesion created by
reducing the step to 5 mm while keeping the rest parameters identical. Figure 76B
is a photo of a (horizontal) cross-section of the tissue sample at 10 mm from the top

surface, revealing a rectangular necrotic area of about 20x20 mm?.

Figure 76: (A) 2D Coronal T2-W FSE image (TR = 2500 ms, TE =48 ms, FA = 180° ETL
=60, pBW = 50 Hz/pixel, matrix size = 256x256, and FOV = 200x200x10 mm?®) acquired
after sonication in a 3x3 grid (acoustic power of 60 W for 40 s) with a spatial step of 5 mm
(time delay of 60 s) in the 3 T MRI scanner. The red arrow indicates the formed overlapping
lesion. The discrete lesion created with the 10-mm step is also visible on the left side. (B)

Photo of the tissue sample cut horizontally at 10 mm from the sonicated surface.
9.4 Discussion

The present section focused on parameter optimization for MRI monitoring of
lesions produced by FUS using T1-W and T2-W FSE sequences. Such sequences
were widely employed for post-sonication lesion assessment, but not for
intraprocedural monitoring of lesion progression during multiple ablations in grid
patterns. A series of experiments were carried out in freshly excised porcine tissue

to provide insights on this topic.

The contrast in T1-W and T2-W FSE images arises from the variation in the

relaxation times among tissues [9]. It has been previously demonstrated that the

relaxation times of FUS lesions and thus the contrast between healthy tissue and

FUS lesions are strongly affected by the specific host tissue characteristic [112]-
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[114]. Herein, the FUS lesions were found as expected to possess lower T1 and T2
values than the surrounding non-sonicated porcine tissue at 3 T. This is consistent
with what has been found in another study by Hadjisavvas et al. [112], where lower
T1 and T2 values were estimated for thermal lesions in in-vivo rabbit kidney, liver,
heart, and brain compared to the corresponding host tissue. Previous research
showed that thermal lesions produced by FUS appear hypointense in T2-W FSE
images, whereas hyperintensity is associated with tissue boiling [334]. Opposite
behavior is observed in the case of T1-W FSE imaging [334]. Therefore, the
hypointense appearance of lesions on T2-W FSE images in the current study

provides clear evidence of lesion creation by thermal mechanisms.

The study findings further suggest that the difference in MR relaxation properties
between damaged and intact porcine tissue allows excellent lesion discrimination
using T1-W and T2-W FSE sequences, provided that appropriate imaging
parameters are employed. In this regard, a series of scans with varying parameters
were performed to assess how the contrast between ablated and normal tissue is
affected. For this purpose, a piece of porcine meat was sonicated using the 2.6 MHz
FUS transducer (68 W for 120 s). The ETL, TE, and TR were the sequence
parameters tested in terms of the CNR and acquisition time. Overall, higher CNR
was achieved with the T2-W FSE sequence. It was thus concluded that T2-W FSE
imaging is preferred for lesion monitoring in dead tissue, whereas in the case of live

animals T1-W imaging may be preferred due to the use of contrast agents.

CNR values above 80 were deemed sufficient for ease detectability and proper
visualization of FUS lesions. With the T1-W FSE sequence, CNR values above 80
were achieved for ETL values of up to 60 (Figure 70A), with the value of 60
offering sufficiently high CNR at the minimum time cost (9 s). Therefore,
considering both parameters, an ETL of 60 is suggested as the optimum.

The corresponding results on the effect of TR (Figure 70B) reveal that the ratio of
CNR to the acquisition time in T1-W FSE imaging begins to increase with
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increasing TR up to 1500 ms, and then becomes almost flat while at TR longer than
2000 ms it begins to decrease again. On the contrary, the CNR gradually increases
from 20 to 140 as TR increases from 700 to 2500 ms, attributing to the increase in
the Sl difference between lesion and tissue. Notably, this trend is expected to be
reversed as the TR is getting longer and the Sl of lesion and tissue is reaching its
maximum value. Generally, while TR values close to 2500 ms may be considered
ideal in terms of maximizing contrast, a value close to 1500 ms constitutes a wiser
option in the case of intraoperative monitoring of lesion progression since it still

provides good CNR (>80) at smaller acquisition time.

Regarding T2-W FSE imaging, the results (Figure 71A) confirm that the use of
longer ETL causes CNR decrease. Nevertheless, when the CNR is divided by the
acquisition time an increasing trend is observed owing to that the acquisition time
and ETL are inversely proportional. By choosing an ETL value in the range of 25
to 60 acceptable CNR (>80) is achieved at a reasonable acquisition time (< 20 s).
Further increasing the ETL to reduce the time may result in poor contrast making
lesion discrimination difficult or infeasible. Again, the ETL of 60 was deemed ideal

for minimizing the acquisition time.

Concerning the effect of TE, the trend of CNR versus TE (Figure 71B) begins to
increase until it reaches its maximum value of about 170 at TE close to 50 ms and
then gradually decreases. Since the imaging time is not affected by the chosen TE,
it was concluded that the TE of 50 ms is ideal for lesion monitoring by T2-W FSE
imaging and was adopted in follow up experiments. Interestingly, TE values around
50 ms can be considered appropriate for imaging at 1.5 T as well. However, as
expected, superior contrast was observed in the 3 T scanner, with almost 4-fold
increase in the CNR at the TE of 50 ms. This result ties well with previous studies
wherein authors have suggested the use of TE values between 40 and 50 ms to
maximize the contrast of thermal lesions on T2-W FSE images following in-vivo

rabbit experiments [112].
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Finally, the effect of the matrix size and NEX on the CNR was investigated using
the optimized TR, TE, and ETL values. For both sequences, the minimum NEX of
1 provided excellent CNR and was considered optimum in terms of minimizing the
acquisition time. As expected, increasing matrix size resulted in a better resolution
and CNR drop simultaneously increasing the imaging time. The matrix size of
256x256 was deemed optimum providing both good CNR (>80) and

CNR/acquisition time.

The feasibility of monitoring lesion progression during grid sonications was
assessed at both 1.5 T and 3 T using T2-W FSE sequences. The FUS transducer
was navigated by a positioning system in the horizontal plane to sonicate porcine
tissue samples in grid patterns with varying ultrasonic and grid parameters.
Navigation was initiated by registering the transducer’s location relative to the
target in the MRI coordinates and sonicating the meat at the reference location of
the transducer. Lesion formation at the reference point was confirmed by T2-W
FSE imaging providing evidence of efficient ultrasonic coupling. The sonication
pattern was then executed with intraprocedural acquisition of T2-W FSE images
that enabled assessment of lesions progression over time. The lesions appeared as
circular black spots with excellent contrast from the surrounding tissue. Notably,
immediately after sonication, the tissue surrounding these black spots appeared as
a less hypointense area indicating heat accumulation around the coagulated tissue,
which returned to its normal intensity during tissue cooling through heat dissipation
mechanisms (Figure 73, Figure 74). Note also that circular focal beams constitute
evidence of lesion formation by thermal mechanisms while in the case of boiling

lesions the beam was shown to be distorted [334].

An interesting observation made during lesion monitoring in the 1.5 T MRI scanner
(Figure 73) is that while only eight out of the nine sonicated spots showed clear
evidence of lesion formation on the series of T2-W FSE images, nine well-defined

lesions were visualized following tissue dissection. In fact, a circular hypo-
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enhanced area was observed immediately after the first sonication revealing heat
accumulation in the relevant ROI, but it was not present in the next acquisitions.
Tissue dissection revealed that the lesion had been shifted from the tissue surface
and could only be detected if a deeper slice had been selected. It was also observed
that the length of the formed lesions varied from 29 to 32 mm, most probably

attributed to heat dissipation from previously sonicated spots.

The excellent lesion contrast from the surrounding hyperintense background also
allowed assessment of the lesion size depending on the applied acoustic energy. In
Figure 74, the spots of a 2x3 grid were sequentially exposed at similar acoustic
power while the sonication time was decreased from 60 to 10 s resulting in lesions
of decreasing diameter, with the last one receiving the lowest energy being barely
visible. Furthermore, by varying the spatial step between sequential sonications the

distance between adjacent lesions on the T2-W FSE images was varied accordingly.

Overall, the current section provides insights on the topic of FUS lesion progression
monitoring by T1-W and T2-W FSE imaging through a series of ablation
experiments in ex-vivo porcine tissue. The study findings confirmed that lesion
discrimination on T1-W and T2-W FSE images highly depends on the selected MRI
parameters while the imaging time should also be considered in the context of
intraprocedural lesion monitoring. Thereby, critical MR parameters, i.e., TE, TR,
and ETL, should be optimized by balancing between the CNR and acquisition time.
In this regard, the use of CNR values above 80 was set as the criterion for proper
lesion visualization. Also considering the need to minimize the acquisition time, a
TR close to 1500 ms is suggested for T1-W FSE imaging. A TE close to 50 ms was
considered optimum for T2-W FSE imaging. For both sequences, an ETL of 60 was
proven ideal. During sonications in discrete and overlapping patterns, acute FUS
lesions were visualized as spots of reduced intensity on T2-W FSE images with

excellent contrast from the surrounding intact tissue.
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10 Feasibility of ultrasonic heating through skull phantom using

single-element transducer

10.1 State of the art

In the 1950s, revolutionary studies were conducted by Fry et al. [342], [343] to
assess the high intensity FUS effects on human brain tissue. However, transcranial
focusing was unattainable because of the strong aberrating and attenuating nature
of the skull resulting in significant beam defocusing [271]. Thereby, for many years,
studies involved craniotomy for precise delivery of ultrasonic energy to the brain
tissue through an acoustic window [344].

In the 1990s, the multi-element ultrasonic technology has emerged as a way to
actively form the beam compensating for such losses through regulating the phase
of each element individually [345], [346]. While this procedure was initially
invasive, the introduction of numerical simulations for accurately estimating the
resultant phase profile of the beam transmitted though the skull allowed for
completely non-invasive transcranial applications [347], [348]. In this regard, MRI
was also a significant milestone that accelerated the adoption of this technology
mainly through the development of MR thermometry [9], which is currently the
only tool for monitoring temperature changes during sonication in almost real-time.
Simultaneously, MR is considered ideal as a guidance modality since it offers non-
invasive optimal imaging of brain tumors without exposing patients to ionizing
radiation [8]. Overall, these technological advances offered the accuracy required

to safely target areas in the CNS without threatening adjacent or intervening tissues.

So far, the transcranial FUS technology has been investigated for its feasibility in
treating essential tremor [349], PD [350], obsessive-compulsive disorder [351],
major depressive disorder [351], and epilepsy [352]. The last years, a lot of
research was devoted in investigating the use of this technology for tumor ablation

and drug delivery by selective disruption of the BBB [60].
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Currently, the available devices for brain ultrasound therapy in the clinic are
limited. The SonoCloud (CarThera, France) [353] and NaviFUS (NaviFUS,
Taiwan) [354] systems offer FUS plus MBs-mediated disruption of the BBB. The
first one comprises a non-focused transducer that is implanted in the skull, whereas
the later one offers neuronavigation-guided extracorporeal therapy. The ExAblate
Neuro 4000 system (InSightec, Israel) is considered the leading MRgFUS brain
system and the first to be approved by the FDA for targeted thermoablation of brain
tissue [355]. Both extracorporeal systems use phased arrays for electronic steering
of the beam [354], [355]. The ExAblate system incorporates a helmet with 1024
elements operating at a frequency of 650 KHz, whereas the NaviFUS incorporates

a more compact hemispherical transducer of fewer elements.

Though the phased array technology has immense benefits, it requires the use of
sophisticated driving electronics that complicate its use and portability.
Furthermore, it typically involves the use of a stereotactic frame making the
procedure minimally invasive [355]. The high cost of this technology constitutes
another shortcoming limiting its wider adaption, especially in the preclinical

setting.

The use of a single-element transducer could address these issues, but at the cost of
difficulties in ultrasonic penetration through the skull. Successful trans-skull BBBD
using a single element FUS transducer was achieved in experimental animals such
as rabbits [356] and mice [120], [276]-[278] by administration of MBs-enhanced
pulsed FUS of 0.7 and 1.5 MHz, respectively. Single-element FUS transducers
driven at a lower frequency of about 0.5 MHz were proven efficient for BBBD in
larger animals, and particularly non-human primates [357]-[362]. Even lower
frequencies of 0.4 and 0.25 MHz were chosen for similar applications in swine
[363] and sheep [364], respectively.

Simplified techniques for compensating for skull-induced energy losses were used

in the effort to enable efficient trans-skull delivery of ultrasonic energy by single
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element transducers. As an example, a setup incorporating a single element 0.5
MHz spherical transducer for FUS-mediated BBBD was proposed by Marquet et
al. [360]. The proposed system is intended for use under stereotactic targeting and
real-time monitoring by passive cavitation spectral analysis so as to enable MRI
independent treatment sessions. In the framework of the system’s evaluation,
authors attempted BBBD of deep subcortical structures in macaque monkeys. The
amplitude of ultrasonic emission was enhanced to compensate for the scalp and
brain-induced attenuation losses as estimated by pressure measurements in vitro,

thus leading to successful BBBD.

Pouliopoulos et al. [246] proposed a neuronavigation-guided system incorporating
a single-element FUS transducer of 0.25 MHz nominal frequency, as well as a
simulation framework for predicting the beam shift. The focusing properties of the
transducer were assessed using a capsule hydrophone. The insertion of a human
skull fragment in the beam path resulted in a pressure attenuation of about 45%
compared to that measured in free field for a normal incidence angle, whereas a
focal shift of 0.5 (= 0.4) and 2.1 (£ 1.1) mm was observed along the lateral and axial
dimensions, respectively [246]. Notably, authors report a successful MBs-enhanced
FUS-mediated BBB opening in the thalamus and dorsolateral prefrontal cortex of
two non-human primates, which was evidenced by T1-W gadodiamide-enhanced
MRI scans [246]. Notably, authors clarify that knowledge of the exact intracranial
pressure with the proposed system is infeasible, and thus, the pressure field should
be simulated utilizing CT head scans of each subject individually.

More recently, the use of 3D printed holographic acoustic lenses customized to each
skull geometry have been proposed as a more comprehensive low-cost way to
compensate for skull losses, thereby enabling transcranial therapy with a single-
element transducer [365], [366]. Maimbourg et al. [365] demonstrated a 10-fold
increase in the accumulated energy in the targeted area using the specific approach

of aberration correction with lenses.
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This section provides insights on the use of single element FUS transducers with
no other means of defocusing corrections for transcranial FUS in humans by
preclinical experimentation using a brain-tissue/skull phantom setup. The optimal
phantom to mimic brain tissue was selected among twelve agar-based phantoms
prepared in house with different concentrations of agar, silicon dioxide, and
evaporated milk, based on the ultrasonic attenuation property of these phantoms as
estimated by the transmission-through technique. Rapid prototyping was used for
the construction of the skull model. The ultrasonic attenuation in three common
thermoplastic materials was initially assessed, from which two were deemed
suitable to replicate the attenuation observed in the skull bone adequately. Two
thermoplastic phantoms with the precise skull bone geometry of a male patient were
then 3D printed following segmentation on a CT head scan image. The main part
of the study involved performing FUS sonications in the brain-tissue phantom
through water (without any obstacle in the beam's path) and then, with each skull
phantom intervening the beam under the same experimental conditions. Single
element spherically focused transducers of 0.4 and 1.1 MHz central frequency were
used. In each case, thermometry during heating was performed at the focal spot

using thermocouples.
10.2 Materials and methods

10.2.1 Thermoplastic skull phantom

10.2.1.1 Development of block thermoplastic samples

Three (3) solid blocks (100% infill) were 3D printed using the FDM technique with
ABS (Stratasys) and VeroWhite Resin (RGD835, Stratasys) materials on a
Stratasys printer (F270), as well as with PLA (3DJ) thermoplastic on an Ultimaker
printer (3 Extended). The samples were modeled into flat plates of 5-mm thickness

and 63 x 63 mm area as shown in Figure 77.
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Figure 77: Photo of the 3-D printed ABS flat plate with indicated dimensions.

10.2.1.2 Ultrasonic attenuation in thermoplastic samples

The ultrasonic attenuation in the thermoplastic samples was measured using a
transmission-through immersion technique. Two identical transducers (custom-
made, central frequency of 2.1 MHz and diameter of 10 mm) and the test-
thermoplastic were fixed into a specially designed plastic holder ensuring vertical
incidence of the waves on the sample and minimizing energy losses due to
refraction. The holder was submerged in degassed water and the first transducer
was connected to the signal generator (33220A, Agilent, Santa Clara, CA 95051,
United States), whereas the second transducer was connected to a digital
oscilloscope (TDS 2012, Tektronix, Inc.) to display the received signal. The

corresponding experimental setup is shown in Figure 78.

oscilloscope

signal generator

acrylic tank

-
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< >
transmitter —9» % < ‘receiver
Test-sample

Figure 78: Photo of the experimental setup used to estimate the ultrasonic attenuation by
the transmission-through method with indicated components.
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Pulsed ultrasound of 2.1 MHz frequency (20-cycle bursts with a period of 10 ms)
was transmitted through the layered media. Initially, the peak-to-peak voltage was
measured by the oscilloscope without any material between the transducers
(reference signal). Then, the signal was recorded with the thermoplastic sample
fixed in between the two transducers. The attenuation coefficient a of the sample
was estimated by including the reference signal amplitude (A4,,) and the one
measured in the presence of the sample (4), together with the thickness of the
sample x, and the transmission coefficient T of the water-sample interface in the

following equation [152]:

a=a, + 20 l;)ge *In (A—WT) [8]

Ag

in which aw represents the attenuation coefficient of water. The transmission
coefficient was estimated by the speed of sound in the samples using the widely
known pulse-echo technique as previously described by Selfridge et al. [367]. All

the measurements were conducted at room temperature (= 22 °C).

10.2.1.3 Development of phantoms with skull geometry

The skull bone of an anonymized male patient was isolated following segmentation
on CT head scan images. Figure 79A shows the STL format of the whole human
skull. For the purpose of this study, a circle-shaped part was isolated from the
temporal region of the human skull model, and then imported in each printer's
software in STL format for further processing. Samples were 3D printed in solid
mode having a diameter of approximately 60 mm and a thickness varying from 2.55
to 10.75 mm. The sample made with ABS (Stratasys) material is shown in Figure
79B.
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Figure 79: (A) STL format of the whole skull model. (B) 3D printed skull phantom.
10.2.2 Brain-tissue phantoms

10.2.2.1 Preparation of agar-based phantoms

Phantoms were prepared according to the procedure previously described by
Drakos et al. [110] using agar (Merck KGaA) as the gelling agent while silicon
dioxide (Sigma-Aldrich) and evaporated milk (Nounou) were included as modifiers
of ultrasonic scattering and absorption, respectively [140]. Agar-only samples were
prepared with different agar concentration of 2 %, 4 %, 6 % and 8 % w/v. Silica-
doped phantoms were prepared using a silicon dioxide powder concentration of 2
%, 4 %, 6 %, 8 % and 10 % w/v for a constant agar concentration of 6 % w/v. The
effect of evaporated milk concentration was assessed by including different v/v
concentrations of 10 %, 20 % and 30 % (replacing a percentage of the water
component) at solutions with fixed concentrations of 6 % w/v agar and 4 % w/v
silicon dioxide. For each recipe, the solution was poured in two molds of different
thickness (20 and 40 mm) and left to solidify to form the final phantoms, as shown

in the photo of Figure 80.

10.2.2.2 Ultrasonic attenuation in agar-based gels

The ultrasonic attenuation coefficient of the developed agar-based phantoms was
estimated (at 22 °C) using the previously presented experimental set-up (Figure
78), but a quite different procedure known as the variable thickness method [96] to
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assess which one matches better the acoustic characteristics of brain tissue. The
specific method involves comparison of ultrasonic signals acquired through
samples of different thickness for estimating the attenuation coefficient (in units of

dB/cm) through the following formula [96]:

a=-22 *log(@) [9]

X2—X1 Ax1

where A,, and A,, symbolize the peak-to-peak voltages in the presence of the

thinner (X1= 20 mm) and thicker (X2 = 40 mm) samples, respectively.

Figure 80: Top view of the thinner and thicker agar-based phantoms.
10.2.3 Thermometry during FUS heating in brain-tissue/skull phantom

The property of the skull phantoms to obstruct the propagation of acoustic waves
generated by a single element transducer was evaluated by sonicating the agar-
based phantom that was deemed suitable to mimic brain tissue (6 % w/v agar and
4% wiv silicon dioxide). For proper FUS exposures, a special holder was 3D printed
to accommodate the focused transducer and the phantom in a water tank, thus
ensuring a normal incidence angle. Specifically, the transducer was fixed at the
bottom part facing towards the phantom, as shown in Figure 81. The holder was
geometrically designed to allow horizontal insertion of a thermocouple in the
phantom every 5 mm. Therefore, the focal spot was easily located enabling

recording of the temperature changes using a thermometer (Omega Engineering).
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As illustrated in Figure 81, the holder also included a special structure underneath
the phantom’s location to accommodate the skull sample. Degassed water was
poured inside the tank until it reached the top level of the phantom serving as the
coupling medium. The transducer was connected to an amplifier (AG1012, AG
Series Amplifier, T&G Power Conversion, Inc.) with a build-in signal generator.
Sonications were performed with two different single element spherically focused
transducers (Sonic concepts, Washington, USA). The first one had a central
frequency of 1.1 MHz, radius of curvature of 100 mm, and diameter of 40 mm,
whereas the second one had a central frequency of 0.4 MHz, radius of curvature of
70 mm, and diameter of 40 mm. The acoustic efficacy of both transducers was

approximately 100 %.

brain phantom lh01del‘

(inside) \ {

skull phantom

amplifier ™=

thermometer

o

Figure 81: Photo of the experimental setup used to estimate temperature changes in the
phantom during heating, showing the designed holder and the location of the

compartments.

The distance between the bottom of the phantom and each transducer was properly
adjusted so that the focal depth is 2.5 cm for both. Temperature measurements were
acquired using a thermometer (HH806AU, Omega Engineering, USA) with a
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sampling rate of 1s. Firstly, the temperature evolution during sonication was
recorded through water path (without any plastic phantom), and then, in the
presence of each skull phantom sequentially. For the sake of comparison, the
experiment was also conducted with a 3-mm ABS flat plate inserted in the pathway
of the beam.

10.3 Results

10.3.1 Ultrasonic attenuation in thermoplastic samples

The attenuation of ultrasonic waves in the 3D printed thermoplastic samples (5-mm
thick solid plates) was estimated using a common transmission-through technique
and pulsed ultrasound of 2.1 MHz frequency. The mean attenuation coefficient was
estimated at 8.4 £ 0.2 dB/cm for the Resin (Stratasys), at 14.9 + 0.6 dB/cm for the
PLA (3DJ), and at 37.7 £ 1.8 dB/cm for the ABS (Stratasys). The estimated
coefficient of the Resin material was considered small compared to the values
reported literally for the skull bone [271], [368], [369]. Therefore, the PLA and
ABS thermoplastics were used for the construction of phantoms with precise
geometry of a human skull, thus more accurately replicating the distortion and

attenuation effects of the skull.
10.3.2 Ultrasonic attenuation in agar-based gels

Twelve (12) agar-based phantoms were developed with varying concentrations of
agar, silicon dioxide and evaporated milk. The results suggest that the attenuation
of ultrasonic waves is enhanced with increasing concentration of each inclusion
(agar, silicone dioxide, and evaporated milk). Figure 82 shows the trend for the
gels containing only agar. The corresponding results for the silica- and evaporated
milk-doped phantoms are shown in Figure 83 and Figure 84, respectively.
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Figure 82: The mean attenuation coefficient (at 1.1 MHz) plotted against the agar
concentration. The data points were fitted by polynomial regression. The error bars

correspond to the standard deviation.
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Figure 83: The mean attenuation coefficient (at 1.1 MHz) plotted against the silicon
dioxide concentration for a fixed amount of 6 % w/v agar. The data points were fitted by

linear regression. The error bars correspond to the standard deviation.
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Figure 84: The mean attenuation coefficient (at 1.1 MHz) plotted against the evaporated
milk concentration for a fixed amount of 6 % w/v agar and 4 % w/v silicon dioxide. The
data points were fitted by linear regression. The error bars correspond to the standard

deviation.

The phantom containing 6 % wi/v agar and 4 % w/v silicon dioxide was found to
possess an attenuation coefficient (0.75 + 0.06 dB/cm-MHz) in the range of 0.65 -
0.95 dB/cm-MHz reported literally for brain tissues [370] and deemed suitable to

mimic brain tissue in subsequent experiments.
10.3.3 Thermometry during FUS heating in brain-tissue/skull phantom

These experiments aimed to assess the feasibility of two single element transducers
of different frequency to heat up the soft-tissue phantom through the skull mimics
by performing high power sonications. The selected phantom containing 6% agar
and 4% silicon dioxide served as the brain tissue mimic. The thermometry data
obtained by thermocouple measurements are listed in Table 9, including the
transducer characteristics and the corresponding temperature changes achieved at
the focal depth of 2.5 cm in free field (No skull), as well as in the presence of each
skull phantom. The results of sonication through a 3-mm flat sample are also listed

for comparison purposes.
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Table 9: List of transducer specifications and the corresponding temperature changes
recorded using acoustical power of 30 W for 30 s at the focal depth of 2.5 cm with no

plastic, as well as with the ABS and PLA phantoms intervening the beam path.

Transducer characteristics Thermometry results AT (°C)

f D R No PLA skull ABS skull ABS flat
(MHz) (mm) (mm) Skull «=15dB/cm @=38dB/cm 3 mm
0.4 40 70 15.7 1.9 2.7 -

1.1 40 100 24.7 0 0.4 2.2

Figure 85 and Figure 86 show the corresponding temperature profiles (temperature
change versus time) recorded in the phantom using the 0.40 MHz (diameter of 40
mm and radius of curvature of 70 mm) and 1.10 MHz (diameter of 50 mm and

radius of curvature of 100 mm) transducers, respectively.
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Figure 85: Temperature change versus time recorded in agar-based phantom at focal depth
of 2.5 cm during sonication at acoustic power of 30 W for 30 s using the 0.4 MHz

transducer (diameter = 40 mm and radius of curvature = 70 mm) with no skull, as well as

with the skull phantoms inserted in the beam path.
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Figure 86: Temperature change versus time recorded in agar-based phantom at focal depth
of 2.5 cm during sonication at acoustical power of 30 W for 30 s using the 1.1 MHz
transducer (diameter = 40 mm and radius of curvature = 100 mm) with no skull, as well as

with the skull phantoms inserted in the beam path.

