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Abstract

In this work we numerically and experimentally study the performance of large-volume
hyperthermia induced by acoustic holographic-modulated high-intensity focused ultrasound
(AHmHIFU) in gelatin phantoms. Excellent agreement was found between thermal simulations
of the AHMHIFU system and temperature maps characterized with Proton Resonance Frequency
Shift MR-thermometry at 1.5 T. ROIs inside which experimental temperature elevation was
greater than 4 degrees were 11 mm by 16 mm and 7 mm by 30 mm with and without the
holographic lens, respectively. Most importantly, standard deviation inside these ROIs were equal
to 12% and 40% of the maximum temperature with and without the lens. This demonstrates that
a wider and more uniform heated region can be generated using the holographic lens, showing
the capabilities of acoustic holograms to be used as a low-cost alternative for large-volume
hyperthermia treatments.
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1 Introduction

Therapeutic ultrasound is an emerging technique that has many applications thanks to its non-
invasive and non-ionizing nature. These therapies rely on the interaction between ultrasound
waves and tissues, involving mechanical and/or thermal mechanisms. Indications range from low
intensity applications, mainly conceived for transcranial therapies such as blood-brain barrier
opening [1] or neuromodulation [2], to high intensity therapies such as histotripsy [3], thermal
ablation or hyperthermia [4].

In order to obtain biological effects, ultrasound must be directed and focused to the target to be
treated. To achieve this focalization, curved [5] and phased array [6] transducers are employed,
usually combined with an imaging system to monitor the treatment. Even though these systems
allow for a precise location of the focus, they are very expensive and complex. To overcome this
drawback, acoustic holograms have been designed and tested in water [7] and in complex media
[8], where their capacity to focus on a desired target while preserving the rest of the medium was
demonstrated. Acoustic holograms have also been proposed as a novel and low-cost technology
for transcranial therapies such as neuromodulation or blood-brain barrier opening, in which the
focal aberrations introduced by the skull are corrected, allowing the ultrasound beam to fit the
shape of the target [8-9]. Holograms have also been proposed to create cavitation patterns when
microbubbles are added to the sonicated medium for multiple therapeutic purposes [10].
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In this work, we design and develop acoustic holograms specifically for a new therapeutic
application, namely, ultrasound-induced hyperthermia [4]. Hyperthermia, defined as a mild rise
in tissue temperature (usually between 39 and 45 degrees), is emerging as a highly promising
therapeutic approach that has been shown to activate the immune system, and/or enhance drug
delivery, in particular chemotherapeutic drug administration. We present a method based on 3D-
printed acoustic holograms to create thermal holographic patterns for local and controlled
hyperthermia using a single-element ultrasonic transducer. Resulting thermal patterns are first
validated numerically. Experimental thermal patterns are measured subsequently using an infra-
red camera and MRI-thermometry in phantoms and ex-vivo soft tissue.

2 Materials and methods

Thermal holographic patterns are produced when acoustic energy is locally transformed into heat
inside an absorbing medium. Therefore, the first step is to design an acoustic hologram capable
of generating a sharp acoustic image. To do so, we make use of time reversal methods by setting
a series of virtual sources at the locations where we want to maximize the acoustic pressure. The
field produced by these sources is backpropagated to a plane parallel to the transducer surface,
known as the holographic plane. When the phase-conjugated field is forward propagated, acoustic
waves focus on the virtual sources due to reciprocity and time-reversal invariance, and a
diffraction-limited image is obtained. To design and numerically validate acoustic holograms we
perform calculations using the Rayleigh-Sommerfeld integral and k-space pseudo-spectral
simulations using the software k-Wave. We assume the transducer is located in front of a
homogeneous tissue-like media (liver), with density and sound speed values of p; = 1079 kg/m?
[11]and c;= 1586 m/s [12]respectively, and we consider that acoustic attenuation follows a
power-law as @; = a; - f¥ where f is the ultrasound frequency, @y = 0.59 dB/(cm*-MHz") [12]
and y = 1.1. To implement the holographic lens in the 3D simulations we make use of the
complex-conjugated wavefront at the holographic plane. This plane is divided into pixels of
uniform width and different height depending on the backpropagated phase profile at the
transducer working frequency. The holographic lens is designed assuming that each pixel vibrates
longitudinally as a Fabry-Perot resonator and its height is obtained by a using a numerical
interpolation method, as described in Ref. [9]. The values of density and sound speed of the lens
were experimentally measured for Clear resin material (Formlabs, USA), being p, = 1171 kg/m?,
c;, = 2580 m/s. Attenuation was fixed at a;, =2.72 dB/(cm-MHz"), with y = 1.1, in agreement with
previously reported values for similar photopolymers [7]