During sonication, heat absorption was responsible for the temperature rise while
conduction decreased the rate of temperature elevation, whereas post-sonication
only conduction mechanism remained, thus resulting in temperature reduction. As
expected, the temperature change at the focal point is significantly reduced when

the ultrasonic waves are obstructed by the skull phantoms.
10.4 Discussion

This section aimed to examine the performance of single element spherically
focused transducers in terms of trans-skull heating of tissue. For this purpose, an
agar based phantom was prepared to mimic brain tissue, whereas the skull was
mimicked by a 3D printed thermoplastic skull model.

The 3D printing technology is continuously gaining popularity as a cost-effective

tool for rapid prototyping, offering the ability to design structures of complex
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geometry with high precision [94], [371]. In the last decade, it has been increasingly
employed for the construction of bone mimicking phantoms using thermoplastic
materials [93]-[95], [117], including MRI compatible skull phantoms embedding
tissue-mimicking gels or freshly excised tissue [93], [117]. Skull phantoms were
initially manufactured with a simplified geometry [117] and later with the precise
geometry of a real human skull as extracted from brain CT scans [93]. More
recently, a 3D printed skull filled with a phantom mimicking both the vessels and
tissue in the cranium has been proposed [249]. These phantoms were designed to
match the ultrasonic properties of human skull. Accordingly, in this study, two
anthropomorphic skull models were 3D printed using two different thermoplastic
materials, which were selected based on transmission-through ultrasonic

attenuation measurements.

The longitudinal attenuation coefficient of three common 3D printing
thermoplastics was estimated using a transmission-through technique. The
estimated attenuation coefficient of the Resin sample (8.4 = 0.2 dB/cm) was
considered small compared to the literature values for skull bone. Ammi et al. [369]
report attenuation values in the temporal bone of 13.4 — 22.14 dB/cm at 1 MHz and
34.2 — 48,5 dB/cm at 2 MHz for skulls not presenting temporal bone window
insufficiency. Therefore, the PLA and ABS samples with mean attenuation
coefficients of 14.9 (£ 0.6) and 37.7 (£ 1.8) dB/cm were deemed more suitable to
replicate the insertion energy loss in human skull bone and used for phantom
development. Note that the high ultrasonic attenuation reported for the skull bone
is related to the varying thickness, porosity of the cancellous bone and other
inhomogeneities, which serve as additional sources of attenuation not existing in

thermoplastic samples.

Phantoms were then prepared following accurate geometrical replication of a
human skull to account for the defocusing effects induced by the varying thickness

of the skull. The skull bone geometry of a male adult was obtained from CT head
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scans and a circle shape part was isolated from the temporal region, which
constitutes an optimal window for transcranial delivery of ultrasonic energy [369].
Phantoms were 3D printed in solid mode using the selected thermoplastic materials
(ABS, Stratasys and PLA, 3DJ).

The approach utilized in this study suffers from the limitation that the candidate
thermoplastic materials were only investigated in terms of ultrasonic attenuation.
However, thermoplastics were previously proven capable of sufficiently matching
the propagation velocity of ultrasonic waves in the human skull as well [152], [249].
Of course, given that in the real scenario ultrasonic waves interact with the complex
microstructure of the bone (i.e., multilayer structure including cancellous bone), the
proposed phantom constitutes a much simplified model of the human skull.
However, since it was 3D printed with the exact geometry of a human skull, beam
aberration mechanisms due to the varying skull thickness can be considered
consistent between the phantom and real human skull.

Gel phantoms were prepared with varying concentrations of agar, silicone dioxide,
and evaporated milk to achieve different levels of ultrasonic attenuation. The
attenuation results estimated by the variable thickness methodology suggest that
attenuation increases with increasing w/v concentration of agar from 2 to 8%
following a second order polynomial (R?=0.99). The influence of the evaporated
milk concentration on the resultant attenuation followed a linear pattern (R?=0.99).
Increasing silicon dioxide concentration also enhanced attenuation, though not in a
specific trend. In line with our findings, a positive linear relation between
attenuation and concentration of milk was previously reported in the literature [93].
Notably, the role of these inclusions was examined in previous studies, in which
silica particles were found to enhance acoustic scattering [156], whereas evaporated
milk was proven a key absorber of ultrasonic energy [140].

Phantoms doped with silicon dioxide at concentrations of 2, 4, and 6 % w/v (6 %

wi/v agar) were found to possess attenuation coefficient values that fall well in the
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range of 0.65 - 0.95 dB/cm-MHz reported literally for brain tissues [370]. However,
solutions with silica concentrations of more than 4 % undergo rapid solidification
and are more likely to contain inhomogeneities. Therefore, the phantoms doped
with 2-4 % wi/v silicon dioxide were deemed suitable to mimic brain tissue. Since
almost equal attenuation coefficient was estimated for both recipes, the one with 4
% wilv silica was selected to be used in subsequent experiments. Moreover,

agar/silica phantoms are more stable and durable than milk-doped phantoms.

The heating properties of two single element transducers through the developed
skull phantoms were investigated by thermocouple measurements in the brain tissue
phantom (6 % wi/v agar and 4 % wi/v silica). The phantoms were mounted on a
specially designed set-up being immersed in degassed water for proper ultrasonic
propagation. Thermal profiles at the focus (2.5 cm) were recorded during
sonications at acoustic power of 30 W. Absorption was the responsible mechanism
for temperature rise in the agar gel, whereas upon deactivation of the transducer
conduction-induced heat loss occurred. It is interesting that in the presence of the
skull phantoms the thermal profiles presented plateaus where the temperature
remained constant for several seconds revealing that the rate of heat deposition was

very slow.

Without any sample along the beam’s path, the 1.1 MHz sonication caused bigger
temperature change (24.7 °C) compared to the 0.4 MHz sonication (15.7 °C) despite
the use of similar acoustic parameters (acoustical power 30 W for 30 s). This is
attributed to the fact that the 0.4 MHz beam is wider, and thereby, the produced
intensities are lower. In fact, the focusing capability is determined by the transducer
characteristics; frequency (f), radius of curvature (R), and diameter (D).
Alternatively, when the focal depth and diameter are combined into the f-number
(=R/D), the focus effect is determined by the f-number and frequency. For single
element spherically focused transducers the focal beam diameter (cross section)

equals to A = f-number (where A is the wavelength), thus being proportional to the
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f-number and inversely proportional to frequency. For the tested 1.1 and 0.4 MHz
transducers, the beam radius at the focal depth equals to about 0.17 cm and 0.33
cm, respectively. Accordingly, the applied acoustic power of 30 W corresponds to
focal intensities of 329 W/cm? and 89 W/cm? for the 1.1 and 0.4 MHz transducers.
Therefore, without the skull mimic, the 1.1 MHz transducer results in higher

temperature increase at the focus.

Nevertheless, in the presence of the skull phantoms a larger temperature change
was recorded using the 0.4 MHz focused transducer. It seems that the phenomenon
of scattering is the major factor responsible for this observation. Even though the
0.4 MHz transducer produces a wider beam, it seems that a larger amount of
ultrasonic energy propagates through the thermoplastic samples due to the
decreased scattering occurring at lower frequencies. Overall, the 0.4 MHz
transducer showed better performance in trans-skull transmission. Notably, the use
of such low frequencies is widely reported in studies involving non-human primates
and large animals [357]-[364] and is driven by the highly aberrating nature of the
skull bone. It should be though noted that these studies exploit the mechanical rather
than the thermal effects of FUS.

The propagation of ultrasonic waves by single element emissions was blocked to a
great degree by the skull phantoms, leading to minimal temperature increase at the
focal point. In fact, the focal temperature change in the presence of the skull
phantoms was reduced to less than 20 % of that recorded in free filed. This is
attributed to the high ultrasonic attenuation occurring in the phantoms, but also to
the defocusing effects of the varying thickness that were proven to cause spreading
of the beam and focal shifting [246]. Notably, the strong defocusing effects of an
ABS skull model were previously demonstrated using MR thermometry in a gel
phantom [93] and were associated with a great temperature reduction at the focal

region [93]. This is where the phased array approach takes effect.
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The specific mechanisms of energy loss through the skull phantoms such as the
aforementioned beam defocusing were not explored quantitatively in the current
study and may be addressed in a future study. Qualitative assessment was though
performed by comparing the temperature evolution during sonication at 1.1 MHz
through the ABS skull phantom with that recorded for a flat sample using similar
acoustic parameters. With the skull phantom intervening the beam path, a minimal
temperature change of 0.4 °C was achieved. The flat sample resulted in bigger
temperature rise of 2.2 °C, confirming that the thickness variability of the skull
phantom induced greater energy losses.

Single element transducers were proven efficient for transcranial applications in
small experimental animals such as mice [120], [276]-[278] because of their thin
skull bone. Furthermore, many studies report successful use of this technology for
BBB disruption in non-human primates [357]-[362], whose skull resembles better
the human skull. It should be though noted that these applications exploit the
mechanical - cavitational effects of FUS rather than the thermal effects. Even in
that case, there are many safety concerns, and thus, precise refocusing techniques
are needed to compensate for energy losses and focal shifts, thus achieving accurate
targeting and sufficient deposition of energy without threatening sensitive brain

structures.

Overall, the herein findings confirm the inability of a single element transducer to
efficiently steer the beam through the human skull to impart thermal effects to tissue
unless a comprehensive correction technique is applied. The phased array
technology is still considered the only tool offering optimal deposition of ultrasonic
energy in the brain while maintaining the safety levels required in the clinical
setting. Recently, the use of 3D printed lenses to compensate beam aberrations
while using single element transducers has been proposed [365], [366]; however,
further investigation is required to verify these findings and prove the feasibility of

this approach.
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11 MR thermometry assessment of FUS heating in brain

tissue/skull phantom using 1-MHz single-element transducer

11.1 State of the art

As discussed in previous sections, the widespread use of tFUS has been limited for
a long period of time by the challenge of accurately delivering the acoustic waves
in the brain through the complex skull structure. This issue has been addressed
through the development of the phased array technology [19] and the introduction
of MRI-based thermometry [9]. Despite the limitations of single-element
transducers in terms of beam steering, they remain a valuable tool for
neurotherapeutics. In recent years, low intensity tFUS has received significant
attention due to its potential as a non-invasive modality for neuromodulation [372].
Successful brain stimulation by delivering low-intensity pulsed ultrasound with
single-element transducers has been demonstrated in small animals [373]-[375],
non-human primates [376], and humans [377], [378]. Single-element transducers
were also proven efficient for BBBD in several animal models, including mice
[277], [278], rabbits [356], non-human primates [358], [359], [362]. However, the
complex subject-dependent skull geometry makes it difficult to predict the amount
of transmitted energy and the exact brain region affected by single-element

emissions, thereby raising numerous concerns regarding clinical safety.

Image-guided numerical simulations can be used to predict ultrasonic propagation
through the skull and simulate the intracranial field, thus being a valuable tool for
correcting the focal point shifting and compensating for energy losses [379]-[382].
Such simulations are typically based on image data from CT or MRI, from which
the skull geometry is extracted. Yoon et al. [379] have proposed a finite-difference
time domain-based simulation method employing a multi-resolution approach to
model the trans-skull propagation of ultrasonic waves from single-element

transducers. Performance evaluation in a sheep skull model suggests that the
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method can provide on-site feedback on the location, shape, and pressure profile of
the focus to the user. This information is possible to allow for adjusting the
transducer's location so that the desired pressure levels are achieved at the targeted
tissue with sufficient precision. A similar simulation platform was employed by
Deffieux et al. [381] in an effort to examine the focalization ability of single-
element transducers operating at a low frequency range of 0.3 to 1 MHz through
both primate and human skulls in the context of FUS-mediated BBBD. In another
study [380], the wave propagation by single-element emissions and the resultant
intracranial energy distribution were numerically investigated in a realistic multi-
tissue model of the human head to assess the feasibility of low-intensity FUS
neuromodulation of the hippocampus. However, it should be noted that simulation-
based guidance of tFUS may demand intensive computational resources to enable

timely on-site feedback to the user.

Hydrophone-based experimental and numerical measurements were combined by
Chen et al. [383], who examined the transmission of FUS from single-element
transducers with frequencies of up to 1.5 MHz through human skulls. Interestingly,
an exponential reduction in the transmission efficiency occurred with increasing
ultrasonic frequency. An innovative virtual brain projection method has been
recently proposed as another ergonomic tool for testing the behavior of tFUS beams
of single-element transducers and identifying factors that may impact the
effectiveness of tFUS therapy in the treatment of neurological conditions [384]. It
is also worth mentioning that recently the 3D printing technology was employed in
the creation of customized patient-specific holographic acoustic lenses (i.e., 3D
printed plastic lenses featuring textured surfaces) to counteract the beam aberration
effects induced by the varying skull thickness [365], [366]. Dedicated algorithms
and simulation techniques can be used to design the digital model of the lens with
the desired textured surface. This method was found to increase the energy
accumulation within the targeted region by ten-fold [365], thus holding promise for
tFUS thermal therapy using single-element transducers.
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Recently, systems incorporating single-element transducers have been proposed for
FUS-mediated BBBD under stereotactic targeting and real-time passive cavitation
monitoring with the aim of enabling MRI-independent treatment sessions [246],
[360]. Pouliopoulos et al. [246] presented a neuronavigation-guided system
featuring a 0.25 MHz single-element transducer. Simulation studies and
hydrophone-based experiments involving a human skull fragment were performed
to assess the transducer’s focusing properties. As expected, the insertion of the skull
fragment in the beam path resulted in considerable focal shifting and a pressure
attenuation of about 45%. A similar approach was followed by Marquet et al. [360],
who report successful BBBD of deep subcortical structures in monkeys with a 0.5
MHz transducer. The ultrasonic amplitude of emitted waves was increased based
on pressure measurements taken in vitro to compensate for attenuation losses
through the scalp and brain [360].

TMPs have been a valuable tool in the early-stage assessment of transcranial FUS
applications, in which accurate geometric reconstruction of the skull bone is
essential for replicating the defocusing effects caused by the variable thickness and
complex structure of the cranium accurately. Experiments were carried out in both
simplistic and more-advanced geometrically-accurate skull models using both

thermocouple and MR thermometry measurements [93], [117].

Given the recent scientific interest in transcranial FUS therapeutics using single-
element transducers and the effort to establish techniques for overcoming their
trans-skull steering inability, this sections presents key findings on the feasibility of
delivering FUS in a realistic brain tissue/skull phantom using a 1-MHz single-
element spherically focused transducer. FUS sonications were performed through
3D-printed geometrically accurate skull phantoms filled with an agar-based gel
mimicking the brain tissue without any means of defocusing corrections. The
temperature evolution and thermal field distribution during and after heating were

monitored using MR thermometry. Skull phantoms made of two different
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thermoplastic materials were employed to assess the effect of ultrasonic attenuation
on the thermal effects achieved within the soft tissue phantom. Furthermore, the
study examined the feasibility of efficiently delivering FUS to heat up the phantom
material through a 1-mm skull mimic. This technique is proposed as a potential
novel approach to treat unresectable (i.e., multiple, recurrent, deep-seated, etc.)
brain tumors by temporarily replacing the skull with a thin biocompatible insert to
enable sufficient penetration and heating at ablative temperatures. Through these
experiments, the study aims to provide insights on the practicality of using single-
element transducers for tFUS in the context of thermal therapy, also given that so

far, ultrasonic transmission has been mostly assessed by numerical simulations.
11.2 Materials and methods

11.2.1 Construction of brain tissue/skull phantoms

Two-compartment skull phantoms were manufactured by rapid prototyping. The
skull bone model was extracted by segmentation on CT head scan images of an
anonymized female volunteer. A circular piece of the temporal-parietal skull region
was isolated, resulting in a two-compartment skull model. The skull model was 3D-
printed using two common thermoplastic materials; ABS (Stratasys) and Resin
(Stratasys), on the F270 and Object30 Prime 3D printers of Stratasys, respectively.
Following further processing and smoothing on the dedicated software of each
printer, the phantoms were manufactured with 100% infill. The circular insert had

a diameter of 60 mm and an average thickness of about 6 mm.

Another thinner skull mimic was created to account for the effect of the skull
thickness on ultrasonic transmission. Specifically, the STL format of the circular
skull insert was processed to adjust its thickness to 1 mm through its entire surface.
The thin skull mimic was 3D-printed with Resin (Stratasys) material only. The
rationale behind investigating the use of a 1-mm skull insert is that by temporarily

removing a small skull part and replacing it with a thin biocompatible skull insert,
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the FUS ablation of unresectable brain tumors by single-element emissions could
be feasible. Accordingly, the benefits of single-element transducers in terms of
simplicity and cost-effective over phased array transducers could be exploited

through this approach.

The brain tissue was mimicked by an agar-based gel containing a 6 % w/v agar
(Merck KGaA) and 4 % wi/v silicon dioxide (Sigma-Aldrich). The concentration of
these inclusions was proven to impart the desired phantom characteristics for the
specific application of thermal FUS studies, including acoustical, thermal, and MRI
properties comparable to human tissues [96], [142], [153]. The ultrasonic
attenuation coefficient of this phantom was previously estimated at 1.10 + 0.09
dB/cm-MHz [153]. The process for creating the gel phantom, as previously outlined
by Drakos et al. [110], involved dissolving the agar and silicon dioxide powders in
water. The agar solution was poured into the skull phantom and allowed to solidify,
resulting in the final phantom shown in Figure 87A. As shown in Figure 87B, the
circular skull insert can be easily removed to expose the brain-tissue phantom.

Figure 87C compares the 1-mm Resin insert with that of varying thickness.
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Figure 87: (A) The two-compartment skull phantom filled with the tissue mimicking agar
gel. (B) The skull phantom with the circular insert being removed from the lateral side
exposing the brain tissue phantom. (C) Comparison between the 1-mm and varying
thickness Resin inserts.
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11.2.2 CT imaging of the skull phantoms

Before proceeding to FUS experiments, it was considered essential to investigate
the existence of air pores within the phantoms, which may be introduced during 3D
printing and affect the propagation of ultrasonic waves considerably. Therefore, the
radiographic behavior of the ABS and Resin skull mimics was investigated. CT
imaging was performed with a GE CT scanner (Optima 580 RT, GE Medical
Systems) using a tube voltage of 120 kV, a tube current of 410 mA, and a slice
thickness of 1.25 mm to examine if there were any voids within the Resin and ABS

samples.
11.2.3 FUS sonications in the phantom

FUS sonications were performed in the developed phantom with and without the
circular skull insert (Figure 87) in a 3T MRI scanner (Magnetom Vida, Siemens
Healthineers). The FUS transducer employed in the study was made of a spherically
focused single-element piezoelectric (Piezohannas, Wuhan, China, f =1.1 MHz, D
=50 mm, R = 100 mm) with acoustic efficiency of 30 %. The element was hosted
in a dedicated MRI-compatible plastic housing. The transducer was supplied by an
RF amplifier (AG1016, T & C Power Conversion) located outside of the MRI room
through MR shieled cables.

The experimental setup, as arranged on the MRI table, can be seen in Figure 88. The
brain tissue/skull phantom was submerged in a water tank filled with degassed and
deionized water. The FUS transducer was attached to a specially designed 3D-
printed holder facing toward the movable part of the phantom (circular insert). The
transducer holder was attached on the top edges of the tank. The holder was able to
be moved enabling adjustment of the distance between the transducer and phantom.
For image acquisition, a multichannel body coil (Body18, Siemens Healthineers)

was fixed on a dedicated support structure above the phantom. Caution was given
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not to include the transducer within the coil’s detection area to avoid interference

and signal loss [339].

Water
container

Figure 88: Photo of the experimental setup for FUS sonications in the brain tissue/skull
phantom as arranged on the MRI table of the 3T scanner, with the various components

indicated.

For all reported experiments, the distance between the transducer and phantom was
adjusted so that the focal depth is 40 mm. Continuous FUS was applied at acoustic
power of 90 W for 60 s. The corresponding focal intensity was calculated as the
acoustic power value divided by the beam area where the ultrasound energy is
concentrated (i.e., cross-sectional area at the focal point; mr?2), equalling to 1583

W/cm?. Notably, the focal beam diameter is typically calculated by the structural
characteristics of the transducer, as %R, where A is the wavelength (defined by the

operating frequency and speed of sound in the medium).
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The temperature evolution during sonication and having a 60-s cooling time was
monitored using MR thermometry. The PRFS method [9] was used for calculating
the temperature changes in a ROI set within the phantom according to Equation 3.
The magnitude of a was set at 0.0094 ppm/°C [232], [233].

The temperature changes in the ROI were calculated based on a pixel-by-pixel
analysis of the phase differences. Coronal and axial thermal maps were derived
from 2D FLASH images acquired with the following parameters: TR = 25 ms, TE
=10 ms, FOV = 280x280 mm?, slice thickness = 3 mm, NEX =1, FA = 30°, ETL
=1, matrix size = 96 x 96, pBW = 250 Hz/pixel, and acquisition time/slice = 2.4 s.
Colour maps were produced by colour-coding the measured temperatures from the

minimum to the maximum value from yellow to red.
11.3 Results

Indicative CT images of the two skull mimics made of ABS and Resin are presented
in Figure 89, revealing the presence of some air-filled pores within the ABS sample.
On the contrary, the Resin sample appears completely solid. This finding was useful

in interpreting the results of the follow-up FUS experiments.

RESIN

Figure 89: CT images of the Resin and ABS samples acquired with a tube voltage of 120

kV, current of 410 mA, and a slice thickness of 1.25 mm.
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The results of FUS sonications are summarized in

Table 10, along with the ultrasonic attenuation coefficients for the Resin and ABS
thermoplastics, as measured using a common transmission-through immersion
technique [385].

Note that a single 60-s sonication at acoustic power of 90 W, corresponding to a
focal intensity of about 1583 W/cm?, without any obstacle in the beam path (free
field), as well as through the 1-mm Resin insert, heated up the agar-based material
from room temperature up to ablative temperatures (> 60 °C). In fact, sonication in
free field resulted in a maximum recorded focal temperature of 93 °C. Indicative
thermal maps acquired at various time spots during and after heating without any

obstacle intervening in the beam path are shown in Figure 90.

transducer

Figure 90: Coronal thermal maps derived from FLASH images during sonication in the
phantom at acoustic power of 90 W for 60 s at a focal depth of 40 mm, without any obstacle
in the beam path.
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Table 10: The focal temperature change (AT) recorded in the phantom using acoustical
power of 90 W for 60 s at a focal depth of 40 mm with no plastic, as well as with the ABS

and RESIN skull mimics intervening the beam.

Skull Thickness AT Ultrasonic attenuation
phantom (mm) (°C) (dB/cm)
NO - 55 -
ABS 6 (average) 1.8 37.7+£1.8
Resin 6 (average) 9.7
L 8.4+0.2
Resin thin 1 33

The corresponding results for similar sonications through the ABS and Resin skulls
(of varying thickness) are shown in Figure 91. Note that the ultrasonic waves were
strongly blocked by the ABS skull resulting in zero temperature increase within the
phantom volume. Conversely, detachable heating was observed in the case of the
Resin skull, with the baseline temperature of 37 °C increasing to almost 47°C at the

focal area but remaining at hyperthermia levels.

ABS

RESIN

Figure 91: Coronal thermal maps derived from FLASH images during sonication at
acoustic power of 90 W for 60 s at a focal depth of 40 mm through the ABS and Resin skull

inserts.
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Note also that heating through the ABS sample resulted in a slight temperature rise
of 1.8 °C in the phantom adjacent to the skull mimic surface interfering with the

beam, revealing a negligible heat accumulation in the region.

The use of a thin skull phantom of 1 mm thickness provided significantly better
results in terms of trans-skull ultrasonic transmission and heating of the phantom
material compared to the thick one. The temperature profile of Figure 92A reveals
a maximum focal temperature of 70 °C, compared to that of 47 °C achieved by
sonication through the varying thickness Resin skull. Figure 92B presents
indicative thermal maps acquired in both axial and coronal planes, showing efficient
beam penetration and heating of the phantom material at ablative temperatures.
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Figure 92: (A) Temperature increase versus time during phantom sonication throught the
1-mm Resin skull at acoustic power of 90 W for 60 s at a focal depth of 40 mm. (B)

Indicative axial and coronal thermal maps acquired during sonication.
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11.4 Discussion

In the current section, the heating capabilities of a custom-made 1-MHz single-
element spherically focused transducer through geometrically accurate skull
phantoms embedding a brain-tissue mimicking material was examined based on
MR thermometry measurements. The study further provides insights on the
feasibility of precisely delivering FUS through a skull mimic of 1-mm thickness as

a potential method for the treatment of unresectable brain tumors.

A single FUS sonication at focal acoustic intensities close to 1580 W/cm? for 60 s
in free field heated up the agar phantom to ablative temperatures. Ablative
temperatures were also produced in the case of the 1-mm Resin insert, which
allowed efficient ultrasonic penetration. The focal temperature change was reduced
to 60 % (AT = 33 °C) of that achieved without any obstacle in the beam path (AT =
55 °C). These findings are consistent with what has been observed in prior animal
research, where tFUS at frequencies close to 1 MHz was established as an efficient
modality for applications in small animal models, such as mice and rabbits [278],
[356], whose skull thickness is comparable to that of the thin Resin insert. In this
regard, single-element transducers may also be effective for therapeutic
applications in toddles through the temporal bone, which is in the order of 2 mm in

thickness [386], thus potentially constituting an effective acoustic window.

On the contrary, in the presence of the varying thickness Resin insert the
temperature change was decreased to about 18 % (AT = 10 °C) of that achieved in
free field, whereas no heating was detected in the phantom bulk during sonication
through the ABS skull. Being consistent with prior research, these findings validate
that single-element transducers are incapable of effectively directing the beam
through the human cranium to cause thermal heating of brain tissue unless a

thorough correction method is implemented.
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The Resin and ABS phantoms showed a completely different response to FUS
heating. Since the defocusing effects of the varying skull thickness are considered
similar for the two phantoms, this difference can be attributed to the higher
ultrasonic attenuation (Table 1) and porosity of the ABS material. In fact,
investigation of the radiographic behavior of the two thermoplastic materials
revealed air gaps within the ABS sample. The ABS phantom was manufactured
using the FDM method, which constitutes a thermal technique that naturally
incorporates pores into the manufactured specimens, thus unavoidably enhancing

ultrasonic attenuation within the phantom’s interior.

There are several energy loss mechanisms affecting the ultrasonic propagation
through the real skull. Intense reflections of the propagating waves occur at the
interface between the skull bone and outside fluid [271], [387]. Within the skull
bone, the acoustic wave is strongly scattered due to its interaction with the internal
microstructure of the skull with conversions between longitudinal and shear modes
taking place [271], [387]. The bone also absorbs some of the wave energy, which it
then transforms into heat. Despite the complexity of quantifying the energy loss
induced by each individual attenuation mechanism, it has been shown that the
primary causes of attenuation are reflection, scattering, and mode conversion,
whereas absorption is responsible for only a small part of the total attenuation [387].
On the contrary, in soft tissues, the wave attenuation is mostly caused by the
absorption and conversion of ultrasonic energy into heat. Accordingly, the skull-
induced spreading and defocusing of the beam reduces the penetration depth and

energy deposited in tissue significantly.

The current study did not investigate the individual energy loss mechanisms
occurring during propagation of ultrasonic waves through the skull phantoms. This
area of investigation could be the subject of a future study. However, the study did
perform a qualitative evaluation on the effect of the varying skull thickness on

ultrasonic transmission and intracranial energy distribution. Although both Resin
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skulls allowed for sufficient beam focusing within the phantom, FUS sonication
through the thin skull insert generated significantly higher temperatures (50 %),
heating up a larger phantom area. Furthermore, a reduction in the beam’s
penetration depth was observed in the presence of the varying thickness insert,
confining the heating in a narrower and shallower area of the phantom. These
observations can be attributed to the acoustic aberration induced by the varying

skull thickness, causing considerable energy losses and focal spot shifting [246].

An important consideration related to the highly aberrating nature of the human
skull is the potential for thermal injuries of the skull and adjacent healthy tissues
[368], [387]. The PRFS-based MR thermometry method employed in this study
does not allow for measuring the skull heating directly [9]. This method relies on
the detection of temperature-induced changes in the resonance frequency of water
protons, and thus, a large number of protons is needed to create strong MRI signal
for high quality imaging and the production of thermal maps [9]. Similarly,
temperature monitoring within the thermoplastic materials that do not contain
sufficient water protons is not feasible. However, the specific thermometry method
can be used for monitoring the heat accumulation adjacent to the skull to assess
potential damage of brain tissue [388].

In this study, there was evidence of a slight heat accumulation around the ABS skull
insert. Specifically, a marginal temperature change of 1.8 “C was produced close to
the skull. In the real scenario, it is expected that the complex porous structure of the
cranium will more strongly attenuate the acoustic waves, potentially confining them
within the skull bone, thus raising the safety concern of unwanted skull heating
[389]. In this regard, an apparent limitation of the proposed skull model is its solid
infill, which makes it a very simplistic model in comparison to the real cranium
consisting of both cortical and cancellous bone compartments. Notably, studies
have showed that during trans-skull heating, active cooling of the skull surface is

essential to protecting the bone and surrounding tissues from thermal damages
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[387]. In addition, the transmission efficacy can be enhanced by selecting a proper

transducer frequency, further contributing to the mitigation of such risks [383].

Phased array ultrasonic transducers are predominantly used in the context of clinical
tFUS since they allow for targeting deep brain regions with the required precision
to produce the desired therapeutic effects without harming healthy tissue, thus
meeting the clinical requirements [390]. They also contribute towards delivering
the ultrasonic energy over a large skull area, thus reducing the possibility for
excessive heat accumulation in the skull [391]. However, it could be argued that
their main limitation compared to single-element transducers is their increased
complexity and expensiveness, as well as the need to use advanced signal

processing algorithms to control the individual array elements [390].

The present findings provide initial evidence on the feasibility of the proposed
approach of treating recurrent, multiple, or deep-seated brain tumors that cannot be
removed surgically by FUS ablation through a 1-mm biocompatible skull insert.
Temporal replacement of a small skull part with a 1-mm skull mimic is expected to
allow the development of high temperatures of up to 90 °C within the tumor and
repeated therapies to be performed. This approach exploits the unique advantages
of single-element transducers (less expensive, more ergonomic, etc.) over phased
arrays, thus addressing the concerns regarding insufficient trans-skull ultrasonic
penetration and focal temperature increase. These benefits come at the cost of
performing a small craniotomy, which is still far less invasive compared to the
standard surgical therapy. Remarkably, the highest temperatures achieved through
intact skull with phased arrays have been so far limited to around 60 °C [392].
Overall, a more comprehensive preclinical experimentation is required to
demonstrate reproducibility of these promising results and the clinical potential of
the proposed approach.
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12 Robotic device for transcranial FUS applications in small

animal models

12.1 State of the art

Penetration of the BBB to deliver medication into the brain is a subject that has
aroused the interest of many research groups. The techniques available so far are
not very effective. The BBB, which is the body's defense against toxic substances,
also provides resistance to the supply of therapeutic agents. Therefore, the provision
of medication to the brain is a main problem to overcome. In this regard, FUS seems
to be an alternative completely non-invasive method that can enhance treatment

against neurodegenerative diseases [393].

It has been shown that opening of the BBB can be achieved with the use of
therapeutic ultrasound and the administration of MBs [394]. This process is
reversible, thus maintaining the ability of the brain to stay protected against harmful
substances. Specifically, application of pulsed FUS induces various mechanical
phenomena in tissue, which in synergy with MBs, loosen the endothelial cell
connections allowing medication to reach the brain [395]. This method is targeted
since the ultrasonic energy is focused at a specific area of the brain, thus reducing
the risk for complications from the process [396]. The relaxation of the endothelial
ligaments is completely reversible, with complete recovery occurring within a few
hours after the treatment [356]. Since low intensity FUS is used, the temperature

remains at safe levels.

The application of this method for disrupting the BBB has been tested in various
animal models, mostly mice and rats [397]-[399]. Due to their small size, mice are
easier to handle and allow the use of more economical infrastructure, compared to
larger animals. However, their small size also appeared to be a challenge in terms
of accurate targeting in the laboratory environment, where MRI feedback is not
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available. For this reason, various experimental devices have been used by several

research groups involved in the field to facilitate studies in small animal models.

The team of Konofagou did a remarkable work in the field using a 3-axis robotic
system (Velmex Inc., Lachine, QC, Canada) [120], [276], [400], [401]. The FUS
transducer was attached to the positioning system, as well as to a water-filled cone.
Another water tank featuring an acoustic opening at the bottom was used [120],
[276], [400], [401], and coupled to the mouse head using ultrasound gel [402]. The
water tank was stable allowing the transducer as integrated with the water-filled
cone to move inside the tank relative to the target, without affecting the coupling
with the mouse head. Notably, the team of Hynynen [356] proposed a manual
mounting system. The mouse was placed in the supine position above a water
container. The transducer was positioned in the container under the mouse head and
acoustic coupling was achieved using a bag filled with water. Similar experimental
setups as the ones described above with some modifications were used in relevant
studies [403]-[406].

There are also systems available in the market that were developed for research
activities. An example is the PK50 system offered by the FUS Instruments company
(Toronto, Canada). The system has 3 DOF for transducer positioning [407]. This
company also offers another mounting device with 3 DOF, which approaches the
target from the bottom (LP100, FUS Instruments, Toronto, Canada) [407]. Another
company that offers robotic devices for research purposes is Verasonics (Kirkland
WA, USA) [408]. The company owns a robotic system with 2 DOF, where
ultrasonic coupling is achieved using a water filled bladder. The guidance of the
system is achieved with diagnostic ultrasound [408]. Image guided therapy is
another company in the field, which manufactures robotic systems compatible with
MRI. This company offers 2 different robotic systems featuring 5 DOF [409]. These
systems are intended for various therapeutic ultrasound applications. However, they

are complex and thus not ergonomic, especially for small animal experiments [409].
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The company Sonovol focuses on imaging modalities for preclinical applications
[410], but it also offers a preclinical device for FUS applications guided by three-
dimensional ultrasound combined with acoustic angiography. The system was
designed to assist research with therapeutic ultrasound, given that fusion of
ultrasound imaging and angiography can be beneficial for guiding BBBD. Notably,

the system offers a wide field of view combining the two imaging modalities.

Robotic-assistance was introduced in many studies to improve the accuracy of
ultrasonic targeting [411], [412]. As an example, Kujawska et al. [413], [414]
developed a computer-controlled robotic system with 4 DOF for FUS ablation
preclinical studies. The 4 DOF positioner is attached on a water-filled tank to
maneuver a dedicated platform that carries the target relative to the FUS transducer,
which is fixed coaxially with an ultrasound imaging probe on the bottom of the tank

facing towards the underside of the target.

There is an increasing demand for preclinical robotic devices, as various FUS
applications are continuously being developed and should be investigated to
demonstrate the accuracy and repeatability needed for their clinical translation.
Preclinical devices are the most cost-effective solution because medical
certification is not necessary. Although numerous devices with different
functionalities have been developed and tested so far, more simplistic and
ergonomic devices dedicated for small experimental animals would be of great

usefulness in accelerating research in the field.

In this section, we propose two systems dedicated to maneuvering a single element
FUS transducer for preclinical research in small animal models. The first system
had the ability to maneuver the transducer in two dimensions. The operation of the
system is simplistic since all the moving parts are placed in a single water tank that
includes an acoustic window on the top. A target supporting platform was specially
designed to securely position rodents above the ultrasonic source. The second

system was built to simplify targeting given the very small size of the mouse head
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and offer improved ergonomics. In this version, the mouse is placed in the more
stable prone position on a flat platform, with the transducer reaching the head with
a top to bottom approach. In fact, the transducer is located inside a cone that is
acoustically coupled to the mouse head using ultrasound gel. With this design, the

administration of anesthesia is more flexible.

Both devices were made MRI compatible. Even though the two devices were
primarily developed for laboratory use, MRI compatibility is important since it
allows for treatment planning and accurate targeting in the MRI setting, as well as
confirmation of BBBD by contrast agent enhanced imaging directly after treatment.
Furthermore, the two devices were engineered in a way that ensures ease of use,
with adjustment tools to suit the different species. Especially for very small animals
such as mice, the accuracy benefits of the proposed experimental setup are of high

importance.
12.2 Materials and methods

12.2.1 FUS setup

A custom-made FUS transducer was manufactured in-house using a single
piezoceramic element (Piezo Hannas Tech Co. Ltd), with a radius of curvature of
80 mm, an active diameter of 50 mm, and an operating frequency of 1 MHz. A
dedicated housing was 3D printed using ASA material on the F270 Stratasys printer
having a circle-shaped cavity, wherein the element was soldered. An electric circuit
was created and encapsulated with epoxy, which serves as electric isolator and
simultaneously as a backing material preventing excessive vibration of the element
and improving the acoustic performance of the transducer. The acoustic efficiency
of the transducer was experimentally determined at 33 % by the radiation force
balance method [415]. Note that the selection of the various transducer components

was based on MR-compatibility.
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The transducer is tuned to an RF amplifier (T&G Power conversion) and its
actuation is controlled via an in house developed software, which allows selection
between continuous and pulsed ultrasound sonication. There is also the possibility
to set the sonication parameters, such as the electric power, sonication duration,

frequency, and duty cycle.
12.2.2 Positioning devices

12.2.2.1 Robotic positioning device V1

A 2 DOF motorized device was manufactured using a 3D printing machine (FDM
270, Stratasys). Figure 93 shows CAD drawings of the device revealing its
components and how they are assembled. The various parts were produced using
the FDM technology with ASA thermoplastic. The positioning mechanism
maneuveres the proposed transducer in the X and Y linear axes, with a motion range
of 60 mm and 130 mm, respectively. Specifically, the rotational motion of two
piezoelectric motors (USR30-S3; Shinsei Kogyo Corp.) located outside the water
enclosure is converted into linear motion via complex mechanisms located inside

the enclosure, as shown in Figure 93.

The X axis angular motion is converted into linear motion by a jack screw
mechanism. The motor rotates the jack screw that is linked with the X-plate (Figure
93A). The rotation of the jack screw in turn causes the X plate to move forward
(upon counterclockwise rotation) or back (upon clockwise rotation) along dedicated
guides of the X-frame, which has also a supportive role increasing structural
rigidity. The pitch of the jack screw is 1.44 cm, meaning that for each complete

rotation, the X stage moves 1.44 cm.

The Y axis mechanism involves additional moving parts since the motion has to be
delivered at a 90° angle (Figure 93B). The motor was placed outside the water
container and was connected to a hexagonal drive shaft for transferring the motion

to the interior parts. Bevel gears were coupled to the shaft transferring the motion
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at 90° (along the Y axis). Bevel gears refers to a type of gears with conically shaped
teeth that transmit motion at an angle. The gear rotates the Y axis jackscrew, thus
converting rotational motion into linear motion of the Y plate. The angular to linear

motion ratio of the X and Y axes is equal, thus establishing uniformity.

The entire mechanism operates within the water container (Figure 93C), which is
sealed by a cover (Figure 93D) having a square acoustic opening on the top. A
platform with adjustable plates is fixed to the opening to secure the mouse above
the FUS transducer.

X motor X axis Jack A
SCrew

Hexagonal
i i drive shaft

X frame

Ultrasonic
transducer

Mouse
platform

X axis
Motors %)
Y axis

Figure 93: CAD drawings of the (A) X-stage, (B) Y-stage, (C) positioning device with

Y motor

X motor

transparent enclosure, and (D) positioning device.

12.2.2.2 Robotic positioning device V2

The second version of the device is shown in Figure 94 and was developed to
achieve more efficient ultrasonic delivery in the mouse brain using a top to bottom
approach. The main advantage of this approach is the ability to visually confirm
proper coupling with the mouse head. Furthermore, this device was made smaller

in size, and hence, it is lighter and easier to transport. Another essential benefit of
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this version is that intravenous injections and anesthesia administration can be
performed without removing the mouse from the device. For these reasons, it is

considered more ideal for small animal experiments.

The device was manufactured on a polyjet 3D printing machine (Object30 pro,
Stratasys) using resin, which is cured when exposed to ultraviolent radiation. This
technology offers high resolution, thus enabling the production of dimensionally
accurate parts. The surface finish is also superior compared to the FDM technology

where the layer lines are more visible.

This version of the device includes a flat platform where the mouse is positioned.
Notably, an absorber was embedded in the center of the platform for minimizing
ultrasound reflections. This platform is connected to a frame that includes linear
guides for height adjustment via a moving plate (Figure 94B). The height
adjustment plate carries a conical holder, which was designed to accommodate the
FUS transducer (transducer cone in Figure 94C).

The height adjustment plate is operated in conjunction with a jack screw having its
first side attached to the platform and its second side connected to the top plate. The
jackscrew is rotated by an ultrasonic motor (USR30, Shinsei) inducing vertical
motion of the height adjustment plate so that the transducer cone can be fixed on
targets of different size. Notably, its bottom part is securely sealed with a thin
silicone membrane that is held by an O-ring (Figure 94C). Upon operation, this
cone is filled with degassed-deionized water and is coupled to the target using

ultrasound gel for proper ultrasonic transmission.

The transducer was mounted on the upper section of the cone using a special
mechanism that enables its manual angulation. Angulation of the transducer is
limited by a stop, thus ensuring the alignment of the ultrasonic beam with the
acoustic opening (Figure 94D). This mechanism allows for easy removal of the air
that is usually trapped on the transducer element during filling of the cone with

water.
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Figure 94: CAD drawings of the (A) robotic positioning device V2, (B) height adjustment

mechanism, (C) transducer cone, and (D) transducer cone showing the ultrasonic beam.
12.2.3 Power field assessment

The axial and radial power field of the designed transducer operating at its
fundamental frequency of 1 MHz was evaluated by FUS field scanning with a
hydrophone. A dedicated plastic holder was utilized to accommodate the designed
transducer and the needle hydrophone (NHO0500, Precision Acoustic, Dorset, UK)
in an acrylic tank filled with degassed, deionized water. The transducer was
precisely moved along the axial and radial directions by a system of stepping motors
(VXM, Velmex Inc, Bloomfield, NY, USA) while the hydrophone was aligned to
the beam axis to record the pressure waves at increasing distance from the
transducer’s surface. The hydrophone signal was displayed on a digital oscilloscope
(TDS 2012, Tektronix, Inc.) and the peak to peak voltage recordings were collected.
In total, 65 measurements were acquired with 2 mm intervals, in the range of 3 cm

to 16 cm from the transducer’s surface. At the estimated focal distance, 80
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measurements were acquired in radial direction with 0.1 mm intervals. A voltage

of 50 mV was applied in each case.
12.2.4 Motion accuracy assessment

The accuracy and repeatability of robotic motion for the two versions of the robot
was assessed following a caliper-based method as previously detailed in the
literature [144]. Briefly, motion steps of 1, 5, and 10 mm were commanded through
the motion commands of the relevant software and compared with the actual
displacements as measured with a high-precision digital caliper. Additionally, the
speed of motion in each axis was estimated by the activation time of the motion
actuators, which is provided by the controlling software and equals to the time

needed for the stage to cover the commanded step.
12.2.5 MRI compatibility assessment

The developed robotic devices were then evaluated in terms of proper operation in
the MRI environment. Evaluation was carried outina 1.5 T MRI scanner (GE Signa
HD16) by imaging an agar-based TMP (6% w/v agar; Merck KGaA) using the
SPGR sequence with the following parameters: TR =23 ms, TE =16 ms, FA = 35°,
ETL =1, pBW = 45 Hertz/pixel, FOV = 280 x 280 x 10 mm?, matrix = 128 x 128,
NEX = 2, and acquisition time/slice = 7 s. The SNR served as the main tool for
assessing compatibility with the scanner and was determined according to
Equation 5. The following activation states of the positioning mechanism were
tested: motor/encoder cable not connected, motor/encoder cable connected,
electronic control system energized but no motion command initiated (referred to
as: DC ON), and motion command initiated (referred to as: motor moving).
Regarding the FUS system, the following states were tested: RF cable not
connected, RF cable connected, amplifier energized (zero power applied), and
ultrasonic power applied. Electrical power values of 50-200 W were tested.
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12.2.6 Feasibility study in mice

Feasibility experiments were conducted in WT mice (1-month old, body weight 10-
12 gr) in collaboration with the CING to obtain proof of concept for the first version
of the device. All the experimental procedures were approved by the Cyprus
Veterinary Service under the protocol number CY/EXP/PR.L05/2021.

Initially, the transducer’s location was adjusted to coincide with the circle-shaped
opening of the mouse holder (where the mouse head is fixed) through the motion
commands of the interfaced software. The mouse head was shaved using hair
removal cream. The mouse was then anesthetized with isoflurane (Chanelle Pharm,
I-so-vet®, Loughrea, Co Galway, Ireland) following administration of 10 or 20 puL
of SonoVue MBs (Bracco Imaging, Turin, Italy) intravenously through the tail vein
with a 30G syringe. Once the mouse was sufficiently anesthetized, it was mounted
on the device above the FUS transducer in the supine position and immobilized by
properly adjusting the holder's handles. The container was filled with degassed-
deionized water up to the mouse head to ensure efficient ultrasonic coupling. It is
essential to mention that before fixing the mouse to the holder, the transducer was
energized enabling visual localization of the beam at the water surface, thus
providing an additional reference for mouse positioning. Each mouse received a
single sonication using FUS pulses of 10 ms length, applied at a repetition

frequency of 1 Hz, for a total duration of 60 s using electrical power of 20 or 30 W.

In total, 6 mice were included in the study. Four (4) mice were treated using MBs-
enhanced FUS. The Evans Blue (EB) dye method was used to assess the success of
BBBD. Specifically, 5 ul/g of body weight of a 4% EB stain solution (Sigma, St.
Louis, MO, USA) was injected intravenously into each mouse immediately after
sonication; 30 min before they were sacrificed. One mouse received EB only and

another mouse served as the control mouse and received no treatment or EB.
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All mice were sacrificed approximately 30 min after the sonication or/and EB
administration. Slides containing brain sections were directly visualized using a
Nikon eclipse-Ni (Tokyo, Japan) fluorescence microscope to examine the EB
extravasation. Furthermore, cryosections from brain were immunostained for
fibronectin (DAKO, Glostrup, Denmark, 1:100) and FITC-labeled polyclonal
fibrinogen antibody (DAKO, 1:500) to assess the protein leakage into the
parenchyma. DAPI staining (Sigma-Aldrich, St. Louis, MO, USA) was used for

nuclear localization (blue).
12.3 Results

12.3.1 Power field assessment

Ultrasonic pressure field characterization was performed using a hydrophone. The
voltage recordings show a maximum pressure at 7.5 cm indicating that the actual
focal spot is slightly shifted towards the transducer’s surface. The axial pressure
profile approximately followed a gaussian distribution with a full width half
maximum (FWHM) of about 10 mm around the focus location (half pressure
length). Accordingly, the radial pressure profile at the estimated focal distance of
7.5 cm also followed a gaussian distribution around the central axis, which is
characterized by a FWHM of about 4 mm (half pressure width). These

measurements provide good indication of the focal spot size.
12.3.2 Motion accuracy assessment

The motion error decreased with increasing motion step, with a maximum mean
positioning error of 0.08 £ 0.03 mm for both versions of the robot. For the first
version, the speed of motion was estimated at 9.90 + 0.12 mm/s and 11.07 £ 0.17
mm/s in the X and Y directions, respectively. Regarding the second version of the
robot, the Z-stage was found to move with a speed of 8.65 + 0.08 mm/s.
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12.3.3 MRI compatibility assessment

The bar charts of Figure 95 and Figure 96 reveal how the SNR of SPGR images of
the phantom is affected by changing the activation status of the system. The bar
chart of Figure 95 shows the SNR estimations with the positioning mechanism being
at different activation states. The greatest SNR reduction occurred when the

ultrasonic motor was moving during image acquisition.
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Figure 95: Bar chart of the SNR of SPGR images of an agar phantom acquired for different
activation states of the robotic device. Error bars represent the standard deviation of mean.

The corresponding results for the FUS transducer are shown in Figure 96, which
shows a gradual SNR reduction with increasing electric power from 50 to 200 W,
most probably owing to the increasing target vibration. The MR compatibility was
tested for version 1, which represents the worst case since it accommodates two

motors.
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Figure 96: Bar chart of the SNR of SPGR images of an agar phantom acquired for different

activation states of the FUS transducer. Error bars represent the standard deviation of mean.
12.3.4 Feasibility study in mice

BBB opening was evidenced in all cases (4/4). Representative microscopy photos
of EB extravasation in the brain parenchyma adjacent to the lateral ventricles are
shown in Figure 97. No leakage was observed in the brain parenchyma of the control
mouse (Figure 97A) and the mouse injected with EB only (Figure 97B). EB leakage
is clearly visible in red colour in mice treated with FUS in synergy with MBs
(Figure 97C and Figure 97D). Note that the mouse treated with higher acoustic
power showed higher levels of EB dye in the brain tissue covering a larger area.

The BBB permeability was also characterized using Fibrinogen and Fibronectin
immunofluorescent staining. The mice treated with FUS plus MBs showed higher
levels of the protein in all examined brain areas compared to the control mice.
Images of fluorescence microscopy from the corpus callosum are presented in

Figure 98, where the fibronectin is stained green, and the cell nuclei are stained blue.
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Figure 97: Fluorescence images of unstained brain sections at the level of the lateral
ventricles taken from (A) a control mouse, (B) a mouse injected with EB only, and mice
treated using (C) 20 W and 10 ul MBs, and (D) 30 W and 10 ul MBs (Scale bar: 50um).

It seems that for the control mouse (Figure 98A) and the mouse that received EB
only (Figure 98B) the protein remained in the perivascular extracellular matrix. On
the contrary, in the case of the mouse treated using electrical power of 30 W and 20
ul MBs (Figure 98C), the fibronectin leakage is clearly visualized as a diffused

green dye in the brain tissue.
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Figure 98: Fluorescence images of immunostained brain sections at the level of the corpus callosum for a (A) control mouse, (B) a mouse injected with EB

only, and (C) a mouse treated with 30 W plus 20 pul MBs. The Fibronectin protein is stained green, and the cell nuclei are counterstained blue with DAPI (Scale

bar: 20pum).
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12.4 Discussion

The current section presents two robotic devices intended to facilitate preclinical
research on transcranial applications of FUS in small animal models, such as mice.
The specific application of the system is the FUS-mediated BBB opening for the
delivery of therapeutic drugs that are normally hampered by the BBB into the brain

parenchyma.

The first version of the robotic system was developed with two piezoelectric-
actuated motion axes. The mechanical parts and FUS transducer were arranged in
a single water enclosure. The rotational motion of the motors located outside the
container is converted into linear motion of the respective stages inside the
enclosure by jack screw mechanisms. The system incorporates a custom made
single element FUS transducer operating at a frequency of 1 MHz. A specialized
platform featuring four moving plates with locking levers was designed and fitted
in the acoustic opening to safely immobilize rodents of different size and type above
the transducer. During operation, the enclosure is filled with degassed water that
serves as the coupling medium for proper beam propagation from the transducer to

the mouse head.

The FUS transducer was also manufactured in-house using a purchased
piezoelectric element that was housed in a plastic case and covered by an epoxy
encapsulant. The acoustic efficiency of the transducer was experimentally
determined at 33 % by the radiation force balance method. The produced FUS field
was scanned using a hydrophone. The collected sound pressure signals were
displayed on a digital oscilloscope, thus allowing assessment of the pressure field
distribution. The obtained results revealed an actual location of the focal spot
shifted at 7.5 cm, compared to the focal distance of 8 cm reported by the
manufacturer for the element. This method also provided good indication of the size

of the focal spot.
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The most parts of the device were developed on a rapid prototyping machine using
plastic to avoid interference with the scanner. The MRI compatibility of the
developed system was assessed in a 1.5 T MRI scanner by comparing the SNR of
SPGR images of an agar-based MRI phantom obtained under different activations
of the system. Regarding the positioning mechanism, noticeable SNR reduction was
observed when the motion command was initiated (motor moving). Regarding
activation of the FUS transducer, the image quality was getting degraded as the
output power was increasing, thus resulting in some loss of detail. However, the
induced SNR reductions were not considered significant. In other words, all tested
activations resulted in SNR values sufficiently high for proper imaging, suggesting
that the efficacy of anatomical targeting and MR thermometry is not compromised.
It should be though noted that since activation of the various components requires

the use of electricity, the system is classified as MR conditional (ASTM standards).