Once the acoustic hologram is designed, we calculate the corresponding thermal pattern produced
in a homogeneous absorbing medium. To do so, an acoustical simulation is set using the acoustic
holographic lens, and we record the maximum pressure at the stationary state in the whole
medium. Then, the thermal pattern is obtained as a time-domain numerical solution of the Penne’s
bio-heat equation [13], given by

ar
ptCt E: KV*T — Wbe(T_Ta) + Q,

where p; and C; are the tissue density and specific heat capacity, T the tissue temperature, W}, the
blood perfusion rate, C;, the blood specific heat capacity, T, the blood ambient temperature, k
the tissue thermal conductivity and Q the volume rate of heat deposition, defined as

Q =2al,

where a; is the medium absorption coefficient and the intensity is given by I = p?/2p,c, where
p is the peak acoustic pressure at stationary state. In this work, no blood perfusion was considered
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(W, = 0) to mimic the ex-vivo experimental conditions. Specific heat capacity and thermal
conductivity were set to C, = 3540 J/(kg-K) and k=0.52 W/(m-K), according to the values reported
in the literature [11].

Thermal holograms were designed for two different transducers: a custom-designed MRI-
compatible flat transducer of aperture 2a = 50 mm and a curved transducer with focal distance F
=100 mm and lateral dimensions of 132 mm X 92 mm, both with 1 MHz central frequency. To
perform the experimental validation, the calculated holographic lenses were 3D printed in Clear
material with a Form 2 stereolithography printer (Formlabs, USA).

Two holograms were proposed for this study. First, a two-shaped image was selected, located in
a plane parallel to the flat transducer surface and at 2 cm from its surface. This target was chosen
to evaluate the possibility of generating arbitrary thermal holograms in an absorbing medium.
Second, an ellipsoidal-shaped image was designed for the focused transducer. It was located at a
perpendicular plane with respect to the source surface. This target was selected to show the
capabilities of holograms to widen the natural focus of a focused transducer and generate large-
volume thermal patterns for hyperthermia applications.

2.1 Experimental setup

Acoustic measurements were performed in a degassed water tank at 23 °C. Acoustic lenses were
coupled to the transducer surfaces with a thin layer of vaseline, ensuring no bubble was trapped
between both objects. The transducer-lens system was driven by a 5-cycles sinusoidal pulse burst
at a frequency of f = 1.1 MHz using a signal generator (14 bits, 100 MS/s, model PXI5412,
National Instruments, USA) and amplified by a linear RF amplifier (ENI 1040L, 400 W, 55 dB,
ENI, Rochester, NY, USA). The pressure field was measured with a piezoelectric hydrophone (-
225.5dBre 1 V/uPa at 1 MHz, Model Y-104, Sonic Concepts, USA), calibrated from 40 kHz to
2 MHz. The field was scanned using a 3D positioning system (10 pm precision, OWIS GmbH,
Germany) from -22 mm <x< 22 mm and -22 mm <y <22 mm, at z= 20 mm using steps of 1 mm,
and at each location the signals were averaged 20 times.

Thermal holograms were validated with two different systems: A thermal camera for the flat
transducer, and MR Thermometry for the focused transducer. On the one hand, the evolution of
the thermal pattern was observed with an infrared thermal camera (FLIR TG165, Teledyne FLIR,
USA), at the surface of a 20-mm slice of a beef liver, the experimental setup is shown in Figure
1 (a). Tissue was previously degassed using a vacuum pump. Thermal images were obtained at a
rate of 11 images per minute. During thermal experiments, the single element transducer was
driven with a continuous sinusoidal signal (1.1 MHz, 25 W). In addition, two thermocouples
(S5SRTC, Omega Engineering, USA) were positioned at the surface of the lens and inside the
surrounding water to monitor the temperature. Figure 1 (b) shows in detail the lens-transducer
system employed in the experiment for the two-shaped hologram.