The feasibility of the system in opening the BBB of small animal models using
pulsed FUS in synergy with MBs was examined in WT mice. The mouse platform
provided proper immobilization of the mouse in the supine position. Targeting was
though proven challenging due to the inability to directly visualize the exact
location of the transducer relative to the mouse brain. However, promising results
were obtained indicating successful opening of the BBB. Specifically, EB leakage
in the brain parenchyma was clearly evidenced in microscopy images of brain
cryosections only in the case of mice treated with FUS in synergy with MBs. It is
interesting to note that the mouse treated with higher acoustic power showed higher
levels of EB dye diffusing through a larger brain area. The BBB permeability was
also confirmed by Fibronectin and Fibrinogen immunofluorescent staining. Again,
the FUS treated mice showed higher levels of the protein in all examined brain
areas, whereas for the control mouse the protein remained in the extracellular

matrix.
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Some issues identified during these preliminary experiments led to the development
of a second improved version of the system. The first system comprises a relatively
large water container that has to be filled up to the top so that the animal's head is
in direct contact with the water and efficient ultrasonic propagation is achieved.
However, the large water volume needed to achieve acoustic coupling makes the
device heavy and less ergonomic. It was also observed that this design is prone to
water leakage from the acoustic opening. Additionally, targeting the animal's brain
in the laboratory setting was proven challenging due to the inability to directly
visualize the transducer's location. Another identified limitation relates to the
intravenous injections and administration of anesthesia, which cannot be performed

properly without removing the mouse from the device.

The second version was designed to address these issues, thus facilitating mice
experiments even more. This device uses a top to bottom approach and features
motion only in the vertical direction. To be more specific, the FUS transducer was
integrated in a coupling cone that can be moved vertically and tightly fit the mouse
head. Accordingly, the dimensions of the system were reduced considerably
making the device even more compact, lightweight, and ergonomic in its use. A
silicone membrane was used to seal to bottom opening of the coupling cone. The
membrane unavoidably reduces the efficacy of acoustic coupling. For this reason,
it was selected to be thin (0.2 mm) to minimize ultrasonic attenuation. Also,
ultrasound gel was applied to displace air and maximize ultrasonic transmission. It
is noted that this is a simplified device suitable for single-shot FUS applications. A
more advanced device could be developed in the future with the addition of
horizontal motion stages, thus enabling sequential placement of the transducer at

multiple brain locations, but at the cost of increasing size and complexity.

Additionally, in the second version, the top to bottom approach allows the
placement of the animal in the prone position that is much more stable,

simultaneously offering better immobilization of the mouse and visual confirmation
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of proper acoustic coupling. Furthermore, there is no possibility for water leakage
from the cone. Finally, since the animal lies in a flat platform, there is direct access
for the administration of anesthesia, MBs and contrast agents through needles. An
absorbent material was incorporated into the animal platform, thus reducing

ultrasound reflections.

It is important to ensure that no air bubbles obstruct the beam path. In this regard,
the manual rotational mechanism of the transducer incorporated in the second
version of the system is extremely useful. A simple method to remove air bubbles
IS to rotate the transducer at 90°, and then, once the coupling cone is filled with
degassed water, rotate it back in its horizontal position. An elastic band was

included in the mechanism to stabilize the transducer.

The motion accuracy of both systems was assessed following a caliper-based
methodology as previously detailed in the literature [144]. The obtained results
demonstrate that the motion error is decreasing with increasing motion step in all

axes, with a maximum positioning error of about 0.1 mm for the 1-mm step.

The single-element spherically focused transducer of 1 MHz that was developed in-
house was proven suitable for the specific trans-skull application of FUS-induced
BBBD in mice, most probably due to their small skull thickness. Although very
promising results were obtained, further experiments should be performed using the
second version of the device, which is expected to address all the difficulties faced

during the feasibility studies of the first version.

Despite the fact that the systems are mostly intended to be used in the laboratory
setting, their MRI compatibility constitutes a great benefit since it allows for
treatment planning and accurate targeting based on high resolution anatomical
images, as well as confirmation of BBB opening by contrast agent enhanced
imaging directly after treatment without moving the device from the scanner.
Therefore, subsequent experiments may be benefited by treatment planning and

post-treatment BBBD assessment in the MRI setting. Note that MRI has been
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already employed in numerous studies mostly for assessing whether the BBB was
successfully disrupted [133], [276], [278], [416], and less often for focus
positioning and targeting [133], [416].

The in-vivo feasibility study described in this section was performed to obtain proof
of concept for the developed systems in a small number of mice. Therefore, a
dedicated targeting method such as the use of a stereotactic frame was not adapted.
Instead, a global approach was followed, where the transducer’s location was
adjusted so that the FUS beam targets the skull centrally roughly focusing at the
level of the hippocampus. This approach was efficient to obtain proof of successful
ultrasonic coupling and disruption of the BBB. Follow up studies with the second
version of the system will allow more precise targeting and will focus on optimizing
the protocol for safe and efficient BBBD, as well as assessing the ability of

delivering chemotherapeutic drugs through the opened BBB.
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13 FUS-mediated Anti-Ap antibodies delivery in 5XFAD AD mice

13.1 State of the art

The main role of the BBB, as previously explained, is to protect the CNS from drugs
and toxins. It is composed of microvascular endothelial cells. TJs are formed
between these cells, with several transporters regulating the influx and efflux of
compounds, such as nutrients and small peptides [417]. There are several modes of
BBB transportation. Hydrophilic molecules transport via the paracellular pathway.
Glucose and small metabolites pass the BBB via specific transport proteins,
whereas larger molecules enter the brain via receptor mediated or adsorptive
transcytosis. Efflux systems have a protective role due to their ability to remove
xenobiotics from the brain back into the blood stream [417].

The highly selective nature of BBB is the main obstacle against the application of
potential disease-modifying therapies for diseases of the CNS, including brain
tumors and neurodegenerative diseases such as AD and PD [418], [419].
Accordingly, drug delivery into the brain tissue has been a major challenge for
researchers over a long period. Among the drug-based methods employed in the
clinical setting for BBBD, the most commonly used one involves administration of
the osmotic agent mannitol [420], [421]. It is typically administered via a catheter
causing the endothelial cells to shrink, thus opening the BBB TJs. The most
clinically studied non-drug method is the MRgFUS, followed by MRI-guided laser
ablation and cranial implantable US [420].

Pulsed FUS in synergy with MBs can induce temporal BBBD by causing alterations
in the cell-to-cell interactions and endothelial cell cytoskeleton. In fact, MBs-
enhanced FUS was shown to loosen the endothelial cell TJs through a mechanism
known as cavitation [394], [395]. The junctions’ disruption is mainly attributed to
changes in the level of related trans- and peripheral membrane proteins [422]. In

addition, FUS treatment was found to cause stimulation of transcytosis,
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sonoporation of the vascular endothelium, and increase in the paracellular diffusion
due to the TJs disruption [422]. FUS can further cause disruption of drug efflux by
temporally suppressing the expression of the permeability-glycoprotein (Pgp)
[423]. Notably, at sufficiently high acoustic pressure, MBs begin to oscillate stably
causing transient increase of permeability in the targeted area while above a
threshold of pressure inertial cavitation occurs where MBs collapse violently [396],
[424]. In the former case, the endothelial ligaments recover completely within a few
hours post-sonication [356]. Inertial cavitation is responsible for the majority of

adverse effects observed with this strategy, such as micro-hemorrhages [424].

BBBD by pulsed FUS in the presence of gaseous MBs has emerged as a feasible
method of delivering large molecules normally hampered by the BBB to the brain.
An indicative example is a study by Choi et al. [120], who showed that substances
with high molecular weight of up to 70 kDa can reach the brain tissue through
diffusion mechanisms following FUS plus MBs-mediated BBBD in the
hippocampus of WT mice. This finding was particularly important in that the size
of diffused substances was similar to that of drugs for key CNS diseases [120]. This
strategy has been later confirmed by numerous preclinical studies to enhance the
penetration of therapeutic agents, such as therapeutic peptides, genes, and
antibodies into the CNS of non-transgenic and transgenic mouse models of
neurological diseases, with an increasing number of clinical trials exploring clinical
utility [393], [425]-[427].

Neurodegenerative disorders, such as AD and PD, are characterized by progressive
neuronal dysfunction and there is currently no established method of treatment that
can stop or reduce their progression. AD is the prevalent neurodegenerative disorder
and cause of dementia and is characterized by the presence of intracellular
neurofibrillary tangles and extracellular amyloid plaques owing to Amyloid f
peptides (AP) aggregation [37], [38]. Available treatments are not curative but may

slow disease progression and alleviate symptoms.
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Given the urgent demand for disease-modifying therapies, the development of FUS
therapeutics for AD receives remarkable research interest. Transgenic mouse
models of AD constitute the main research tool in such studies since they are
inexpensive, reproducible, and exhibit abundant plaque load. The ability of MBs-
enhanced FUS without exogenous agents to reduce the AP pathology has been well
demonstrated [127], [130], [428]. A single trans-skull MRgFUS treatment was
shown to increase the levels of endogenous immunoglobulins (IgM and 1gG) in the
cortex of the TJCRND8 mouse model [127]. FUS-mediated endogenous antibody
delivery and glia cells activation were considered as the mechanisms responsible
for the observed plaque burden reduction [127]. Later, Shen et al. [130] reported
that FUS in synergy with MBs applied twice a week for 6 weeks triggered
behavioral changes and improved the spatial memory of triple transgenic AD mice.
These changes were associated with reduced AP pathology and tau
phosphorylation, as well as improved neuronal health of the sonicated hippocampus
compared to the sham group. The findings of Poon et al. [428] support that the
therapeutic effects of a single FUS treatment last for at least two weeks, and also
that multiple two-week interval treatments may be a practical method to reduce the

AP plaque load in advanced AD patients.

The positive effects of FUS in the mitigation of AD pathological features can be
enhanced by administrating exogenous therapeutic agents. According to a study by
Hsu et al. [429], the effects of FUS on plaque reduction were enhanced using a
specific inhibitor of the glycogen synthase kinase-3 (GSK-3); a key molecule in the
onset of AD. Administration of this inhibitor in APPswe/PSEN1-dE9 transgenic
mice prior to MBs-enhanced FUS reduced the A plaque synthesis by suppressing
the GSK-3 protein activity. Therefore, a higher plaque reduction was achieved
compared to when the inhibitor or FUS were applied alone [429]. Another study
targeted an AP peptide species deposited in AD brain termed Pyroglutamate-3 A
(pGlu-3 Ap) [430]. The FUS-mediated administration of an anti-pGlu-3 A vaccine
was found to promote plaque clearance and partial protection from cognitive
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decline in APPswe/PS1IAE9 mice [430]. Others attempted to support neuronal
health as a measure for disease mitigation [431]. The repeated MRgFUS-mediated
delivery of a pharmacological agent termed D3 (TrkA agonist) that promotes
neuronal function was found to impart positive cognitive effects in TJCRND8 AD
mice [431]. Expect from decreasing A pathology, the combination of FUS and D3
induced numerous additional effects, including functional recovery, reduction of
dystrophic neurites around the plaques, and enhanced hippocampal neurogenesis
[431].

Several studies aimed to investigate the efficiency of FUS-mediated BBBD to
facilitate the supply of large disease-specific antibodies in the brain and the resultant
therapeutic effects. The feasibility of delivering an anti-Ab antibody called BAM-
10 into the brain of the TQCRND8 mouse model using transcranial MRgFUS has
been investigated by Jordao et al. [126]. Immunofluorescent staining revealed
binding of the antibody to the plaques in the targeted brain areas that was
accompanied by reduction of plaque pathology a few days later. FUS-induced
BBBD was also shown to facilitate the supply of an anti-pyroglutamate-3 AP
monoclonal antibody (mAb) called 07/2a in the brain of aged APP/PS1dE9
transgenic mice [432]. A more than 5-fold increase in the mAb levels was observed
in the brain of mice treated with FUS plus antibody at 4 and 72 h post-treatment
compared to those treated with antibody alone [432]. Sun et al. [433] further
demonstrated that three successive weekly treatments with the 07/2a mAb
combined with FUS resulted in a faster improvement of spatial learning and
memory of a higher percentage of aged APP/PS1dE9 mice compared to the mice

group receiving only antibody.

Recently, Bajracharya et al. [434], developed a tau-specific mAb termed RNF5 and
evaluated its ability to reduce tau aggregates in K369l tau transgenic K3 mice.
RNF5 was administered alone or in combination with low-intensity scanning

ultrasound (SUS) plus MBs once a week for 3 months. Immunohistochemical
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results revealed that the combined approach did not result in further decrease of tau
levels despite the increased antibody levels observed in the brain. A possible
explanation given by the authors is that accumulation of the RNF5 mAb in a specific
p-tau-negative hippocampal layer reduced the RNF5 concentration available to
attach to tau aggregates. Thereby, this study underlined the need to examine the
post-sonication localization of antibodies in a cellular level since this seems to

affect the therapeutic efficacy.

Another anti-Ap antibody tested for its efficacy to improve cognition in AD mice
is the Aducanumab. While this antibody administered alone was proved to reduce
the AP pathology, it seems that higher doses of the antibody should reach the brain
to produce clear positive cognitive effects [435]. Leinenga et al. [435] compared
the effects of this antibody when administered alone or in synergy with MBs-
enhanced SUS-in APP23 AD mice. The superiority of the combined approach in
terms of plaque reduction over the antibody and SUS groups was controversial and
dependent on the examined brain area. However, only the mice that received the
combined treatment showed significant improvement in spatial memory.
Specifically, the combined approach resulted in a 5-fold increase in the antibody
amount compared to the non-sonicated mice a few days post-treatment and
significant improvement in spatial memory. Notably, Aducanumab is the first
therapeutic agent to be tested in combination with FUS in AD patients in a phase |

ongoing clinical trial [436].

The AP (1-40) antibody targets the amyloid peptides AB(1-40) that represent the
most abundant AP isoform in the AD brain [437]. The FUS-mediated delivery of
the specific antibody was previously tested in a very small mice population (n=3)
[129]. A 3-fold increase in fluorescence intensity of the antibody staining was
observed in the brain regions treated with MBs-enhanced MRgFUS in comparison
with the non-sonicated regions, with haematoxylin and eosin (H&E) staining

providing evidence of hemorrhages in the sonicated brain tissue [129]. While this
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study provides promising results on FUS-mediated enhanced A (1-40) antibody
delivery, further experiments in a larger mouse population are needed to confirm
these early findings and optimize the therapeutic protocol for safe and efficient A
(1-40) antibody delivery.

In this study, it was examined whether the application of FUS in synergy with MBs
using the previously presented manual positioning device comprising a single
element FUS transducer of 1 MHz can facilitate the penetration of the Ap (1-40)
antibody into the brain of 5XFAD transgenic mice. We initially attempted to define
the sonication protocol for safe and efficient BBBD. The success and extent of
BBBD was assessed by EB extravasation while brain damage was assessed by H&E
staining. We then examined the capability of the AP (1-40) antibody to consistently
enter the brain parenchyma when administered alone and prior to MBs-enhanced
FUS using the optimized protocol in a large 5XFAD mice group. Finally, the effect
of the antibody on plaque clearance was investigated.

13.2 Materials and methods

13.2.1 FUS system

FUS was delivered using the dedicated positioning system described in section 12,
which comprised a single element, spherically focused, ultrasound transducer
(Piezo Hannas, 1 MHz central frequency, 80 mm radius of curvature, 50 mm
diameter, and 32.5 % acoustic efficiency) tuned to an RF amplifier (AG 1016, T&G
Power conversion). This system was specially designed to facilitate transcranial
FUS studies in rodents. The transducer is hosted in a conical water tank whose
bottom opening is sealed with a silicone membrane and which can be moved
vertically via a manual positioning mechanism coupled to the mouse platform to
attach to the mouse head via a top to bottom approach. A laser pointer accessory

was implemented into the system to facilitate consistent targeting among
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experiments. The positioning device and photo of the experimental setup can be
seen in Figure 99.

13.2.2 Protocol optimization for efficient and safe BBB disruption

Thirty-two (32) WT B6/SJL mice were used for protocol calibration/optimization.
Intraperitoneal injection of Avertin (Sigma Aldrich, St. Louis, Missouri, United
States) was used to cause rapid and deep anesthesia in mice and ensure no suffering.
The dose of Avertin was weight-dependent for each animal (20 pL/g). The hair was
removed from the mouse head using a commercial hair removal cream (Veet Hair
Removal cream). Retro-orbital injection was then used to deliver a mixture of 5 uLL
of SonoVue® MBs (Bracco Imaging, Turin, Italy, 2 x 10® microbubbles/ mL
suspension) along with 5 mL/kg of 3 % w/v EB solution (Sigma, St. Louis, MO,
USA). Anesthetized animals were positioned in prone position on the platform as

shown in Figure 99.

A Transducer
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Figure 99: (A) CAD drawing of the 1-DOF positoning device comprising a FUS transducer
of 1 MHz with a mouse positioned on the dedicated platform. (B) Indicative photo from

mice experiments.
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The tank was filled with degassed, deionized water and US coupling gel (Quick-
Eco Gel, AB Medica group S.A., Barcelona, Spain) was applied on the mouse head
to achieve efficient acoustic coupling. The position of the mouse was adjusted so
that the FUS beam was targeted on the left hemisphere centrally with the assistance
of the laser system. All mice received a single sonication within 3-4 minutes
following the injection of MBs and EB using 1 MHz pulsed FUS of 10 ms bursts at
a DF of 1% for a total duration of 100 s.

For protocol calibration purposes, electric power values of 20 to 70 W were tested
(10 W step; 6 groups of 5 mice each). The relevant acoustic power ranged from 6.5
to 22.8 W, corresponding to in situ focal acoustic pressure in the range of 0.3 to 0.6
MPa. The output acoustic power was estimated based on the acoustic efficiency of
the transducer of 32.5%. The respective focal pressures were initially determined
in water using a needle hydrophone (HNC, ONDA, Sunnyvale, CA, USA) placed
at the focal distance of the transducer. In-situ pressures were then calculated
accounting for the transmission loss through the mouse skull. The transmission
coefficient of a skull sample was measured according to the well-established
through-transmission immersion technique [438] at the operating frequency of the
transducer of 1 MHz. One mouse received only EB and one neither EB nor FUS,

thus serving as the control mice.

Mice were sacrificed by transcardial perfusion with saline followed by 4%
paraformaldehyde (PFA) 40 minutes post-treatment. This time period is well within
the 4-hour window that the BBB was found to maintain open after FUS. Therefore
it was considered sufficient for successful entry of EB into the brain, but also to
allow for acute FUS-induced physiological responses to be resolved [439]. The
brain tissue was then collected and preserved in paraformaldehyde (4%) and then
sucrose (20%) diluted in Phosphate Buffer (0.1%) according to our protocol. Brain

sections were prepared for fluorescence imaging. Slides containing brain sections
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were visualized using a Nikon eclipse-Ni (Tokyo, Japan) fluorescence microscope

to visualize EB extravasation and determine the BBB-opened region.
13.2.3 Trans-BBB Ap (1-40) antibody delivery in a mouse model of AD

13.2.3.1 Animals

5XFAD transgenic mice recapitulating major features of AD were utilized. 5XFAD
mice were bred as single transgenics. Male 5XFAD mice were crossed with female
SJL/B6 F1 mice to give hemizygous or WT offspring's, which were used for the
purpose of the study. The pathologic phenotype of this mouse model consists of
gliosis, amyloid plaques, neurodegeneration, memory deficits (at 4-5 months), as
well as intraneuronal AP and neuron loss. Beginning at 8 weeks of age, amyloid
deposition and gliosis become increasingly widespread, especially in the deep

cortical layers and subiculum.

13.2.3.2 Experimental design

5XFAD transgenic mice of 5-months of age (n=20) were used to test the feasibility
and efficacy of FUS-mediated delivery of the AB (1-40) antibody (150 kDa, Anti-
B-Amyloid Protein (1-40) antibody produced in rabbit whole antiserum, A8326,
Sigma Aldrich, 3050 Spruce Street, Saint Louis, MO 63103, USA) into the brain.
The ability of the antibody to pass through the BBB and bind to the AP plaques
when administered alone and in combination with FUS was investigated using a

constant antibody amount of 50 pL.

Twenty (20) mice were divided into 3 sub-groups: A. Saline (50 pL) administration
followed by FUS+MB-induced BBB opening (referred to as control; n=5), B. Ap
(1-40) antibody (50 puL) administration alone (referred to as antibody, n=5), and C.
AP (1-40) antibody (50 pL) administration followed by FUS+MB-induced BBB
opening (referred to as FUS+MB plus Ab; n=10). The brain sections of mice from

group A were used as negative controls and they were compared with the coronal
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brain sections of mice from groups B and C, which were injected with the Ap (1-

40) antibody.

The anesthesia protocol and treatment timeline were similar to that used for the
calibration study. The A (1-40) antibody was delivered instead of the EB dye via
retro-orbital injection along with the MBs. Based on the data gathered from the
protocol optimization study, an acoustic power of 16 W (in situ focal acoustic
pressure of 0.5 MPa) was considered optimum and used in this experimental part
while the rest sonication parameters remained the same. The treatment protocol is
summarized in the diagram of Figure 100. Note that following FUS, a time window
of 4 hours was left before scarification.

20 ul/g 5 uL MBs — -
Avertin 50 pL Ap(1-40) Ab é Pulsed FUS i § 1X PBS E
i DF=1% ! : & :
i  F=1MHz | i 4o E
i P=16W | Lkl

Hair removal Sonication Perfusion

1 1 1 (]
:<—le—>:<—>: <—H—>:
" 34 min 100 s " 4hrs !

Figure 100: Protocol timeline for FUS-mediated antibody delivery in 5XFAD mice.

13.2.3.3 Mouse sacrification and tissue preparation

Transcardiac perfusion was used to clear blood and preserve the brain for
immunostaining analysis. Following perfusion, the mouse head was dissected, and
the skull was carefully removed using scissors and forceps, exposing the brain. The
brain was washed in Phosphate Buffer Saline (PBS) and then placed for 2 hours in
4% Paraformaldehyde (PFA) solution. Then, it was again washed with PBS and
placed into 20% sucrose solution (diluted in Phosphate Buffer 0.1M) overnight at
4 °C for cryoprotection prior to embedding and freezing. For tissue embedding, the
cryomould containing the brain tissues, was filled with OCT, and placed into
acetone-dry ice bath. Finally, the frozen OCT containing the brain tissue was

removed from the cryomould and stored in a -80°C freezer.
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13.2.3.4 Immunohistochemistry

Double immunostaining of coronal brain sections was performed to determine
whether the injected AP (1-40) antibody passed the BBB and bound to AP plaques.
Staining with Ap (1-16) antibody (6E10, green colour) was used to identify the
amyloid plagues. The tissue was permeabilized by immersing the frozen sections in
acetone for 10 minutes at -20°C. It was then washed three times with 1X PBS and
blocking solution (5% Bovine Serum Albumin + 0.5% Triton X-100) was applied
for 1 hour on the sections at room temperature in a humidified chamber. The
blocking solution was then removed and the primary antibody; anti-p-amyloid
primary monoclonal 6E10 (diluted in blocking solution) was applied to the tissue
sections and incubated overnight at 4°C. The following day, the primary antibody
was removed, and the tissue sections were washed three times with 1X PBS. The
secondary antibodies; Fluorescein (FITC) goat anti-mouse, 1:100 and Alexa Fluor®
594 goat anti-rabbit, 1:500 (diluted in blocking solution) were next applied for 1
hour at room temperature for the detection of the injected antibody in the examined
brain tissue, followed by three washes with 1X PBS and incubation for 30 seconds
with 4',6-diamidino-2-phenylindole (DAPI, Sigma-Aldrich) for nuclear staining.
The tissues were washed two times for 5 minutes with 1X PBS, dried and mounted

with mounting media in order to prepare them for microscopy.

13.2.3.5 H&E staining

We also checked the tissue integrity and the lack of hemorrhage with H&E staining
for the tested acoustic pressures ranging from 0.3 to 0.6 MPa. Tissue sections in
OCT were stained with Harris's haematoxylin (freshly filtered) for 3 minutes, and
then washed with distilled water and stained with aqueous eosin for 6 minutes.
Next, they were dehydrated in ascending concentrations of alcohol and cleared in
xylene (70 %, 95 %, 100 % x 2 and xylene x 3). Finally, the tissue slides were
mounted with Dibutylphthalate Polystyrene Xylene (DPX).
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13.2.4 Long term assessment of amyloid plaque reduction

This experimental part investigated the effects of the antibody delivery on plaque
reduction in 5XFAD mice. The following conditions were tested: (a) only antibody,
(b) only FUS, and (c) combined treatment with antibody and FUS. As shown in
Figure 101, mice were treated twice leaving a two-week interval between treatment
sessions, and then perfused two weeks after the second session. Following
sacrification, the amyloid plaque burden was assessed using immunofluorescence

to quantify the amount of remaining amyloid plaques in the brain.

Treatment 1 Treatment 2 Sacrification
Day: 0 14 28

Figure 101: The treatment protocol used to assess the effect of antibody delivery on plaque
reduction in 5XFAD mice.

13.3 Results

13.3.1 Protocol calibration for efficient and safe BBB disruption

According to fluorescence microscopy all tested power levels in the range of 6.5 to
22.8 W (0.3—0.6 MPa in situ pressure) combined with 5 uL. of MBs (for the specific
sonication parameters employed) caused BBBD since increased fluorescence
intensity of EB was observed compared to the control mouse (receiving only EB).
Indicative fluorescence images for the various acoustic powers tested are presented
in Figure 102, revealing the power effect on the extent of EB extravasation. Note
that a gradual increase of fluorescence intensity (indicating increase in the extent of

BBBD) occurred as the power in the tested range was increased.
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The optimal power was selected as the one resulting in the highest EB leakage
(ideally spread throughout the sonicated region) without causing any adverse
effects on tissue and having consistent behavior among subjects. The power value
of 16 W (0.5 MPa in situ pressure) showed consistent EB leakage in all examined
brain regions and no evidence of damage and was thus selected for follow-up

experiments in the AD mouse model.
- . -
Figure 102: Fluorescence images (10x magnification) of unstained brain sections at the

level of the lateral ventricles of mice injected with EB: (A) No FUS, (B) FUS at 6.5 W, (C)
FUSat9.7W, (D) FUSat13W, (E) FUS at 16 W, and (F) FUS at 19.5 W (acoustic power).

Indicative histological slides from H&E examination for the selected acoustic
power (16 W) from two different brain areas can be seen in Figure 103. No
difference between the FUS treated and control cases in terms of tissue integrity
was observed and there was no evidence of hemorrhage in none of the tested brain

regions.
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Figure 103: Representative photos (10x magnification) of H&E staining from mice treated
with MBs-enhanced pulsed FUS at 16 W for two different brain areas; corpus callosum
(CC) and inferior colliculus (IC).

Figure 104 shows representative fluorescence microscopy images for the selected
power taken from to cortex region. Photos of the freshly perfused excised brain of
a mouse treated with the selected protocol and a brain section after fixation in OCT
can be seen in Figure 104B and Figure 104C, respectively. Note that the EB dye
was diffused throughout the entire left hemisphere that was sonicated. Figure 104D
and Figure 104E compare magnified fluorescence images of unstained brain
sections at the level of the cortex between a non-sonicated mouse and a sonicated
mouse (pulsed FUS with 10 ms burst length and 1 % DF at 16 W for 100 s duration
& 5 puLL MBs) both injected with equal amount of EB solution (5 mL/kg of 3 %
w/v). Note that no leakage was observed in the brain of the control mouse (EB
only), whereas FUS-induced BBBD resulted in high levels of EB dye covering the

examined cortex area.
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A . EB + FUS™B

Figure 104: (A) FUS beam targeting centrally at the left hemisphere. (B) Freshly perfused excised mouse brain treated with the selected protocol (5 pL
MBs and 16 W acoustic power). (C) Brain section after fixation in OCT revealing the distribution pattern of EB extravasation. (D)-(E) Fluorescence
images (5x magnification) of unstained brain sections at the level of the cortex taken from perfused mice; the one injected with EB and 5 uLL MBs followed

by sonication at 16 W (EB + FUS™P®) and the other one injected with EB only (control).
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13.3.2 Trans-BBB Ap antibody delivery in a mouse model of AD

Indicative results of immunohistochemistry analysis of brain tissue sections are
presented by Figure 105 and Figure 106. Co-localization of red (injected AP (1-
40) antibody) and green (AP 1-16 antibody) fluorescence in multiple brain regions
of the sonicated hemisphere confirmed successful BBBD, as well as entry and
binding of the injected AP (1-40) antibody to AP plaques. Indicative fluorescence
images of brain sections at the level of the cortex showing AP (1-16) staining
(column A), AP (1-40) staining (column B) and their combination (column C) for

the various mice groups are shown in Figure 105.

As expected, the 5XFAD mice that were injected with saline following FUS+MBs
(control group) did not have any signs of the AP (1-40) antibody in their brain.
Similarly, the antibody was not present in any of the brain sections of the mice
injected only with the AP (1-40) antibody (antibody group), confirming the inability
of the specific therapeutic agent to normally pass through the BBB. On the contrary,
immunohistochemistry analysis of brain sections from the FUS+MBs plus Ab
group showed entry of the AB 1-40 antibody in the brain parenchyma. These
findings qualify the selected treatment protocol (50 pL antibody & 1 MHz pulsed
FUS with 10 ms burst length and 1 % DF at 16 W for 100 s) as an efficient BBBD
method for the delivery of the specific anti-Ap antibody into the mouse brain. The
repeatability of obtained results was investigated in 10 mice, which all showed
successful antibody entry and specific binding to plaques. Indicative brain sections
from 6 mice are shown in Figure 106 revealing co-localization of antibodies (white

circles) in the cortex.
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Figure 105: Immunohistochemistry analysis of brain tissue sections of 5XFAD mice. Column
A: AP (1-16) staining confirmed the presence of amyloid plaques (green) in the cortex, Column
B: AB (1-40) antibody staining in red colour, Column C: Merged images of antibody and
plaques staining, for the three mice groups: saline followed by FUS+MBs (labeled as control),
50 uL of AP (1-40) antibody alone (labeled as antibody), and 50 pL of AP (1-40) antibody
followed by FUS+MBs (labeled as FUS+MBs plus Ab). Co-localization of antibodies (white
circles) in the cortex of the FUS+MBs plus Ab group (MERGE) confirmed successful binding
of the AB (1-40) with amyloid plaques (Sonication parameters: f = 1 MHz, burst length = 10

ms, DF = 1 %, acoustic power = 16 W, and sonication duration = 100 s).
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Figure 106: Immunohistochemistry analysis of brain tissue sections of 5XFAD mice
injected with 50 uL of AP (1-40) and 5 uL. MBs followed by pulsed FUS. Fluorescence
images from different mice at the cortex level where plaques are stained green and the
antibody red (20x magnification). Co-localization of antibodies (white circles) in the cortex

confirmed the successful entry and specific binding of the AB (1-40) antibody.
13.3.3 Long term assessment of amyloid plaque reduction

The results revealed that the brain regions of mice that received the combined
treatment (antibody and FUS) exhibited lower number of amyloid plaques in
comparison to the non-sonicated regions (only antibody). On the contrary, the mice
that were only injected with the AB (1-40) did not show any signs of amyloid
clearance. Indicative results are shown in Figure 107. This difference was
statistically significant (p<0.05) when compared to the region that did not undergo
FUS treatment. It is also important that Ibal+/CD68+ microglia were found

colocalized with the amyloid plaques in the FUS+antibody treated brain regions.
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Figure 107: Number of amyloid plagues found in the hemisphere treated with

FUS+antibody compared to the hemisphere that was not sonicated (only antibody).
13.4 Discussion

FUS-mediated BBBD for the enhanced delivery of brain therapeutics is currently
receiving tremendous research interest. FUS in combination with MBs has been
confirmed by numerous studies [27], [425], [440], as an effective method for
overcoming the BBB to deliver exogenous therapeutic agents at present. AD is the
first cause of dementia [38] with AP immunotherapy belonging to the most
promising therapeutics to alter its course [437]. This study aimed to investigate
whether FUS-mediated BBB opening with an optimized protocol can be used to
safely and efficiently deliver a specific anti-Ap antibody; AP (1-40) into the brain
of 5XFAD AD mice using a custom-made FUS positioning device. The specific
antibody is directed against the amyloid peptides AP (1-40) that represent the most
abundant A isoform in the AD brain [437], thus promoting plaque clearance.
Unfortunately, its entrance in the brain is prohibited by the BBB due to its large
molecular weight (150 KDa).
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To our knowledge, this is the second study to report the use of this antibody. In fact,
there is a previous study that examined the feasibility of delivering this antibody
into 3 mice by FUS-mediated BBBD. Authors report a 3-fold increase in
fluorescence intensity of the antibody staining in brain regions treated with
MRgFUS in comparison to non-sonicated regions, with H&E staining revealing
hemorrhages in the sonicated brain tissue [129]. We have verified these preliminary
findings in a large mice population showing that FUS-mediated BBBD facilitates
antibody penetration into the brain. However, contrary to the findings of Raymond
et al. [129], non-sonicated mice showed zero fluorescence intensity indicating
complete absence of the exogenous antibody in the examined brain tissue. The
current results go beyond this, further demonstrating that the use of an optimized
protocol allows for efficient BBBD without any tissue damage and probably the use
of a smaller antibody dose (half compared to the dose used previously [129]);

however further investigation is required on this matter.

The first experimental part was carried out in WT mice (n=32) and was devoted to
selecting the sonication protocol for optimized BBBD. The FUS+MBs treated mice
showed higher levels of EB dye in all examined brain areas, whereas for the control
mouse (EB only) the dye remained in the extracellular matrix. The in situ peak
pressure amplitude of 0.5 MPa (16 W acoustic power) applied at a frequency of 1
MHz in the presence of MBs (5 pL) was selected as offering safe and efficient
BBBD and employed in follow-up studies involving the antibody. The results of
H&E histology revealed no structural damage and no signs of hemorrhage in none

of the sonicated hemispheres.

These results are consistent with what has been found in previous state-of-the-art
studies. In fact, pressure levels of up to 0.5 MPa have been previously proposed by
Hynynen et al. [356] as suitable for consistent and safe BBBD in rabbits, where the
observed side effects were mostly limited to few tiny extravasations of red blood

cells while above that value and up to 1.4 MPa more severe effects such as
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hemorrhages and mild damage to the brain parenchyma were observed. Herein,
none of the tested focal pressures ranging from 0.3 to 0.6 MPa (in situ) showed
evidence of FUS-related effects on tissue integrity. The efficiency of the selected
pressure level (0.5 MPa) to disrupt the BBB with negligible effects on brain tissue
has been confirmed by other studies as well [441], [442], with McDannold et al.
reporting an estimated threshold of 0.36 MPa for BBB opening. When comparing
results, it must be pointed out that similar pulsed FUS parameters (10 ms burst
length at 1 Hz repetition frequency) but a quite smaller frequency of 0.7 MHz were

utilized in these studies.

5XFAD mice were bred for the antibody study. This mouse model was selected
since it recapitulates major features of the AD amyloid pathology and is a useful
model of intraneuronal AP42 induced neurodegeneration and amyloid plaque
formation. The combined treatment involved injection with 50 uL of AP (1-40)
antibody and 5 uL of MBs followed by pulsed FUS (16 W) at 1 MHz. Following
FUS treatment, the mouse was left 4 hours before it was sacrificed, which is
considered the reliable post-treatment time window during which the BBB remains
open [443], [444] to allow the maximum amount of antibody to enter the brain.
Immunohistochemistry analysis of brain tissue sections confirmed that the antibody
cannot normally enter the brain parenchyma since no fluorescent was observed in
the microscope indicating absence of the antibody when administered alone owing
to its prohibitively large molecular weight of 150 kDa. FUS-mediated BBB with
the selected sonication protocol (1 MHz pulsed FUS with 10 ms burst length, 1 %
DF, 16 W power, and 100 s duration) allowed the injected AB (1-40) antibody to
enter the brain. Ap (1-40) immunofluorescent staining confirmed delivery of the
antibody in the FUS+MBs plus Ab group only. In merged images, co-localization
of both antibodies confirmed the presence of cortical plaques, successful trans-BBB
entry of the injected anti-Ap antibody in the brain by trans-skull pulsed FUS+MBs,
as well as the specificity of the A (1-40) antibodies to bind to the amyloid plaques.
The results showed excellent consistency and reproducibility of BBBD and FUS-
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mediated antibody delivery by single sonication in the treated hemispheres of all
mice (n=10, FUS+MBs plus Ab group).

This section further examined the potential of FUS-induced AP (1-40) antibody
delivery in the treatment of Alzheimer’s disease by inducing amyloid plaque
clearance. The combined treatment (FUS+antibody) caused partial clearance of
amyloid plaques, whereas mice receiving only antibody did not show any signs of
amyloid clearance. However, it should be clarified that this was a preliminary study
that was focused on the feasibility of safely and efficiently delivering the AP (1-40)
antibody into the mouse brain following BBB opening by FUS. Although the
antibody was widely distributed through the sonicated brain and bound to A
plaques promoting plaque clearance, it remains unclear to which degree the selected
antibody amount promotes positive cognitive effects nor whether the antibody
amount can be further decreased. Accordingly, longer-term studies are required to
assess the effects of the antibody and dose on suppressing AD pathological

symptoms.

The positioning device employed in the study was proven an ergonomic tool for
transcranial FUS applications in mice. The special design of the system allowed
attaching the water-filled cone to the mouse head with visual confirmation of proper
coupling following easy targeting with the assistance of the laser system. The
suitability of the single element FUS transducer of 1 MHz for the particular
application of transcranial BBBD in rodents was demonstrated, being in agreement
with other field studies where 1 MHz burst FUS was predominantly selected for
similar applications [120], [276]-[278]. Since this was a feasibility study, we did
not attempt targeting a specific brain region. A global targeting approach was
instead used where the beam was focused in the center of the left hemisphere. Due
to the small size of the mouse brain, FUS of 1 MHz applied with the specific
transducer and proposed sonication parameters affected the entire targeted

hemisphere as evidenced by the extend of EB dye extravasation. Follow up studies
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may account for parameters affecting ultrasonic focusing (e.g., transducer
characteristics), thus enabling a more specific delivery of the antibody in brain

regions of interest.

Overall, the study findings revealed that the Ap (1-40) antibody that is normally
hampered by the BBB can consistently enter the brain parenchyma and bind to AP
plaques of the 5XFAD mouse model of AD by FUS+MBs-mediated BBB opening
without any brain damage using the proposed optimized protocol. Follow-up
studies will examine whether repeated treatments can impart significant positive
effects on cognition. These results hold promise for the development of a disease
modifying therapy via non-invasive anti-Af antibody delivery for AD patients in

future clinical applications.
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14 FUS-mediated BBBD for AAV9 delivery into the CNS

14.1 State of the art

Hypomyelinating leukodystrophies represent a specific group of genetic
neurological conditions that impact the white matter in the brain [40].
Hypomyelinating leukodystrophy type-2 (HLD2) causes a gradual degeneration of
the white matter in the brain and spinal cord due to specific genetic mutations, and
is typically diagnosed during infancy and childhood [40], [41]. Children with HLD2
usually experience various symptoms, including developmental delay, motor
impairment, muscle weakness, and intellectual disabilities. MRI is the method of
choice for the diagnosis and evaluation of the disease progression. Despite that the
understanding of the disease pathology was enhanced significantly over the last

decade, there are currently no curative treatments available [40].

Herein, the feasibility of cell-targeted AAV vector-mediated delivery of the EGFP
reporter gene in the brain of P30 WT mice through the intravenous route after FUS-
mediated BBBD was tested. The specific objective was to examine the efficacy of
FUS-induced transient BBBD to enhance the biodistribution of AAV9 vectors into
the CNS as a potential therapeutic solution for HLD2.

14.2 Materials and methods

This section was dedicated to testing the feasibility of FUS induced transient BBBD
to facilitate the penetration of the AAV9.MBP.EGFP vector (AAV9 vector driving
EGFP reporter gene expression, simplified as AAV9) into the CNS using the
previously established protocol for BBBD (1 MHz pulsed FUS with 10 ms burst
length and 1 % DF applied for 100 s). The vector was initially tested in 4 WT P30
mice of 1 month-old, which received 50 pL of the vector. 5 uL/g of body weight of
AAV9 vector was injected intravenously into each mouse. Four (4) mice were

treated with FUS following tail vein injection of the AAV9 vector; 2 mice were
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injected with 50 pL of the vector and the other 2 with the half dose. The mice were
sacrificed with PFA after 4 weeks.

Table 11 lists the treatment parameters used in each group. Note that 1 mouse was
used as the control and did not receive either FUS or vector. The relevant timeline
used for AAV9 vector delivery is shown in Figure 108.

Table 11: AAV9 vector dose and sonication parameters used in each mice group.

Group El. power (W) MBs (nL) Vector (uL)
A (n=4) ; ; 50
B (n=2) 60 5 50 (2x10*2 vg)
C (n=2) 60 5 25+25 uL H20 (1x10'? vg)
. 50 pL AAVY /
e 2 AAVS
+25 uL 20
5 uL. MBs Pulsed FUS i) Sacrification
F = 1.04 MHz ii) Brain and spinal
P=60W cord tissues harvested
oo e ———
DF=1% :::; Dl;l(aAlg:trac_ted
Hair removal |y Sonication Y Teevo Eﬁﬁiﬁ&?ﬂg&

\ 4

<« Pl p| |[eP>

~ 4 min 100 s
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Figure 108: Timeline and experimental parameters used for AAV9 vector delivery through
the FUS mediated opened BBB in P30 WT mice.

The biodistribution of the vector in the CNS was examined by measuring
oligodendrocyte enhanced green fluorescent protein (EGFP) expression rates in
different CNS areas, as well as vector genome copy numbers (VGCNSs) in DNA
extracted from different CNS regions. Therefore, following sacrification,
cryosections from brain were immunostained for EGFP (Invitrogen, 1:1000) and
DNA was extracted from brain, cerebellum, brainstem, and spinal cord for VGCNs
determination. Slides containing brain sections were directly visualized using a

fluorescence microscope (Nikon eclipse-Ni).
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14.3 Results

Representative photos of EGFP immunofluorescence are shown in Figure 109. All
CNS tissues showed high rates of EGFP compared to the non-injected mouse
(control). Furthermore, the sonicated mice receiving 50 uL vector had a tendency
for higher levels of EGFP in many brain areas compared to the non-sonicated mice
(receiving only the vector); however, this was not consistent. Notably, the mice
receiving the half amount of vector showed the lower expression. Figure 110 shows
graphs of the VGCN calculated for the brain and spinal cord areas for each tested
treatment protocol. According to the estimated VGCN levels, the mice that were
injected with 50 pL of the AAV9 vector following FUS-mediated BBBD had the

highest transduction rates, but this should be confirmed in a larger mice population.

Figure 109: Representative photos (10x) of EGFP immunofluorescence staining in
cerebellum: (A)-(B): sonicated mice injected with 25 pL of vector, (C)-(D) sonicated mice
injected with 50 uL of vector, (E) mouse injected with 50 uL of vector, and (F) non-injected

mouse.
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Figure 110: VGCN estimated for (A) mice injected with AAV9 only, (B) sonicated mice injected with 50 uL. AAV9, and (C) sonicated mice injected with 25
uL of AAV9. (D) Comparison of VGCN between sonicated and not sonicated mice that received 50 uL AAV9.
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14.4 Discussion

In these experiments, FUS-induced BBBD was performed prior to intravenously
injecting different doses of the AAV9 vector driving EGFP reporter gene expression to
transduce the brain of P30 WT mice, which were sacrificed 4 weeks later. Both single
and double doses (1x10%2 and 2x10'? vg) were tested to assess the effect of the vector
dose on brain transduction. VGCNSs in extracted DNA and the rates of oligodendrocyte
EGFP expression in different regions of the CNS served as the metrics for evaluating the

vector distribution in the CNS.

The mice receiving 50 ul of the AAV9 vector following FUS sonication had a tendency
for higher levels of EGFP and higher transduction rates compared to the non-sonicated
mice in many brain areas, but mostly in the Cerebellum. However, further experiments
with a larger mice population are needed to confirm this observation and obtain sufficient
evidence. Furthermore, future studies may give insights on the quantity of vectors
required to transduce the CNS sufficiently and compare the VGCN biodistribution with
and without FUS for the lower tested vector dose of 25 pL.
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15 Overall Discussion and Summary of Findings

The present thesis covers several topics in the field of preclinical MRgFUS with special
emphasis on brain applications, from the development of anthropomorphic TMPs and ex-
vivo assessment of MRI-compatible FUS robotic devices to in-vivo transcranial FUS
application in mouse models of neurological diseases using dedicated FUS positioning

devices.

TMPs are becoming more and more common for the performance characterization of
therapeutic systems and emerging applications in the context of oncology. Given that
MRgFUS is continuously gaining popularity as a beneficial method for tumor
destruction, the development of high-quality realistic TMPs dedicated for MRgFUS
studies is of significant importance. In an effort to contribute in this regard, this study
aimed to develop realistic phantoms mimicking all the critical properties of human tissues

and evaluate their performance under realistic conditions.

Following a comprehensive literature search on TMPs, the MR relaxation times of
various agar-based phantoms were investigated. This investigation was prompted by the
identification of a notable gap in the literature on this topic, and particularly on specific
trends between added ingredients and resultant MR properties of TMPs. The findings
suggest that the transverse relaxation time (T2) can be predominantly tailored by varying
the agar concentration. The inclusion of silicon dioxide lowers both relaxation times,
whereas increasing evaporated milk concentration results in a gradual reduction of the
longitudinal time (T1). Accordingly, the T1 and T2 relaxation parameters of several body
tissues can be accurately matched by using a proper concentration of these inclusions. It
was thus concluded that the proposed phantom type has a great potential for use with the
continuously emerging MRgFUS technology, also given its previously demonstrated

feasibility to emulate all critical thermal and acoustical properties of human tissues.

The thesis next presents the development and evaluation of a tumor-bearing phantom
model for testing MRgFUS ablation protocols based on MR thermometry. Normal tissue
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was mimicked by a pure agar gel while the tumor simulator was differentiated from the
surrounding material by including silicon dioxide. The inclusion of silicon dioxide in the
tumor material offered the required contrast for excellent tumor visualization in US, MRI,
and CT. The phantom was also capable of generating realistic response to FUS thermal
heating, with MR thermometry revealing temperature elevations to ablation levels and
clear evidence of larger heat accumulation within the tumor owing to the inclusion of
silica. The proposed tumor phantom model constitutes a simple and inexpensive tool for
preclinical MRgFUS ablation studies, and potentially other image-guided thermal

applications in the context of oncology upon minimal modifications.

Taking into consideration the widespread use of mice in the assessment of emerging
transcranial FUS applications, such as the FUS-mediated BBBD, an anatomically
accurate mouse phantom was developed as well. The mouse model consists of skeletal
and soft tissue mimics, whose design was based on the CT scans data of a live mouse.
The bone part was manufactured by 3D printing using thermoplastic material, whereas
the soft-tissue mimic was created by molding an agar-based silica-doped gel into a
dedicated 3D-printed mold. The mouse phantom accurately matched the size and
reproduced the body surface of the imaged mouse. In addition, the phantom demonstrated
excellent MRI visibility and good radiological contrast between the skeletal and soft-
tissue models and was also able to reproduce realistic behavior during trans-skull
sonication as proved by thermocouple measurements. Therefore, it could constitute a
powerful tool in small animal studies enabling the testing and optimization of FUS
systems and protocols (including transcranial applications) before performing

experiments in live mice, thereby avoiding the unnecessary use of live mice.

Overall, the proposed agar-based phantoms are inexpensive, accessible, realistic, and do
not require ethical approval. They can be manufactured in house following a relatively
easy and cost-effective process to accelerate biomedical research, also given that
commercial phantoms are offered at very high cost. Agar gels can be formed in any

configuration through a simple manufacturing process while maintaining sufficient
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mechanical strength upon solidification. Their lifetime can easily be extended with the
addition of preservatives. Cheap and easy to obtain ingredients can be added as modifiers
of the acoustical, thermal, and MRI properties of this phantom type to accurately match
those of human tissues. Through a series of experiments in laboratory and MRI settings,
the proposed phantoms were proven very promising for MRgFUS studies. The outcomes
of these experiments are expected to facilitate other researchers in the selection of
appropriate materials for the construction of high-quality MRgFUS phantoms.

The subsequent sections of the thesis covered critical topics of the preclinical assessment
of newly developed systems and emerging applications in the context of MRgFUS.
Notably, the proposed TMPs have an essential role in this process. Firstly, a few simple
methods to test the accuracy of MRgFUS robotic devices using both laboratory and MRI-
based techniques were presented. Several challenges that may researchers encounter in
the process of integrating robotic devices in the MRI were next discussed, and simple
measures to overcome them were proposed. Insights on the topic of FUS lesion
progression monitoring by T1-W and T2-W FSE imaging were also provided through a
series of ablation experiments in ex-vivo porcine tissue. The study findings confirmed
that proper lesion discrimination on T1-W and T2-W FSE images highly depends on the
selected MRI parameters. Accordingly, specific imaging parameters for optimizing the
CNR between FUS lesions and surrounding tissue in FSE imaging were suggested, also
considering the importance of minimizing the acquisition time in the context of
intraprocedural lesion monitoring. It was also demonstrated that multiple images should
be acquired at varying depth in tissue to avoid non-detectability of shifted lesions, which
constitutes a common phenomenon attributing to tissue inhomogeneities and/or the

presence of bubbles that disturb the propagation of ultrasonic waves.

The study further aimed to provide insights on the practicality of using single-element
transducers for trans-skull FUS thermal applications. FUS sonications were performed
through skull phantoms embedding agar-based tissue mimicking gels using single-
element spherically focused transducers with a nominal frequency close to 1 MHz. The
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skull phantoms were 3D printed with thermoplastics having the exact skull bone
geometry of a healthy volunteer. The temperature field distribution during and after
heating was successfully monitored in a 3T MRI scanner using MR thermometry. The
ABS skull demonstrated poorer performance in terms of tFUS delivery compared to the
Resin skull owing to its higher ultrasonic attenuation and porosity. The thin Resin
phantom of 1 mm thickness provided an efficient acoustic window for delivering tFUS
and heating up deep phantom areas.

So far, tFUS applications using single-element FUS transducers have been successfully
performed mostly in the preclinical setting. The wider adoption and clinical translation
of this modality is limited by challenges related to inefficient trans-skull ultrasonic
transmission and relevant safety concerns. Although further research is needed to fully
exploit the potential of this modality, the preclinical investigation of transcranial
ultrasonic propagation from single-element transducers was limited to numerical studies
in the context of low intensity tFUS neuromodulation. Therefore, experimental studies
involving anthropomorphic phantoms such those described in this thesis could be a
valuable tool for accelerating the establishment of a wider range of tFUS applications,
including tFUS ablation, potentially working supplementary to the most common

numerical studies.