In the case of the focused transducer, thermal holograms were measured using Proton Resonance
Frequency Shift MR-thermometry in a milk-gelatin based phantom made with 4% gelatin-30%
concentrated milk. Experiments were performed in a 1.5T Aera MRI (Siemens, Erlangen,
Germany). A single-slice 2D gradient-echo (GRE) sequence was used for MR PRFS
Thermometry, allowing the reconstruction of one thermal image every 1.2 seconds.
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Figure 1: a) Experimental setup for thermal hologram validation using an infra-red thermal camera. b) Scheme of the
employed lens-transducer system

3 Results

3.1 Two-shaped hologram

First, the two-shaped acoustic hologram was measured in water with a spatial step of 1 mm x 1
mm to compare results with the simulated acoustic field, shown in Fig. 2 (a). The experimental
pressure field, depicted in Fig. 2 (b), was found to be in great agreement with the simulated one.
Discrepancies between both fields might be related to the fact that the holographic lens was
designed for a liver-like media and measured in water, which has slightly different properties in
terms of acoustic impedance, internal tissue structures, misalignments between source and tissue,
and because the axial distance between the transducer and the measurement plane might be not
exactly the same as the simulated.

Second, the temperature rise was measured at the surface of the liver tissue using the infrared
thermal camera. Both, simulated, Fig. 2 (c), and measured, Fig. 2 (d), thermal patterns agree at
the same instant of time (1 minute) when considering continuous acoustic signal. The thermal
image is well defined until heat diffusion dominates and all the central part of the hologram is
heated almost uniformly, as it also occurs in simulations.
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Figure 2. (a) Simulated acoustic pressure field. (b) Acoustic pressure field measured in degassed water. (c) Simulated
thermal pattern in liver tissue. (d) Thermal pattern measured with an infrared camera in liver tissue.

3.2 Large volume hyperthermia hologram

To enlarge and shift the natural focus of the focused transducer, we have designed a 1.5-cm wide
ellipsoidal hologram located at 65 mm from the transducer surface, while its natural focus is 1.5
mm wide at 10 cm depth. Both acoustic and thermal holograms were obtained numerically , while
the hyperthermia region was evaluated experimentally using MR-thermometry in a gelatin-milk
based phantom.

Excellent agreement was found between thermal simulations and temperature maps measured by
MRT. ROIs inside which experimental temperature elevation was greater than 4 degrees were 15
mm x 16 mm and 7 mm x 25 mm with and without the holographic lens, respectively, while these
same regions have 11 mm % 16 mm and 7 mm x 30 mm sizes in the experiment. Most importantly,
standard deviation inside these regions were equal to 12% and 40% of the maximum temperature
with and without the lens. This demonstrates that a wider and more uniform heating region can
be achieved using the holographic lens. Moreover, focal region is steered 35 mm towards the
transducer surface, which can be clearly seen in both simulation and experiment. Note this
technology allows not only to enlarge focus size but also to change its position.

Madeira, Portugal - online

898



euronoise \2'021
25th to 27th of October ‘J/

Madeira, Portugal - online

1.5-Tesla MRl thermometry

Without lens

80 b)

100] \ \, !25 mm

7/mm

Phantom
-10 0 10

-50 0 50
y (mm)

Figure 3: (a) Thermal simulation for a 1-cm wide hologram located at 65 mm from the transducer surface and (b) for
the focused transducer without the lens. (c) MRI-thermometry measurement for the hologram and (d) for the focused
transducer without the lens.

4 Conclusions

In this work we have numerically calculated and experimentally validated thermal holograms in
an ex-vivo tissue and tissue mimicking gelatin-milk phantom. Acoustic and thermal simulations,
infrared images, and magnetic resonance thermometry measurements are in good agreement with
the proposed designs for all the studied cases. These results demonstrate the capability of
holographic lenses coupled to plane and focused ultrasound transducers to generate arbitrary-
shaped thermal patterns in absorbing media. This technology can be used to enlarge and relocate
the focus of existing devices or to match the shape of the thermal hologram to complex-shaped
target regions. Using a single sonication, acoustic holograms allow large volume hyperthermia
treatments using a low-cost and personalized system.
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