Furthermore, two compact devices for transcranial FUS applications in small animal
models have been developed. The second version was shown to provide a cost-effective
and ergonomic solution for FUS-mediated non-invasive and reversible disruption of the
BBB in small animal models, such as mice and rats, through a top to bottom delivery of
pulsed FUS. It should be though noted that the device could also be used for other brain
or body applications in various types of rodents, provided that their size is appropriate.
The preparation of the experimental setup can be completed within a few minutes taking
up minimal space. Such ergonomic devices are expected to facilitate research in the
relevant field, thus potentially accelerating clinical translation of the technology, with the
ultimate goal to establish alternative therapeutic solutions for neurological diseases.
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The last research part of the thesis was dedicated to evaluating the in-vivo performance
of the developed FUS system (version I1) in mouse models together with experts from
CING. Primarily, preliminary experiments were carried out in WT mice to obtain
evidence of successful BBBD and optimize the relevant protocol in terms of safety and
efficiency. Electric power values of 20 to 70 W were tested (corresponding to acoustic
power of 6.5 to 22.8 W and in-situ focal pressures of 0.3 to 0.6 MPa). None of the tested
power levels resulted in any observed brain damage, and there was no evidence of
hemorrhage associated with the procedure. As expected, the success of BBBD relied
greatly on achieving efficient ultrasound coupling with the mouse head. Pulsed FUS (10
ms bursts, 1% DF) with an in-situ peak pressure amplitude close to 0.5 MPa applied at a
frequency of 1 MHz for 100 s in the presence of MBs (5 pL) was selected as offering
safe and efficient BBBD and employed in follow-up studies involving antibodies. It
should be emphasized that the small skull thickness of mice allowed for efficient
transcranial applications with the employed single element transducer, whereas this was
not feasible in the case of the thermoplastic phantoms with the human's skull geometry.

The 5XFAD mouse model of AD was developed and used to examine the potential of
FUS-mediated delivery of the AB (1-40) antibody; an antibody that is targeted against
the amyloid plaques found in the AD brain, in the management of AD. High antibody
levels were observed in the brain of mice that underwent sonication, whereas non-
sonicated mice (receiving the antibody alone) did not show any signs of the antibody. It
was thus confirmed that the specific antibody cannot normally enter the brain
parenchyma as expected due to its high molecular weight. A single treatment with MBs-
enhanced pulsed FUS using the optimized protocol transiently disrupted the BBB
allowing for the non-invasive antibody delivery to amyloid plaques within the sonicated
brain regions. This was consistently reproduced in ten mice. Some preliminary
experiments were carried out to assess the long-term effects of the combined treatment
(FUS+antibody), where two treatment sessions were performed at a two-week interval.

The combined treatment caused partial clearance of amyloid plaques, whereas mice
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receiving only antibody did not show any signs of amyloid clearance. These findings
should be confirmed by longer-term studies further examining potential treatment-related
cognitive benefit to hold promise for developing disease modifying anti-Ap therapeutics

for clinical use.

Finally, the feasibility of FUS-induced transient BBBD to enhance the biodistribution of
AAV9 vectors into the CNS as a potential therapeutic solution for HLD2 was
investigated. Specifically, it was tested whether the cell-targeted AAV vector-mediated
delivery of the EGFP reporter gene in the brain of P30 WT mice is enhanced after FUS-
mediated BBBD. The mice group that was treated with FUS and injected with 50 pL of
the AAV9 vector showed a trend towards higher levels of EGFP in multiple brain regions
when compared to the non-sonicated mice, further exhibiting higher transduction rates.
Nevertheless, further experimentation involving a larger population of mice is required

to validate these preliminary findings.

252



CONCLUSIONS

The ultimate goal of this thesis was to provide insights on the challenges faced in the
emerging field of MRgFUS and its potential in the management of brain diseases,
through a series of preclinical ex-vivo and in-vivo experiments. A substantial part of the
study was devoted to the development of anthropomorphic TMPs dedicated to the study
and validation of MRgFUS systems and protocols, especially for transcranial
applications. The relevant outcomes are expected to contribute in the construction of
high-quality MRgFUS phantoms by other researchers in the field. In the effort to
accelerate the establishment of a wider range of tFUS applications, the study delved into
the challenges of non-invasively delivering ultrasonic energy to the brain tissue to impart
therapeutic effects in a safe and efficient manner. In this context, the practicality of using
single-element transducers for tFUS thermal applications was investigated. Additionally,
ergonomic FUS positioning systems dedicated for transcranial applications in small
animal models have been presented through a comprehensive technical description and
detailed figures, which may be useful for other engineers in the field. Such systems are
likely to facilitate research on FUS-mediated BBBD; a topic that receives significant
interest in the last few decades. The mice experiments demonstrated the feasibility of
delivering specific anti-Ap antibodies by FUS-mediated BBBD to target the amyloid
plaques and promote plaque clearance in AD mice. Additional research is essential to
investigate potential cognitive benefits and whether specific AD pathological symptoms
are suppressed, and their correlation with the antibody dose. This will help establish the
potential of the suggested therapeutic approach in the management of AD, potentially
paving the way for clinical translation. FUS-induced transient BBBD was also proven
promising as a potential therapeutic solution for HLD2 by enhancing the cell-targeted
AAV vector-mediated delivery of the EGFP reporter gene into the CNS. Again, further
experimentation involving a larger mice population is required to initially validate these
preliminary findings and then to investigate the effect of the administered vector dose on

the CNS transduction and is left for future studies.
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ETHICS

Mice experiments were approved by the Veterinary services of Cyprus (License number:
CY/EXP/PR.L05/2021) and carried out as part of the SOUNDPET project
(INTEGRATED/0918/0008) activities in collaboration with experts from the Cyprus
Institute of Neurology and Genetics. Appropriate animal handling and procedures were
followed according to the Animal health and welfare committee for the project in order
to ensure maximum animal wellbeing. Animals were euthanized while under the effect

of deep anesthesia.
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APPENDIX I: Literature search on preclinical/clinical studies on FUS-mediated BBBD

Table I: Summary of studies reporting FUS-mediated BBBD in animal models and patients. The experimental parameters, main results and adverse

events are listed. SD: Sonication duration, AP: Acoustic pressure, PRF: Pulse repetition frequency, PL: Pulse length, DF: Duty factor.

Ref. Subject BBBD uUs MRI AP (MPa) / PL (ms) / SD Molecules Main Adverse
Protocol contrast contrast Power (W)/ PRF (Hz)/ (s) Leakage Results Events
agent agent Ml DF (%)
Male FUS The lowest power levels 70%
(1.63 MHz 0.05 used (< 0.55W/ <1 neurological
[445] e 16-sector mL/kg 25 it 02-115W VO GdD MPa) produced BBB damage
Zealand X GdD ms/ 20 . -
2001 - transducer) Optison . ® (TPAP) (928 Da) opening without damage occurred at
Rabbits ; Magnevist 1Hz X
(n=18) 2x2 cm surgical MBs to the surrounding 115W
B window & MBs neurons. (5 MPa)
Trans-skull 10 ml . .
diagnostic colour-  Levovist <2.69 MPa UItrason_lc destruct!on of
Male coded sonography MBs 0.3 mmol/kg (PNAP) No Levovist ar_1d Optl_son
[446] Gd-based -/ MRI-detectable MB by diagnostic
volunteers (2-3.5 MHz or N/A . N/A
2002 _ contrast agent 3.5 KHz leakage of Gd transcranial colour-
(n=7) phased array 3 ml of - < 0.54 MPa
. Magnevist (900 Da) coded sonography was
transducer) Optison due to skull
shown to be safe.
& MBs MBs
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Adult FUS -Trypan Blue
male New  (1.63 MHz 16- 0.05 (1.5 mL/kg, 2 Mechanisms of Vasculature
Zealand channel ml/kg 0.05 ml/kg % in saline) .
[396] . . 0.55/3W 100 ms/ transcapillary damage
2004 white phased-array Optison GdD 20 -GdD
X . (SPPA) 1Hz macromolecules passage occurred
rabbits transducer) PFC gas Magnevist (938 Da) to BBB were identified at 3 W
(n=10) 2x2 cm surgical MBs -1gG antibody ' ’
window & MBs leakage at 3 W
GdD BBB disruption is
0.05 possible (0.4 MPa-50 %, 70-80% of the
New Trans-skull .
ml/kg 0.8 MPa - 90% sonicated
Zealand FUS . Trypan Blue
[356] white (0.69 MHz single Optison  0.125 mmol/kg <31 MPa 10 ms/ (1.5 mL/kg) 1.4 MPa - 100% of the  areas showed
5005 rabbits élement FUSg albumin GdD _(PhAP) 1 Hz 20 ' g sonicated areas) tissue necrosis
(n=22) transducer) coated Magnevist HRP at a frequency of 0.69 (H&E) at
- MBs MHz with minimal PRAP > 2.3
& MBs (40 kDa,
damage to the exposed MPa.
300 mg/kq) .
brain parenchyma cells.
FUS Small
US-induced BBBD is extravasations
(1.63 MHz curved . X
New possible without and few
Zealand Le Bl s 0.125 inducing substantial apoptotic cells
[447] hi phased array mL/kg : 0.7-1 100ms/ MRI contrast
2005 white transducer) Optison mmoI/K_g MPa 1Hz 20 agent vascular da_mqge that_ occurred. No
rabbits 2% oM MBs Magnevist could result in ischemic delayed
(n=24) ; . or apoptotic death to neurological
surgical window
neurons. effects were
& MBs
observed.
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No

neurological
FUS damage at the
1 MHz single UCA dose of
vale 1T e 0-90 0.9/ 1.2 The amount of EB 30 ul/kg.
[448] Wistar Transducer) uL/kg N/A MPa 10ms/ 30 Evans Blue extravasation increased Many cells
2007 rats 10 x 10 mm SonoVue (PNPA) 1Hz (100 mg/kg) monotonically with the appeared
(n=16) . . MBs quantity of UCA used. .
surgical window apoptotic at
& MBs 1.2 MPa with
60 uL/kg
UCA.
FUS 'ngrnl I/tl;g A 50% probability of
N v BBBD was observed at - :
ew (0.690 MHz Lipid 0.4 MPa. which was Tiny regions
Zealand Spherically PFC gas inc.:rease d’ t0 100% for of damaged
[441] white curved MBs 0.125 mmol/kg 0.2-1.5 10ms/ 20 MRI contrast pressures > 0.8 MPa brain
2007 rabbits transducer) - 50 ul/kg Magnevist MPa 1Hz agent Optison® prd duced é parenchyma at
(n=15) 2x2cm Optison Iarng offect for the same  PreEssures >
surgical window  albumin - . 0.8 MPa.
& MBs PFC gas acoustic pressure
MBs amplitude.
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For UCA injection of 10
uL, 15 min before FUS,

Trans-skull 10 uL
Brown FUS (0.4 0.5 mL o X c:hgrfihnresvr\]/(;ldagf)aBzBS No visible
[276] CB57-bl6  (1.525 MHz mL/kg) : 0.8-2.7 20ms/ 308 pening was about 2. damage was
. ) Gd with Gd MPa, while for injection
2007  type mice Single element or25 uL : MPa 10Hz . detected on T1
-~ . Omniscan 30s of 25 puL, 1 min before
(n=9) FUS transducer) Optison . MRI scans
delay FUS, opening occurred
& MBs MBs
at the lowest pressure of
0.8 MPa.
New hvie SpdLLy Tiny damaged
Sealard (0.69 MHz 250 ul/kg BBBD is not affected by re{]’ions O%
[442] white S Optls_on 0.125 mmol/kg 0.1-15 S, 1, Dy MRI contrast 7 @ DG dose.‘ o brain
. transducer) albumin - . 051,25 20 the BBBD magnitude .
2008 rabbits Magnevist MPa agent . parenchyma in
_ 2x2cm PFC gas Hz and its threshold depend
(n=26) . . ~ 6% of tested
surgical window MBs on the burst length. .
locations.
& MBs
Tests at several time
-Trypan Blue : o
. . periods after sonication
Transcranial (0.6 ml, 4% in
Male 0.05 - . showed that leakage of
FUS saline)
Sprague- 0.07 .03 mmol/kg 1.1 MPa agents was
[403] (1.5 MHz 10ms / -GdD \
Dawley X ml/Kg GdD /0.6 W accomplished. At 6 and
2008 spherically curved . . 1Hz -HRP (40 KDa, e -
rats Optison Magnevist (PNPA) 24 h after sonication
(n=25) transducer) MBs 300 mg/kg) function was full
& MBs - La*(139 Da, y
restored and no leakage
10 mM)

was observed.

258



BBBD threshold Minor
Male FUS expressed in PNPA vascular
New (0.69 MHz increased as a function damage, tiny
Zealand  spherically curved 50 ul/Kg of the frequency. clumps of
[2309095:;' white transducer) Optison Olll\aligmn(rer\]/(i)l{[kg O.IZ\%/I-P§.3 123: / 20 MRL;grr::rast It appeared to be extravasated
rabbits 2Xx2cm MBs constant, however, when  erythrocytes
(n=11) surgical window the exposures were &extravasated
& MBs expressed as a function red blood
of the mechanical index. cells.
Wild-type Trans-skull Pharmacological
male FUS 25 4l 320Xs fluorescent molecules of 3 and 70
[120] C57BL/6 (1.525 MHz Sonotl/ue N/A 0.57 MPa 20 ms/ with tagged KDa can pass through N/A
2010 mice single element MBs (APRP) 10 Hz 30 Dextrans the BBB while
(n=13) transducer) delaf/ (3and 70 kDa)  molecules of 2000 KDa
& MBs can’t.
Lower power for longer Exposure >
Z(L\Ia?;d Trans-skull 031;3 I\\//Ivlga e giv_eg higher B00'sitor 0.99
rabbits FUS (PNPA) permeabll_lty,_ than MPa) &
(n=12) (1.08 MHz 10 uL/kg 30- shprter sonications of pressure
[397] & Spherically Definity 0.1 mmol/kg 10ms / 1200 MRI contrast increased power. amplitudes >
2010 Male curved MBS Omniscan 0.2- 0.8 W/ 1Hz I agent Exposure durations < 0.47 MPa (for
Wistar Transducer) (').27_'0.5 4 300 180 s (at 0.38 MPa) are 300 s) resulted
rats & MBs MPa linked Wl_th a low in> E_SO%
(n=25) (PNPA) probability of localized
irreversible damage. lesions.
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Transcranial HIFU
induced BBBD in non-

Trans-skull 500ul In- 0.3, 0.45 human primates with An e(_jematous
Male FUS house 0.2 mL/k and 0.6MPa different pressures and region was
[361] rhesus (0.5 MHz Single MBs -~ ME-/Kg ' 10 ms/ Gadodiamide . P detected using
Gadodiamide (focal 120 microbubbles type.
2011 macaques element & . . 2 Hz (573.66 Da) . custom made
- L. Omniscan maximum BBBD was induced at .
(n=2) Transducer) Definity I q microbubbles
& MBs MBs pressure) all tested pressures at 0.6 MPa.
(larger BBBD at 0.6
MPa).
us 0.071-0.25 . Haemorrhagic
Male (1.15-1.2 MHz MPa DI S70Es qf damages were
. . 0.02 Dextran- leakage can be attained
Wistar single element (PNPA) / : . observed at
[449] mL/kg 10 ms/ conjugated by controlling the .
rats planar transducer) I N/A 0.26 -1.45 120 X higher powers
2011 _ Definity - 1Hz Texas Red acoustic pressure. L
(n=20) 5x5mm W (input (significant
. . MBs . (10 kDa) Smaller vessels are .
surgical window electric easier to disrupt extravasation
& MBs power) Pt at 0.173 MPa).
10 ms The shortest
Trans-skull (3 ps cycles Use of short burst . delay (6 us)
. lengths has the potential ;
. FUS with provided the
Wistar (8 sector 0.02 6 - 600 LS 120 to decrease treatment highest
[450] rats . mi/kg 0.2 mL/kg Gd M Gd times. PRF of 2 Hz may g
_ spherically L . 0.54 MPa delay) / OR . . percentage of
2011 (n=28) Definity Omniscan (T1-w images) increase enhancement
focused array 1 Hz PRF 300 cases (42.5%)
MBs over a 1-Hz PRF when .
1.18 MHz) OR used with infusion MB resulted in
& MBs 6 us delay/ deliver edema (T2w
0.2,1,2Hz Y- images)
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450

Pulsed HIFU enhances

Male Tragﬁsékull s g r]]“él\(/gu o the relative permeability
f the BTB in glioma
[451]  Fischer (1-MHz MBs 1L EIEALE 09 2 50 ms/ Gk orthe 5TB In gil
inale el hosph Gd (PNPA) / 1Hz 60 Evans Blue rats. The tumor-to- N/A
2011 i SE)Ie GIEET (b osphor Omniscan 143 W (100 mg/kg) contralateral brain ratio
(=3, UEVSER) -I|p|d(-j of EB were highest after
& MBs coate
HIF re.
MBs) pulsed U exposure
ial The lowest values for
C57BI6 Trar::chJrSama 0.01, Texas Red- consistent disruption and
male mice 0.05, tagged dextran delivery were:
(2771 (h=gg) .(1'?25 IMHZ 0.25 ul/g N/A o.gggﬂAP a %()13t-osgsﬂs/ 30 dextrans 0.2 ms PL and 5 Hz N/A
2011 single e e(rjnent Definity ( ) ' z (3 kDa, 60 PRF. As PL increases,
focused) MBs 0/g) the delivered dextran
& MBs H Sl
concentration increases.
Trans-skull Pulsed HIFU
Male F98 L Increased
glioma- s 300 Evans Blue S|gn|f|c.antly elevated Fhe extravasation
. (1-MHz 1 mmol/kg tumor: brain drug ratio
[452]  bearing inal uL/kg Gd 579 W 50 ms/ 60 (100 mg/kg) in the focal reqion. and of red blood
2012 Fischer sIngle SonoVue . ' 1Hz region, cells in the
element Omniscan led to a widening of .
rats MBs Gd . sonicated
transducer) intercellular gaps of .
(n=27) tumor tissues.
& MBs tumors (H&E)
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The threshold pressure 9.5% of
for BBBD in swine was animals
0.43 MPa. appeared
Neuronavigation allows erythrocyte
Tralr;fjsskull 0.3 monitoring of BBBD extravasations
[363]  Swine 0AMHz  mikgmin 02 mmOVkg o8 43 10ms/ Gd-DTPA during FUS. MR (H&E).
" . Gd-DTPA 30 relaxometry and ICP- Multipoint
2013 (n=29) single element SonoVue . 0.56 MPa 1Hz Evans Blue
Magnevist OES assay demonstrated  exposure (3 X
transducer) MBs . . .
& MBs high correlation, 3 grid)
suggesting that Gd- showed a
DTPA deposition can be higher
directly measured by incidence of
imaging. extravasations.
The AUC values of Gd-  Structure did
DTPA measured by MRI not change
Male were well correlated significantly.
Sprague- Trans-skull 2.4 ul/kg Evans Blue with EB delivery, Hemorrhagic
Dawley FUS SonoVue 0.3 mL/kg 0.4 MPa (960 Da, 2 suggesting that Gd- regions
[453] (0.4 MHz SF6- . 10 ms/ ma/kg, 2% in DTPA is a good remained
rats (18 . Gd-DTPA (PNPA; 90 ; - -
2013 normal single element coated Maanevist® free field) 1Hz saline) indicator of total small- similar to
’ transducer) MBs g Gd-DTPA molecule delivery. those in the
16 tumor . .
. & MBs (938 Da) Permeability -enhancing unexposed
animals)
effect may be more tumor (T2-w
significant on tumor MRI, H&E of
peripheral. tumors).
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us

MRI

AP (MPa) /

PL (ms)/

SD

. BBBD Molecules Main Adverse
Ref. Subject contrast contrast Power (W)/ PRF (Hz)/ (s)
Protocol agent agent Ml DF (%) Leakage Results Events
Extravasations
Dual-frequency oy Sc:inn%m-
exposure can potentially exposures
enhance the BBBD P )
offect occurred in
' 15.3% at 400
Dual-frequency FUS
. kHz 10.0% at
Trans-skull Evans blue exposure did not further
. 600 kHz (0.52
FUS 0.3 (2 mg/kg, 3% increase erythrocyte MPa)
[454]  Swine  (2o6-Chamnel o, Cimin 0.52/0.78 10 ms/ el SURESEI AR e op o g
_ Dual-freq. N/A 30 960 Da level obtained with
2014 (n=10) SonoVue MPa 1Hz - . kHz
Phased-Array = 60-70 kDa traditional single-
MBs (0.78 MPa).
System) when bounds to frequency exposures.
. . For3x 3
& MBs serum albumin) The pressure level in multiple
multiple exposures ox osSres
should be reoptimized P .
when intending to TRAIIIE [
induce a large BBB- L IDELA LD
opened rggion A (052
' MPa).
(H&E)
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The MB type and

There were no
damage in the

1 ul/g in- distribution could have lelf:enclttg(?
Trans-skull house significant effects on the g rjoups
FUS polydispe FUS-induced BBBD '
[278] CSHZE:IE‘/G (1.5 MHz rse (IHP) O'3Dnj|_||‘32D' 0.3,0.45, 20ms/ 60 GD-DTPA mostly at higher pressure nSeeL:/r?)rr?sl S\?err!z
2014 _ single element MBs . 0.6 MPa 10Hz levels (0.45/0.6 MPa). .
(n=18) Omniscan detected in
transducer) or IHP MBs showed one mouse
& MBs Definity significantly higher (0.45 MPa)
MBs permeability and volume  .%." X
of opening at 0.3 MPa injected with
pening at & " IHP MBs.
(H&E).
FUS Clinically-relevant
(690 kHz single concentrations (4.8 £ 0.5  In histology,
Rats element FUS GdDTPA ug/g) of DOX were some rats who
(n=3: transducer) 10 ul/k 0.25 ml/kg of delivered to the brain. received FUS
[455] FUS & & MBs ke ' g 0.55 - 0.81 10 ms / : The concentration of & drug had
Definity GdDTPA 60 Lipo-DOX . X .
2015 drug, MBs (Magnevist) MPa 1Hz (doxorubicin: Lipo-DOX was reduced  regions with
n=4: FUS & Lipo-DOX g 580 Da) ’ by 32% when injected evidence of
only) (5.67 mg/kg) 10 min after the last prior damage

- three weekly
sessions

sonication compared to
pre-sonication injection.

(scar or cyst).
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Successful BBBD was
achieved at 0.5 MPa, but
not 0.3 MPa. Concurrent

Pulsed FUS FUS-BBBD and

(500-kHz single- At 0.8 Mpa, a

element FUS) 4 nL/kg Evans Blue !_pDNA mdgced broad flux
SonoVue (30 mg/kg) luciferase proteins and area with
[393]  Balblc & MBs SF6 MBs 03,0508  0ms/ increase GDNF protein oo
. (2-5x N/A 1Hz/ 60 levels. Transduction
2015 male mice 3 MPa Gene damage
10 1% DC . after BBBD had a .
& LpDNA transduction P . presented in
. bubbles relative intensity 5-fold
solution by LpDNA the exposure
. /mL) greater than that of the .
(dose: 3, 9, and 27 regions.
1 ug /uL) LpDNA only. The
HE, 1 HE M transfection efficiency
was found to be LpDNA
dose dependent (5 MPa).
Tl gty el Bk
Adult Burst-Mode FUS ~ SonoVue MPa . .
[456] 10 ms/ Evans Blue reconstruction provides  were observed
male rats (1.5-MHz FUS SF6- N/A (PNP after 60 .
2016 _ 1Hz (2 mg/kg) a feasible way to to at 0.705 MPa,
(n=12) transducer) coated US skull -
& MBs MBs penetration) guide FUS-BBB but not at
opening. 0.467 MPa.
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US-Induced

0.02 0.39 and Neurogenesis Requires
adult Transcranial FUS mi/kg 0.2 mifkg 0.78 MPa increased BBB
(1.68 MHz L oy (with MBs) Permeability. Only FUS
ol COTBLE custom-puittFus DY CERed g seangzo MY 190 MCA at ~0.78 MPa with MBs N/A
mice MBs MCA 1Hz (T1-w images) .
(n=16) transducer) (prior to (Gadovist) MPa promoted hippocampal
- with/without MBs pFUS) (without neurogenesis associated
MBs) with an increase in BBB
permeability.
The median survival of
the FUS+antibody In most
FUS 100 ul/k animals was longer animals
Nude rats (690 kHz HUkg compared to the control X
] . Optison showed that
with single-element 0.40-0.70 group. .
HER2- sph. focused MBs W 4/10 animals in the BB ENE
. ' (priorto  0.25 ml/kg Gd- _ 60 Gd-DTPA . necrotic areas
[457]  positive transducer) FUS: DTPA => 10-ms / T1W i . FUS+antibody group q
2016 cells & . ' . 0.46 - 0.62 1Hz Gz {(rd) TEEES showed an average started to
diluted 10 ~ (Magnevist) ' ' son.) 938 Da) g develop at
(n=30) 2/4 mg/kg times MPa tumor growth constant weeks 13-15
trastuzumab and with (PNP) of 0.010 £ 0.007 (T2-w
pertuzumab (first/ saline) mm?/day, compared to imaging)
0.033 + 0.009 mm3 /day ging).

next wks.)

for antibody-only
animals.
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Early injuries

were
Within 5 min e"ﬁﬂ;jg‘f_by
posttreatment, BBBD stainin
MRgFUS 100 uL and increased expression DAMIg.
Female (589.636 KHz 0 tisuon 200 UL 120: of DAMPs leading to a [eSDONSE
[458]  Sprague single- element P H 10-ms/ ' Gadofosveset SIR resp
MBs Gadofosveset 0.3 MPa per 9 . . . included
2016  Dawley sph. focused 1% DC (T1-w images) (compatible with L
at a rate (Ablavar) spots : . . elevations in
rats transducer) ischemia or mild
of 1 uL/s . S heat-shock
& MB traumatic brain injury) .
proteins and
that lasted ~24 h were
observed _ INFa
' indicative of
SIR in
parenchyma.
Positive relationship The most
healthy (690 kHz Definity d 5! change in p g
. 0.66, 0.73 sonication T1-w images. observed at
Sprague- Single element, MBs 0.25 mL/kg Gd
[459] and 0.80 10 ms/ . . Process of repeatable 0.8 MPa (e.g.,
Dawley focused - Gd-DTPA 60 (T1-w images; X
2016 . MPa 1Hz BBBD does not produce multiple
rats transducer) before (Magnevist) 938 Da) . o
(n=15) & MBs each (PNP) additional significant hemorrhages
6 weekly sessions  sonication SIS S <

T2-w imaging agreed
with histopathology.

hemorrhagic
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FUS significantly
enhanced bevacizumab

he:rlltdhy Transcranial FUS penetration into the CNS
tumor- (400 kHz 10 uL by 5.7 to 56.7 fold Erythrocyte
bearing transducer) SonoVue Gd-DTPA compared to nonexposed  extravasation
X SF6- i brain. Drug delivery was caused
[460] mice & MBs filled US Gd DTP.A 0.4-0.8 MPa 10 ms/ 60 retarded glioma by 0.53-MPa
2016 (u8r (Magnevist) (PNP) 1Hz . b ) ith
lioma _ MBs Bevacizuma progression, with a exposure
gnimal & Bevacizumab (prior to (150 kDa) significantly increased (H&E)
model) (50 mg/kg per FUS) median survival (135%
(n=35) week for 5 weeks) in the drug + FUS group
- vs 48% in the drug-alone
group.
MRgFUS is capable of
MRgFUS MRI contrast enhancing the delivery
Female (1.14 MHz single agent of ~60 nm fluorescent
. element FUS 5 tracer BPN in
Fischer 1x10 g
344 rats transducer) _ MBs/g F98 glioma models.
[461] . 9-spot square grid . 0.25 ul/g MRI 0.6/ 0.8 MPa 0.5% 120 CDDP-BPN CDDP-BPN were
inoculated albumin- . - N/A
2017 ! contrast agent (PNP) DC (2.5 mg/kg, delivered to gliomas
with F98 shelled . L
lioma & MBs MBs composed of using !\/!RgFUS, eI|_C|t|r)g
gcells PAA/PAA- a significant reduction in
& Nanoparticles; PEG: 27 kDa tumor growth and
CDDP-BPN PAA) improved animal

survival.
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Transcranial

Magnetic attraction can

Evans Blue .
MRgFUS & 250 rg_L 045 P (150 mL at 2%) substan_tlalnyenhance”the
(1.5 MHz FUS monodisp : a retention of stem cells No evidence
Female transducer) erse MBs; 0.2 mL/kg 5 ms/ (SPION-loaded hNPCs) of EUS-
adult (2.27x10°  Gadodiamide 10 Hz/ I after FUS-mediated .
[462] & . Gadodiamide induced
Sprague- . MBs per (Omniscan) 5% DC 60 BBBD. Greater numbers
2017 hNPCs; . (T1-w MRI) damage to the
Dawley 6 - mL, prior of SPIONs-loaded cells :
(1.5x10° cells in L . tissue.
rats to FUS) retained in the brain at
0.5 mL of PBS, the site of BBBD as (H&E)
after FUS) hNPCs .
compared to noniron
loaded cells.
For BBBD at 0.55 MPa, T2*WI images
Pgp was suppressed up revealed
Transcranial to 48 hours and restored  vessel damage
MRgFUS (690 by 72 hours. At 0.81 and
e kHz single MPa, suppression can extravasated
[423] S|P element FUS 10 Hl/}(g 28 g 0.55-0.81 10 ms/ 60 DTPA last 72 hours or longer.  erythrocytes at
Dawley , Definity Gd-DTPA (each . —
2017 rats transducer; 5 MBs (Magnevist) MPa. 1Hz son.) (T1-wimages)  These findings support 0.81 MPa.
(n=31) overlapping g ' that MB-enhanced FUS  H&E revealed
- sonications) disrupts the functional tiny clusters of
& MBs

components of the BBB
through suppression of
drug efflux.

extravasated
erythrocytes at
0.55 MPa.
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Male In-house Results prove linear
NHPs Transcranial FUS ~ manufact relationship of the
(n=5); (0.5 MHz single- ured incidence angle withthe  No evidence
- element spherical- lipid- 0.25-0.6 L volume of BBB opening  of damage (on
[362] rhesus segment FUS shell, 0.2 “?"kg MPa 10 ms/ 120 Gadod_lamlde and the PNP, and T2-weighted
2017 macaques q Gadodiamide 2 Hz (T1-w images) s f q
(n=4) & transducer) MBs (PNP) monoto_nlc increase 0 an SWI
marmoset (2x10° the opening volume with image).
(n=1) & MBs Bubbles close to normal
B /mL) incidence angles.
DG Regarding the effect of
Sz as volume doses, a Evans Blue
Transcranial FUS  cocktail; Evans Blue Iir?ear dose-response of  experiments
Adult (1 MHzfocused  4x10% (4 mL/kg of 1, P P
9 Evans Blue showed
male annular 2x10°/ 2, 4 wt%) . ..
. . 9 extravasation was found, limited
Sprague piezoelectric 4x10 . .
suggesting that MB gas  hemaorrhaging
Dawley array) MB/kg of . . X
[463] Rats 9-um MB 1 MPa N/A 100 Hz/ 300 Biologicall volume dose, not size, immediately
2017 _ H (PNP) 10% DC gically determines the extent of  after BBBD at
(n=33) & MBs relevant agent X
: . . BBBD (1 MHz, 0.5 the high MB
IEIgE B VATUEE MPa). One wk. after volume doses
striatum & dsAAV1- 2x10%/ dsAAV1- BBBD. gene deliver T —
SHNAECIAE 4x10° SR and ex gression wasy resent a week
MB/kg of (50 pL) P . P
demonstrated using a after.
6-um MB .
viral vector.
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No structural

Wild-type FUS . GD-DTPA  Thevolume of BBBD, ~ 0amage was
. . 5 ul lipid- ; . : observed
mice (1.5 MHz single (T1-w images) which also determines
T _ | shelled I bol he vol f viral (H&E).
[125] _ arget: element FUS in-house 0.15 ml bolus 0.74 MPa 10 ms/ the vo ume of vira Microglia
hippocam transducer) GD-DTPA (PRAP, 120 transduction, can be L
2017 MBs . . 5Hz staining
pus and & MBs . (Omniscan) free field) AAV altered through proper
(prior to . . revealed no
motor FUS) (100 wl diluted selection of the US notable related
cortex & AAV vectors AAYV vectors) parameters. .
inflammatory
response.
Gd With repeatable results,
MRgFUS (FSE T1-w 5W and 4 uL/kg MBs In Some cases
Trans— (230-kHz FUS images) were considered hemorrha es,
array of 1024 2mL/ kg 2 mson/ 28 g standard parameters for g
human I . 0.1 mL/k b 50s; his BBBD | larger than
[464] skull elements; or .1 mL/kg ms off bursts 276 this D protocol. 500 um were
- ExAblate 4000, 4 mL/kg Gd 3-20 W of 300 ms ' Upon optimization of .
2017  porcine . _ . . per Evans Blue o discovered at
InSightec; Definity (Gadovist) (each of 9 cavitation thresholds .
model X cycle (2 mL/kg, 4-10 W with 4
_ 3 x 3 grid, MBs spots) only low level scattered
(n=11) ; ~65 kDa when . pL/kg MBs
Craniotomy) bounded to extravasation of red (H&E)
. blood cells were '
albumin)

observed.
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There is an acute
inflammatory response

Male MRgFUS Gd in hippocampal
(551.5 kHz 0.128 MPa (T1-wimages)  microvessels following
Sprague- X 20 pul/kg Gd-based . S X
[465] spherically L increased by 10 ms/ sonication and increased
Dawley Definity  contrast agent 120 o N/A
2017 focused . 0.008MPa 1Hz transcription of
rats q MBs (Gadovist) | infl
(n=12) transducer) every sec. Evans Blue proinflammatory
& MBs (4% in saline) cytokine genes, largely
returning to baseline by
24 hrs.
The nanodroplets had
. . Intracerebral
the capacity to realize hemorrhages
Continuous FUS liquid to gas phase shift g
) 10 mg/kg o and
Male (1 MHz single- under FUS. Significant
Sprague-  element focused PEG- 180 EB extravasation erythrocyte
[466] | PLGA- N/A 0.5,1.00r 0 Evans Blue h extravasations
5017 Dawley transducer) PEP 15 MPa 100% DC or (100 mg/kg) occurred when pressure were observed
Rats & ' 300 reached 1.0 MPa.
N nano- L when the
(n=24) nanoscale Prolonged sonication
droplets pressure was
droplets could enhance the level X
increased to

of BBBD and broaden
the time window.

1.5 MPa.
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0.15ul/kg Frequent exposure of
or excessive FUS (1.4 MI) i?;gtsse
0.4ul/kg 0,0.2-0.3, produced minor and .
Male FUS . included
SonoVue 0.5and 0.9 short-term behavioral
Sprague- (400 kHz FUS . ; macrophage
[467] Dawley transducer; Lipid- MPa 10ms/ changes, Wh”e frequent infiltration
. . shell SF6 N/A 120 N/A BBBD with below- :
2018 rats multiple sessions) 1Hz . parenchymal
(n=100) MBs (or MI threshold exposure (Ml: loss. and
- & MBs 0.33-0.47, 0.33-0.8) did not. nec}osis
& 0.03 0.8, and 1.4. Excessive doses of MBs . .
. (Histological
ml/kg of induced a cellular N
i : examination).
heparin apoptotic response.
When rats were treated
Wistar by mCEUS with
rats Continuous or intermittent launches +
(n = 30) intermittent 1 ml/kg Evans Blue MBs, BBB permeability
mCUES MB (2%, 50 mg/kg) was increased, and drug
iagnostic contrast -ms penetration was
1468] g (US di i 400 0, 9LV MAkg i
018 9L machine; 1.7/3.3  suspension N/A MlI: 0.8 interval 600 enhanced. Induction of N/A
Glioma MHz probe) (8 pl sulfur (pulsed) Temozolomide permeability in
miice & Temozolomide hexafuoride (100 mg/kg) temozolomide-treated
models (prior to FUS, per ml) 9’kg glioma model rats was
(n=20) daily for 5 d) associated with

reduction in tumor
volume.
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Transcranial

In tumor-bearing rats,
concentrations of
Gadavist were 1.7 and

MRI contrast 3.3 times higher in the No brain
MRgFUS agent tumor center and tissue damage
(230 kHz phased (T1-w images) margin, respectively, occurred.
[469] R?.t Fo8 array transducer; %)O ]B I/_I:g 0.125 mmol/kg  0.16 - 0.39 5 ms/ 75 than non-sonicated Only atiny
2019 glioma ExAblate Neuro, elinity (Gadavist) W 1.1Hz (each tumors. Tissue-to- scar in the
model . MBs son.) . ; : .
InSightec, carboplatin plasma ratios of striatum in
multiple son.) delivery carboplatin one animal
& MBs (50 mg/kq) concentrations were (H&E).
significantly increased in
brain and tumor after
FUS.
-30
pl/kg.
. Optison
Female Trans(;:rsal\r}llﬂ PR MBs Under similar total gas
[470] Sprague tr(ziﬁsducezr) -6 ul/kg 10 ms/ volume, nanobubples
5018 Dawley Defnity N/A 0.1-0.7 MPa 1 Hz 100 Evans blue shov_ved a more reliable N/A
rats & bubble-based MBs opening effect compared
(n=40) - 737 to Optison and Defnity.
agents
pl/kg
Nano-
bubbles
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We observed

. no serious
T'r\;r;{sgc;adléal BBB within the target clinical or
Patients (220 kHz: 4 ul/ke 2 mson/ 28 volume was safely, radiographic
[24] ; o 46 W ms off bursts reversibly, and adverse events
2018 with AD  ExAblate Neuro,  Definity Gd AMSP dl d and
(n=5) InSightec MBs ( ) repeatedly opene and (no
%2/ 3x3 gri d) completely closed within  haemorrhages,
swelling, or
& MBs neurologic
deficits.
Women Gd leakage at the target Mild-to-
(n=2) Transcranial site occurred moderate
- burst-mode immediately after FUS
and men . d procedure-
_(n:2) (22(')\/I kRI)—?zF;)JhSased iy nl;r;r?wlalll?;gleglshaont?rs (BE
[471] with ALS arrav: ExAblate Definity Gd 4.0-10.0 adverse events
2019  Target: Y perflutren W (T1-w images) included
eloguent Neuro 4000 MBs MRgFUS can be scalp pain
rimar system type 2.0, coupled with edema ané
pmotory InSightec®) therapeutics to provide a scal eiechial
& MBs targeted delivery PP
cortex rash.

platform in ALS.
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Transcranial
MRgFUS (220

The targeted BBB
showed
an immediate 15-50%

Patients KHz phased array 2.6 ms on/ increased contrast 'gﬁ,ﬂigfff
[472] with transducer,; 4 pl/kg 30.4 ms off 50 Gd enhancement on T1-w radiologic
2019 . ExAblate Neuro, Definity Gd 4-15W 300 ms (3x3 . MRI, and resolution ~20 g
glioma : X (T1-w images) events related
_ InSightec) MBs bursts grid) hours after.
(n=5) ; to the
& lipo-DOX (at each spot) Chemotherapy
/ . procedure
+temozolomide concentration
chemotherapy was higher in the tissue
where BBBD occurred.
S FUS-induced
Male _ Qua_ntlflcatlon of the BBBD does
Transcranial FUS opening volume across
rTg4510 . not
. . (1.5 MHz single- weeks suggests that .
mice with | herical 0.1 pL/g 4 US anplicati compromise
[473] tau element spherical- polydispe 0.3ml repeate application neuronal
segment . 0.45 MPa 6.7 ms/ GD-DTPA does not compromise the . .
2019 pathology rse ‘in- GD-DTPA 60 ; . . ; integrity.
_ transducer) , . (PNAP) 10 Hz (T1-w images) integrity of the barrier.
(n=13) & MBs house (Omniscan)
Ui (multiple MBs FUS-induced BBB | eré was no
hippocam . ; evidence of
o sessions) opening reduces p-tau edematous
P from the hippocampus. A
incidences.
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BBBD allowed efficient

Transient

Male delivery of the AAV1/2 '?r]g?nménég%n
Sprague MRgFUS vector to the targeted alone was
Dpaw?ey (spherically 0.4-0.64 rodent striatum, with noted for the
8 - 0%—759 i
[474]  rats focused x10°  04mlkg Gd- g7 1p, 10 ms/ Gd-DTPA S0%-75% of striatal g o days,
_ transducer) MBs/kg DTPA 200 ; neurons transduced and
2019 (n=19) ; . (PRAP) 1Hz (T1-w images) but there was
& Optison (Magnevist) GFP transgene .
. . no evidence of
, cocktail of rAAV MBs expression. -
Target: . - brain
. and MBs The method is promising . .
striatum inflammation
for gene therapy of
) . from 2 weeks
neurological disorders.
to 6 months.
L”%g Power cavitation-guided
Female  Transcranial FUS P 02 mL Gadodiamide ~ BBBD with FUS could
[475] C57BL/6 (1-MHz MBs 3 dc; diamide 280 kPa 4 us N/A (T1-w 2D constitute a standalone N/A
2019 mouse transducer) . g . (PNP) H FLASH system that may not
_ solution (Omniscan) . . i
(n=1) & MBs (8 x 10° images) require MRI guidance
MBs/mL) during the procedure.
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Transcranial

Localized enhancement

The sheep
exposed to the

pulsed sinusoidal In bili highest f
FUS waves 001 BBB permeability was pressure o
Female . ' 0.39-0.58 60 observed at acoustic 0.58 MPa
[364] (250 kHz single- mL/kg 0.2 mL/kg 10 ms/ L
Sheep . . MPa or Gd pressure of 0.48 Mpa, exhibited
2019 _ element FUS Definity® Magnevist L 1Hz S .
(n=7) transducer) MBs (in situ) 120 whereas sonication at evidence of
0.58 MPa resulted in hemorrhage
& MBs localized minor cerebral around the
hemorrhage. targeted
region.
Male R6/2 Transcranial (T(i?lvﬁ;zpéy US-BBBD facilitates
HD mice  pulsed FUS (500 0.1 mark 938 Da? ' CNS GDNF-gene
and the kHz single- éono\g/uegj delivery into the R6/2 The HE-
wild-type element FUS hosoholi Evans Blue HD mice. FUS & MBs- stained brain
[476] littermates transducer) P iﬁ- 0.012 mmol/kg 10-ms/ 30 (67 kDa when enhanced GDNF sections
5019 cgate q Gd-DTPA 0.33 MPa 1-Hz/ or  oniugated with transduction was shown  confirmed no
Ta}rget: & MBs MBs (Magnevist) 1% DC 60 ajlbgmin in to be capable of potential
striatum (prior to lasma reversing motor deficits, capillary/brain
& Gene delivery pFUS) P brain rostral atrophy, tissue damage.
into the CNS GDNE-gene and neuronal
(weekly sessions) delivegry dysfunction and loss.
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With all three tested
dilutions (1:1, 1:10 and

;% 77 277 1:100), successful
mL/k BBBD was achieved
Female  Transcranial FUS Lipi d? under real-time feedback
Sprague & nanobubbles ) control.
(4771 Dawley (0.5 MHz single shelled - 0.14 - 0.76 10 ms/ 120 Evans blue = . pressure required to -
2019 nano- MPa 1Hz (3.33 mL/kg) .
rats element focused bubbles achieve a target level of
(n=40) transducer) A acoustic emissions was
(dilutions: ;
PR independent of the
1:1, 1:10,
1:100) nanob_ubble
’ concentration (at 0.5
MHz).
Patients Post-FUS MR images ~ There were no
with early  MR-guided, low- revealed immediate and treatment-
AD intensity FUS MRI contrast sizable hippocampal related
[478] (n=6) (220 KHz phased Definit 0.1 mmol/k agent parenchymal contrast  adverse effects
Target: array; ExAblate y ) g N/A N/A N/A g enhancement of 95 + 4% or
2020 . } MBs gadobutrol (T1-w SPGR .
Hippocam Neuro Type 2; images) of the FUS targeted neurological
pus & InSightec) g volume, indicating changes (up to
entorhinal & MBs BBBD followed by BBB 15 months
cortex closure within 24 h. post-FUS).
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Gadovist IV injected NCs were
FUS able to penetrate the
Male (1.1 MHz single 30 ul/kg Evans blue BBB after FUS No damage
element Definity (1 mL/kg) delivered at the low was detected
[2407293 SDpar\;ang]ge transducer, MBs Oélaglol://igg 0.30 MPa 15 Ir-TzS/ 120 power of 0.3MPa. in T2-
rats y double FUS (0.2 mL/2 MRI visible NC load was sufficient ~ weighted MR
exposure; 5 min mins) NCs to cause localized images.
apart) (100 - 200 nm, changes in neural
2 mg/mL) activity.
. . MRI showed
Transcranial b BE(B)E(I:? pli?oi';?n%%rrl:ro- 18 EHIBETES i
. MRgFUS (220 (AMSP' 858 junction occurred in 8/10 AT EF
[480]  Patients X 4 pl/kg session.1) ses.1 hemorrhage.
. kHz; ExAblate L Gd of treatments. .
2021 with PDD . Luminity . N/A Gd Minor effects
_ Neuro, InSightec, (Gadovist) Gd enhancement .
(n=5) . MBs 19.4W 80.4 . o included local
2 sessions 2-3 disappeared within 24 h o
(AMSP, ses.2 : phlebitis and
weeks apart) . of BBBD in 5/10 X
session.2) needle site
procedures.
redness
The relative signal
RaSP or LE us 0.2 ul/e 300 ps, 600 enhancement in RaSP No edema or
Rhesus (300 kHz single- 0.15-0.17 us, Gd-DTPA hemorrhage
[481] g SonoVue 0.56 MPa reached more than 60%
macaques element, spherical mL/kg 10 ms/ 180 (Tlw FSE . ) was found on
2021 - ™ (PNP) . of that with LP, while X
(n=2) focused MBs Gd-DTPA images) the enerav denosition MR images
transducer) 1Hz gy cep after RaSP.

was only 6% of LP.
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A dose-dependent
BBBD was observed,

36 adverse
events in five
patients during

. Trar;ssc(;gnlzﬂzFUS 0.2 ml/kg 10 ms/ which reverted to the post-1-
. . 0.1 ml/kg Gd-DTPA _9 Hz baseline within 24 hours  month follow-
[482] with transducer; L 0.48, 0.58, (nine-spot .
. SonoVue (Magnevist; ; 120 Gd after treatment. up period. No
2021 rGBM NaviFUS system P and 0.68 Ml steering : "
- . MBs infusion rate of . No immunological AEs were
(n=6) 3x3 grid spots) switch for .
4 ml/s) response was observed  determined to
& MBs every second) .
under the applied FUS be related to
level in humans. FUS treatment
or MB.
. . Repeated dual
GL261 LIPU increases Immune IV treatments
gliomas in therapeutic delivery to rarely led to
C57BL/6 . the_ wmor h tail necrosis
mice & microenvironment wit . ’
EGFRuvIII L”-DL-J an associated increase in Ieadm_g 0
us7 preclinical 200-mL survival, partial
[483] I'_ . platform | 0.3 MPa 1 Hz/ Evans Blue . q Ny h anti amputation.
5021 gliomas in (1-MHz Lumason N/A (in situ) 2 5% DC 120 (100 mg/kg) Mice treated with anti— EGFRVIII-
NSG mice MBs ' PD-1 and LIPU had a
transducer) . X . CART cells
& median survival duration lead to mild
chemokin of 58 days compared short-term
e CXCL10 with 39 days for mice sians of
in GL261 treated with anti—-PD gns o
mice only systemic
' toxicity.
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Tumor

Repeated FUS was margins In
both groups
Gd demonstrated to be safe showed
PDGFB- Transcranial and feasible to open .

- (T1-w 2D regions of
driven FUS FLASH BBB and enhance drug micro-
high- (1.5 MHz single- images) delivery in a mouse hemorrhage
grade element, 100 ul 0.2ml g pontine glioma. ge.

[484] . . 10 ms/ - . The degree of
5021 syngeneic  spherical-segment  SonoVue GD-DTPA 0.7 MPa 5 Hz Evans blue FUS increased intra- I —
pontine US transducer, MBs (Omniscan) tumoral etoposide hemorrhage
glioma 2x2 grid) - concentration by more g
Etoposide . and
500 deliver el | DEEL e inflammation
(n=40) & MBs y There was no difference .
(20 mg/kg) . . on H&E in
in survival between the
[OUDS control and
groups. treated mice
was similar.
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APPENDIX II: Literature search on MR relaxation times of TMPs

Table 111: T1 and T2 relaxation times of agar-based phantoms, along with the MR technique used for relaxometry mapping and the temperature at which
measurements were conducted (if provided by the relevant study).

Agar-based phantoms

Recipe T1 rel. time (Ms) T2 rel. time (mMs) Purpose Ref.
3% agarose in water 1679 £ 15 41+1
3 % fibrous cellulose 3T MR scanner 3T MR scanner Tumor mimic for [174]
7% glycerol IR seq. ME SE seq. MRgFUS studies
0.05 % methylene blue TI: 50 — 5000 ms -
(eSS el Phantom for testing

0.5 % agar in water 3T MR scanner 3T MR scanner fast T1 mapping [167]
5 — 30 pl gadopentetate acid meglumine IR SE seq. ME SE seq. method

TI: 100-2100 ms TE: 8-56 ms

844 66

2 % wl/v agar 1.5 T MR scanner 1.5 T MR scanner TMP fo_r M_RgFUS [110]
4 % w/v wood powder T1-w IR FSE seq. T2-w FSE seq. applications

TI: 200 — 1600 ms TE: 23 -101 ms

LR = Inversion Recovery; ME = Multi-Echo; SE = Spin-Echo; FSE = Fast SE; T2-w = T2-weighted; T1-w = T1-weighted; TSE = Turbo SE; CPMG = Carr-Purcell-
Meiboom-Gill; TIRSE = Turbo Inversion Recovery SE; SR = Saturation Recovery; DESPOT = Driven Equilibrium Single Pulse Observation of T1/T2.
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0.6 % agar solution

700 — 1800
3T MR scanner

0—0.15 mM MnCl, 2D IR TSE seq. i Sl IR e - [
TI: 30 — 2000 ms
1207 + 168 66 +9
0,
4% agarose gel 1.5 T MR scanner 1.5 T MR scanner CT/MhZLg%state [171]
IR seq. ME seq. P
852 66
2 % wlv agar .
25% v/v evaporated milk 1.5 T MR scanner 1.5 T MR scanner BrijuSnS'lI'Jl;/l(I:rfor [93]
1.2% wl/v silica IR SE seq. T2-w FSE seq. gery
TIs: 66 — 750 ms ETs: 18 - 99 ms
1 liter of distilled water 1090 + 140 42 +3
35 g high gel strength agar 05T 05T) Carotid Phantom for
80 mL glycerol. . L MRI applications [161]
30 g cellulose particles (size: 50 um) 1150 + 162 506
20 mL of formaldehyde (2 wt. %) (15T7) (25T7)
82.97 wt. % distilled water 1504 + 10 40.0+£04
3.0 wt. % agar, 11.21 wt. % glycerol . .
- . : Multimodality renal
0,

0.53 wt. % silicon carbide (400 grain) artery phantom [172]

0.88 wt. % aluminum oxide (0.3 pm)
0.94 wt. % aluminum oxide (3 pm)
0.46 wt. % benzalkoniumchloride

3T MR scanner
IR seq.

3T MR scanner
CPMG SE seq.
TEs: 10 —80 ms
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0.3 % w/v agarose + 0.03mM Gd-DTPA/ 1654 + 9/ 376 £ 4/
0.6 % w/v agarose + 0.10mM Gd-DTPA 1134 +7 200+ 7 TMP simulating T1
1.5 T MR scanner 1.5 T MR scanner and T2 of neonatal [173]
2D TIRSE seq. 2D CPMG ME SE seq. brain
TIs: 25 -3970 ms TEs: 20 -640 ms
19°C 19 °C
0.3 — 4 wt. % agarose 180 - 1400 34 - 200 o
0.5 — 8 mM Ni2* 10.7 MHz (0.25T) 10.7 MHz (0.25T) TMP for MR imaging [163]
) MR analyzer, SR seq. MR analyzer, SE seq.
agarose gel D=3 _ Method for fast MR
0.0 - 2.0 MM gadolinium _ 3T MR scanner € ‘r’na;ginzs [168]
0, 10, 20, 100% peanut oil (content ratio) DESPOT seq
1000 (£ 92) - 1481 (+ 151) 23 (£ 9) - 240 (£ 15)
5 MHz NMR 5 MHz NMR
spectrometer spectrometer
0.5-4.0 % w/v agarose TMP for NMR [155]
1390 (£ 84) — 2743 (£ 71) 27 (£3)—278 (x 43) imaging
60 MHz NMR 60 MHz NMR
spectrometer spectrometer
IR seq. CPMG SE seq.
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agarose & varying concentration of
MnCl;

397 (£ 12) — 759 (x 19)
3T MR scanner

37(x3)-85(x7)
3T MR scanner

UTE-MRF seq. UTE-MRF seq.
agarose & varying concentration of 200 < T1 < 1500 41-80(1.5T)
NICI, 1.5 T MR scanner 1.5 T MR scanner i
IR SE seq ME SE seq. Evaluation of methods [164][165]
TI: 50 — 3000 ms 81 R PSS [166]
I mapping
agarose & varying concentration of 200 - 1600 (1.5/3 T)
GdClI3 2D IR single echo SE seq. -
TI: 50 — 3800 ms
or Look-Locker seq.
2 % wlv agar 776 66
2. .. 1.5 T MR scanner 1.5 T MR scanner MRI bone phantom
2 % wilv silicon dioxide IR SE To-w ESE for th | [95]
40 % viv evaporated milk seq. -W seq. or thermal exposures
Tls: 50 —800 ms TEs: 10.8 — 150.8 ms
1.3% w/v agar 921 (x 16) — 2239 (£ 55) 68+2—-73+£3 Evaluation of methods
0'_ 206 7% 3\”\/ ranulated suaar 3 T MR scanner 3 T MR scanner for breast diffusion- [169]
' g g IR seq. ME seq. weighted MRI

286



256 - 1870 50 - 288
1.4 T Minispec 1.4 T Minispec
8?2 : égg (r)fl\'/? gNaEEolsZe relaxometer, 22 °C/ relaxometer, 22 °C/ Phantom for global T1 [162]
' ' 250 — 1872 42 — 231 mapping quality
3T MR scanner 3T MR scanner assurance
IR seq. SE seq.
21+2°C 21+2°C
Prostate 937 £ 13 88 +3.8
50 % v/v agarose solution (2% dry w/v)
50 % v/v condensed milk
7.9 % v/v n-propyl alcohol (per agarose) 40 MHz Minispec 40 MHz Minispec
0.06 w/v % CuCl2 salt (per total vol.) relaxometer relaxometer
0.103 w/v % Ethylenediamine tetra IR seq. CPMG SE seq.
acetic acid (EDTA) (per total vol.) 21°C 21 °C
1 g/l of 45-53 pm diameter glass beads TMP multi-imaging [178]
thimerosal modality
Muscle 686 + 9 36.7+19

50 % v/v agarose solution (6% dry w/v)
50 % v/v condensed milk

7.9 % v/v n-propyl alcohol (per agarose)
0.048 % w/v CuClI2 salt (per total vol.)
0.082 % w/v EDTA (per total volume)

5 % wl/v glass beads, thimerosal

40 MHz Minispec
relaxometer
IR sequence
21 °C

40 MHz Minispec
relaxometer
CPMG SE seq.
21 °C
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Table 112: T1 and T2 relaxation times of gelatin-based phantoms, along with the technique used for relaxometry mapping and the temperature at which

measurements were conducted (if provided by the relevant study).?

Gelatin-based phantoms

Recipe T1 rel. time (ms) T2 rel. time (ms) Purpose Ref.
Tumor 1034.7 T2* 113.1

225 bloom gelatin in saline water

5 % oil-in-gelatin dispersion 1084.9 64.5 TMP for RF [98]

Muscle
225 bloom gelatin in saline water

1.5 T MR scanner
T1-w SPGR seq.

heating and MRI

1.5 T MR scanner .
thermal monitoring

T2*-w SPGR seq.

10 % oil-in-gelatin dispersion TR: 50 — 3000 TE: 7.5-160.7

13.3 wt. % gelatin 560 230

1 g/L thimerosal OR OR Tissue-Mimicking

0.35 g/L formaldehyde 1610 416 Heterogeneous  [181]
50 % safflower oil 40 MHz Bruker relaxometer 40 MHz Bruker relaxometer Elastography

4 g/L glass beads IR seq. CPMG seq. Phantoms

OR 20 g/L glass beads 22 0C 22 0C

2 T2-w = T2-weighted; T1-w = T1-weighted; SPGR = Spoiled gradient recalled echo; IR = Inversion Recovery; CPMG = Carr-Purcell-Meiboom-Gill; STIR = Short
T1 Inversion Recovery; ME = Multi-Echo; GRE = Gradient Recalled Echo; TSE = Turbo Spin Echo; MPME = Multi-Pathway Multi-Echo.
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11.1 % w/v porcine gelatin powders

970 + 3 (125 bloom)
853 + 3 (175 bloom)

T2* 58 + 7 (125 bloom)
55+ 7 (175 bloom)

125/ 175/ 250 bloom TMPs for use with
(50 % v/v water — 50 ‘)’/o v/v evaporated milk 1093 * 5 (250 bloom) 67 12 (250 bloom) MRgFUS [99]
vyse defoamer solution 3T MR scanner 3T MR scanner

STIR seq., TI1: 50 — 2500 ms ~ ME GRE seq., TE: 2.83 - 80 ms
50 vol. % water — 50 vol. % evap.milk 974-1038 T2:97-108
111 g/L 250-bloom gelatin powder 3T MR scanner 3T MR scanner
3.33 g/L DOWACIL 75 Phantom for US [180]
0.5 -16 g/L psyllium Husk 2D IR TSE seq. 2D TSE seq. and MRI imaging
0.17 vol. % defoamer TI: 50 — 2500 ms TE: 13.1 — 262 ms
21 °C 21 °C
gelatin & varying concentration of 150 < T1 < 500 100 < T2 < 220 New method to
gadolinium 3T MR scanner 3T MR scanner quantitatively map  [182]
MPME seq. MPME seq. MR parameters
Gelatin/ Agar phantoms

1.11 - 3.64 wt. % agar
3.60 — 5.70 wt. % 200 bloom gelatin 369 - 498 2863
0.113-0.116 wt. % CuCl,-2H,0 Heterogeneous
833 : ggg a; coiz Elta)c-l:_lA tetra-Na hydrate 60 MHz Bruker 60 MHz Bruker e|a3tography [143]

: : : relaxometer relaxometer phantoms

0.24 — 0.33 wt. % formaldehyde
1.45 — 1.50 wt. % German plus
0 - 5.6 wt. % glass bead

IR seq.
22°C

CPMG seq.
22 °C
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Thalamus

T1 of water in phantom:

T2 of water in phantom:

2.3 wt. % agar & 7.5 wt. % gelatin 1065 + 30 98.06 £ 0.20
0.028 wt. % CuClI2
0.13 wt. % EDTA-tetra Na
0.1 wt. % NacCl, 0.24 wt. % HCHO
0.1 wt. % thimerosal Anthropomorphic [179]
Tumor 1215+ 1 149.6 £0.2 MRS head phantom
2 wt. % agar & 7.5 wt. % gelatin
0.0223 wt. % CuCl2, 0.1 wt. % NaCl 1.9 T Bruker spectrometer 1.9 T Bruker spectrometer
0.24 wt. % formaldehyde 29 OC' 29 °C
0.1 wt. % thimerosal

- o S
0 — 50 vol % (of liquid components) 200 < T1 < 1100 50 < T2 < 80
glycerol

0, i i — 0,
40 vol. % animal hide gel — 60 vol. % agar TMPs for MRI [188]
8.3 vol. % n-propyl alcohol
. L 10 MHz spectrometer 10 MHz spectrometer phantoms

0.0065 mass ratio of p-methylbenzoic acid
/animal hide gel Iszsfg' CPMZ(; EE >4

0.017 mass ratio of formaldehyde
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Table 113: T1 and T2 relaxation times of PAA-based phantoms, along with the technique used for relaxometry mapping and the temperature at which

measurements were conducted (if provided by the relevant study).®

PAA-based phantoms

Recipe T1 rel. time (ms) T2 rel. time (ms) Purpose Ref.
70.0 % v/v deionized water 995 + 14

7.0 % v/v 40% acrylamide/bis-acrylamide 15T MR_scanner

5.0 % v/v Magenta (thermochromic ink) '

3.0 % wiv BSA TMP for HIFU

1.1% wi/v Silicon dioxide, 152+8 applications [92]

0.9 % w/v NaCl
0.15 % w/v APS

3 T MR scanner
2D ME TSE seq.

0.15 % viv TEMED TE: 50~ 450 ms
37.9 vol. % distilled water 275 < T1 < 500 46 < T2 <52
30 vol. % Rotiphorese® acrylamide for 25 -75°C for 25 -75°C

16 wt. % BSA

10 vol. % PVA microsphere

0.04 vol. % Magnevist®

3.3 vol. % Lumirem®

0.08 vol. % TEMED, 1.75 vol. % APS
0.9 wt. % NacCl, 0.03 wt. % NaN3

1.5 T MR scanner
IRTF seq.
TI: 100 — 2500 ms

Liver-mimicking
MRI phantom ]
1.5 T MR scanner

MCSE seq.

TE: 10.6 —339.2 ms

3 ME = Multi-Echo; TSE = Turbo Spin Echo; IRTF = Inversion Recovery Turbo Flash; MCSE = Multi-Contrast Spin Echo.
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60 vol. % distilled water

30 vol. % Rotiphorese® acrylamide

5 vol. % PVA microsphere

3.92 + 0.42 vol. % bovine hemoglobin
0.098 + 0.023 vol. % Magnevist®
2.980 £ 0.067 vol. % Lumirem®
0.084 vol. % TEMED, 1.5 vol. % APS
0.9 wt. % NacCl, 0.03 wt. % NaN3

246.6 —597.2
for 25-75°C

1.5 T MR scanner
IRTF seq.
TI: 120 — 1000 ms

40.8-67.1

_ 0
for25-75°C A liver mimicking

MRI phantom for
thermal therapy
studies

[91]
1.5 T MR scanner
MCSE seq.

TE: 10.6 — 339.2 ms
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which measurements were conducted (if provided by the relevant study).*

Table 114: T1 and T2 relaxation times of carrageenan-based phantoms, along with the technique used for relaxometry mapping and the temperature at

Recipe T1 rel. time (Ms) T2 rel. time (Ms) Purpose Ref.
Carrageenan phantom
5 wt. % carrageenan
0.2 mM MnCL; (1459” (182-3') MRI phantom [485]
0.19 wt. % NacCl, 0.1 wt. % NaNs ' '
Carrageenan/ Agarose phantoms
. 100 < T1 <2100 20 < T2 <420
0,
3 % carrageenan in distilled water 15T MR scanner 15T MR scanner Phan_tom
0-1.6 % agarose SR se SE se compatible for [177]
0 — 140 pmol/kg GdCls , d- | o= €0 MRI and
0-0.7 % NaCl, 0.03 % NaN3 TR: 140 16 474 ms TE: 15-300ms hyperthermia
' T 25+ 1°C 25+ 1°C
. 202 — 1904 38 —423
[0)
3 wt. % carrageenan in distilled water 15T MR scanner 15T MR scanner _ o
0- 1.6 wt. % agarose SR seq SE seq Tissue mimicking [175]
S LR TR: 140 - 16 474 ms TE: 15— 300 ms MRI phantom
' ' 3 25+ 1°C 25+ 1°C
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4 SR = Saturation Recovery; SE = Spin-Echo; T2-w = T2-weighted; T1-w = T1-weighted; IR = Inversion Recovery; TSE = Turbo Spin Echo.



3 % carrageenan in distilled water 790 £ 28 65+1

1.3 % agarose 3 T MR scanner 3 T MR scanner MR/ CT liver [176]
2.37 ppm gadoterate meglumine T1-w IR TSE seq. T2-w TSE seq. phantom
20 mM Na* TI: 250 — 5000 ms TE: 15— 240 ms
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Table 115: T1 and T2 relaxation times of other tissue-mimicking materials, along with the technique used for relaxometry mapping and the temperature

at which measurements were conducted (if provided by the relevant study).®

Recipe T1 rel. time (ms) T2 rel. time (mMs) Purpose Ref.
PVA phantoms
10 % PVA cryogel, 90 % water 1317 £ 23 T2:98+8
T2*: 191 £ 36
10 % PVA cryogel 106 + 16 T2:122 + 30
50 pl/ml gadolinium solution T2* 4.5 +0.56 MRI phantom [100]

3T MR scanner

3D fast-field ME seq.

3T MR scanner
T2*: 3D fast-field ME seq.

TI: 20 — 2000 ms T2: TSE seq.
718 — 1034 108 — 175

10 wt. % PVA in water solution 1.5 T MR scanner 1.5 T MR scanner TMP for MR and [102]
1 — 4 freeze-thaw cycles 2D FSE-IR seq. 2D FSE seq. US imaging

T1: 50 — 3200 ms TE:15-195 ms
6 % PVA, 1 freeze-thaw cycle (FTC) 1004011213 1630_r182 Brain phantom for
2% B 4,0.025 % 4 .

%6 BaS04, 0.025 % CuSO4, 1900-2600 1100-1665 multimodal [101]

1% taleum 3T MR scanner 3T MR scanner imaging
or 4% PVA with 3FTCs T1-w SE seq, T2-w GE seq.

¥ ME = Multi-Echo; FSE = Fast Spin Echo; IR = Inversion Recovery; T1-w = T1-weighted; T2-w = T2-weighted, GE = Gradient Echo; TSE = Turbo SE.
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PVC phantoms

_ 206.81 + 17.50 20.22 £5.74 Multi-purpose [103]
2
12.3 x107* g/mL PVC powder/softener 3BT 3T breast TMP
. . 258 — 223 50-44
. _ 0,
T ey STMRscamer 1sTwmscamsr  [ICTMRA oy
R 0 TSE seq. TI: 23—-2,970 ms  SE seq. TE: 3.5—-200 ms graphy
. 426.3 — 450.2 21.5-28.4

0-1 ratio of softer_ler e P\./C pOIymer’ 7 T RF volume coil 7 T RF volume caoll TM.P for
0/5 % mass fraction of mineral oil multimodal [105]
0/1 % mass fraction of Glass beads SI5es) SISEE) imaging

TI: 50 — 2500 ms TE: 11 -80 ms
Silicone phantoms
- 410 — 765 50 -165 Multimodality [106]

(1.47) 147 imaging Phantom

- 1002 + 8 58+1 .

3 T MR scanner 3 T MR scanner Msafgir;lcpii;t)le [107]

Look-Locker IR seq. ME SE seq. ventricle model

TI: 30 - 400 ms TE: 40 — 400 ms

TX-150/ TX-151 phantoms
586 + 30 — 2211 + 37 57 — 287

318 wt. % TX-150 in degassed water 20.9 MHz (0.5 T) NMR 0.5 T MR scanner Lesion phantom [109]

pulsed spectrometer
IR seq., 20 °C

SE seq., 20 °C

for MRI
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7.00 wt. % TX-151 polysaccharide
material

83.50 wt. % water

0.303 wt. % NaCl

9.20 wt. % Al powder

0.0-0.8 mM Gd-DTPA

0.08 mM GdDTPA
41.75 g water
0.1515 g NaCl

3.5 TX-151
0-14.2wt. % Al

174 (= 10) — 1405 (£ 59)
1 T MR scanner

447 (£ 15) — 2949 (+ 213)
1.5 T MR scanner

746 £ 13 — 803 + 28
(1T
1523 £ 147 — 1567 = 77
(15T
SE seq., TR: 50 — 3000 ms
18 °C

30.4 (£0.2) — 36.3 (£0.1)
1 T MR scanner

19.6 (= 0.1) — 24.8 (= 0.6)
1.5 T MR scanner
Tissue mimicking
MRI phantom [108]
254+£0.1-162.4+10.2
1T
18.8+0.0—72.8+3.2

15T
SE seq., TE: 20 — 160 ms

18°C
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APPENDIX III: List of Journal Publications and Conference

Presentations

Journal Publications:

1.

Antoniou A, Evripidou N, Giannakou M, Constantinides G, Damianou C, Acoustical
properties of 3D printed thermoplastics, Journal of Acoustical Society of America
(2021), d0i:10.1121/10.0004772.

Antoniou A, Drakos T, Giannakou M, Evripidou N, Georgiou L, Christodoulou T,
Panayiotou N, loannides C, Zamboglou N, Damianou C, Simple methods to test the
accuracy of MRgFUS robotic systems, International Journal of Medical Robotics and
Computer Assisted Surgery (2021), doi: 10.1002/rcs.2287.

Antoniou A, Giannakou M, Evripidou N, Evripidou G, Spanoudes K, Menikou G,
Damianou C, Robotic system for magnetic resonance guided focused ultrasound
ablation of abdominal cancer, International Journal of Medical Robotics and
Computer Assisted Surgery (2021), doi: 10.1002/rcs.2299.

Drakos T, Antoniou A, Evripidou N, Alecou T, Giannakou M, Menikou G,
Constantinides G, Damianou C, Ultrasonic attenuation of an agar, silicon dioxide, and
evaporated milk gel phantom, Journal of Medical Ultrasound (2021), doi:
10.4103/JMU.JMU_145_20.

Antoniou A, Georgiou L, Christodoulocu T, Panayiotou N, loannides C, Zamboglou
N, Damianou C, "MR relaxation times of agar-based tissue mimicking phantoms”,
Journal of Applied Clinical Medical Physics (2021), doi: 10.1002/acm?2.13533.
Antoniou A, Damianou C, Review of MR relaxation properties of tissue-mimicking
phantoms, Ultrasonics (2022), doi: 10.1016/j.ultras.2021.106600.

Antoniou A, Giannakou M, Evripidou N, Stratis S, Pichardo S, Damianou C, Robotic
system for top to bottom MRgFUS therapy of multiple cancer types, International
Journal of Medical Robotics and Computer Assisted Surgery (2022), doi:
10.1002/rcs.2364.
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10.

11.

12.

13.

14.

15.

16.

Antoniou A, Georgiou A, Evripidou N, Damianou C. “Full coverage path planning
algorithm for MRgFUS therapy”, International Journal of Medical Robotics and
Computer Assisted Surgery (2022), doi: 10.1002/rcs.2389.

Antoniou A, Panayiotou S, Spanoudes K, Damianou C, "Treatment of canine and
feline sarcoma using MR-guided focused ultrasound system™, Journal of Ultrasound
(2022), doi: 10.1007/s40477-022-00672-5.

Antoniou A, Damianou C, “Simple, inexpensive, and ergonomic phantom for quality
assurance control of MRI guided Focused Ultrasound systems”, Journal of
Ultrasound (2022), doi: 10.1007/s40477-022-00740-w.

Giannakou M, Antoniou A, Damianou C, “Preclinical robotic device for magnetic
resonance imaging guided focused ultrasound”, International Journal of Medical
Robotics and Computer Assisted Surgery (2022), doi: 10.1002/rcs.2466.

Antoniou A, Giannakou M, Georgiou E, Kleopa K, Damianou C, “Robotic device
for transcranial FUS applications in small animal models”, International Journal of
Medical Robotics and Computer Assisted Surgery (2022), doi: 10.1002/rcs.2447.
Antoniou A, Georgiou L, Evripidou N, Panayiotou N, loannides C, Damianou C,
“Challenges regarding MR compatibility of an MRgFUS robotic system”, Journal of
Magnetic Resonance (2022), doi: 10.1016/j.jmr.2022.107317.

Antoniou A, Nikolaou A, Georgiou A, Evripidou N, Damianou C, “Development of
an US, MRI, and CT imaging compatible realistic mouse phantom for thermal
ablation and focused ultrasound evaluation”, Ultrasonics (2023), doi:
10.1016/j.ultras.2023.106955.

Antoniou A, Spanoudes K, Damianou C, “Treatment of mammary cancer with
Focused Ultrasound: A pilot study in canine and feline patients”, Ultrasonics (2023),
doi: 10.1016/j.ultras.2023.106974.

Antoniou A, Evripidou N., Georgiou L., Chrysanthou A., loannides C., and
Damianou C., “Tumor phantom model for MRI guided Focused Ultrasound ablation
studies,” Medical Physics (2023), doi: 10.1002/mp.16480.
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17.

18.

19.

20.

Antoniou A, Nikolaou A, Evripidou N, Georgiou A, Filippou A, Zinonos V,
Giannakou M, Chrysanthou A, Ioannides C, Damianou C, ‘“Phantom-based
assessment of motion and needle targeting accuracy of robotic devices for MRI-
guided needle biopsy”, International Journal of Medical Robotics and Computer
Assisted Surgery (2023), doi: 10.1002/rcs.2526.

Antoniou A, Evripidou N, and Damianou C, “Focused ultrasound heating in brain
tissue/skull phantoms with 1-MHz single-element transducer,” Journal of Ultrasound
(2023), doi: 10.1007/s40477-023-00810-7.

Antoniou A, Stavrou M, Evripidou N, Georgiou E, Kousiappa |, Koupparis A,
Papacostas S, Kleopa K, and Damianou C, “FUS-mediated Blood-brain barrier
disruption for delivering anti-Ap antibodies in 5XFAD Alzheimer’s disease mice,”
Journal of Ultrasound (2023), doi: 10.1007/s40477-023-00805-4.

Antoniou A, Damianou C, “Feasibility of ultrasonic heating through skull phantom
using single-element transducer”, Journal of Medical Ultrasound (2023).

Submitted papers under review:

1.

Antoniou A, Evripidou N, Nikolaou A, Georgiou A, Giannakou M, Chrysanthou A,
Georgiou L, Ioannides C, and Damianou C, “MRI monitoring of thermal lesions
produced by focused ultrasound,” Medical Physics (2023).

Evripidou N, Antoniou A, Georgiou L, loannides C, and Damianou C, “MRI
compatibility testing of commercial HIFU transducers,” Physica Medica (2023).
Evripidou N, Antoniou A, Lazarou G, Georgiou L, Chrysanthou A, loannides C, and
Damianou C, “Workflow of a preclinical robotic MRI-guided FUS body system,”
Ultrasonics (2023).

loannides C, Antoniou A, Zinonos V, and Damianou C, “Development and
evaluation of a robotic device for MRI-guided needle breast biopsy,” Int J Med Robot.
(2023).
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5. Antoniou A, Evripidou N, Chrysanthou A , Georgiou L, loannides C, Spanoudes K,
Damianou C, “Effect of MRI on the motion accuracy of MRI-compatible Focused
Ultrasound robotic system,” CMPB (2023)

Conference presentations:

1. Giannakou M, Drakos T, Evripidou N, Evripidou G, Antoniou A, and Damianou C,
“MRI-guided Focused Ultrasound Robotic System for Preclinical Use of Small and
Large Animals”. 20th Annual International Symposium for Therapeutic Ultrasound
(ISTU 2021), HICO, Gyeongju, Korea, 6-9 June 2021.

2. Giannakou M, Evripidou N, Antoniou A, and Damianou C, Robotic Device for
MRgFUS Applications in Veterinary Medicine, 2021 International Conference on
Medical Imaging Science and Technology (MIST), 1-3 December 2021.

3. Giannakou M, Evripidou N, Antoniou A, and Damianou C, “MRI compatible robotic
device for FUS therapy of canine and feline mammary tumours”. 2021 VI
International Scientific Conference — INDUSTRY 4.0, Borovets, Bulgaria, 8-11
December 2021.

4. Giannakou M, Evripidou N, Antoniou A, and Damianou C, “Robotic device for
veterinary applications of MRgFUS”. 2021 VI International Scientific Conference —
INDUSTRY 4.0, Borovets, Bulgaria, 8-11 December 2021.

5. Giannakou M, Evripidou N, Antoniou A, and Damianou C, “Robotic device for
preclinical and veterinary trials of magnetic resonance guided focused ultrasound”,
Annual Integrative Ultrasound Meeting 2022 (AIUM), San Diego, CA, USA, 12-16
March 2022.

6. Georgiou A, Evripidou N, Antoniou A, Demetriades I, Messios C, and Damianou C,
“Algorithm for path planning in MRgFUS therapy”, 21st Annual International
Symposium for Therapeutic Ultrasound (ISTU 2022), Toronto, Canada, USA, 07-10
June 2022.
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10.

11.

12.

13.

14.

15.

Antoniou A, Giannakou M, and Damianou C, “A simple MRI-guided robotic system
for breast biopsy”, 13th International MRI Symposium 2022, Leipzig, Germany, 14-
15 October 2022.

Filippou A, Giannakou M, Evripidou N, Antoniou A, and Damianou C, “Agar/Wood-
powder Breast Phantom for Focused Ultrasound Applications”, 21st Annual
International Symposium for Therapeutic Ultrasound (ISTU), Toronto, Canada, 07-
10 June 2022.

Giannakou M, Evripidou N, Antoniou A, and Damianou C, “Robotic Device For
Preclinical and Veterinary Trials Of Focused Ultrasound”, 21st Annual International
Symposium for Therapeutic Ultrasound (ISTU), Toronto, Canada, 07-10 June 2022.
Antoniou A, Giannakou M, and Damianou C, “Two simple 3D printed robotic
systems for opening the blood brain barrier of small animals”, 8th International
symposium on Focused ultrasound, Bethesda, USA, 23-25 October 2022.

Antoniou A, Evripidou N, and Damianou C, “Challenges regarding MR
compatibility of an MRGFUS robotic system” 13th Interventional MRI Symposium,
Leipzig, Germany, 14-15 October 2022.

Antoniou A, Evripidou N, and Damianou C, “Focused Ultrasound Ablation Of
Canine Mammary Cancer”, UltraCon Annual Meeting 2023, Orlando, Florida, USA,
25-29 March 2023.

Damianou C, Antoniou A, and Evripidou N, “Focused Ultrasound Phantom With
Inclusion Of Tumour”, UltraCon Annual Meeting 2023, Orlando, Florida, USA, 25-
29 March 2023.

Antoniou A, Evripidou N, Stavrou M, Kousiappa I, Georgiou E, Kleopa K, and
Damianou C, “Opening of the Blood-brain barrier using focused ultrasound with
simultaneous delivery of anti-Ap antibodies in a SXFAD amyloid beta mouse model”,
6th International Caparica Conference on Ultrasonic-based applications from
analysis to synthesis, Caparica, Portugal, 2629 June 2023.

Evripidou N, Antoniou A, and Damianou C, “Ultrasound and MRI guided focused

ultrasound system for veterinary applications”, The 29th annual international
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conference of the Australian sonographers association, Brisbane, Australia, 26-28
May 2023.

16. Antoniou A, Evripidou N, Spanoudes K, and Damianou C, “Treatment of cancer with
focused Ultrasound in cats and dogs”, The 22nd Annual International Symposium on
Therapeutic Ultrasound (ISTU), Lyon, France, 17-20 April 2023.
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