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Abstract: We present a back-to-back (BTB) structured, dual-mode ultrasonic device that incorpo-
rates a single-element 5.3 MHz transducer for high-intensity focused ultrasound (HIFU) treatment
and a single-element 20.0 MHz transducer for high-resolution ultrasound imaging. Ultrasound
image-guided surgical systems have been developed for lesion monitoring to ensure that ultrasonic
treatment is correctly administered at the right locations. In this study, we developed a dual-element
transducer composed of two elements that share the same housing but work independently with a
BTB structure, enabling a mode change between therapy and imaging via 180-degree mechanical
rotation. The optic fibers were embedded in the HIFU focal region of ex vivo chicken breasts and the
temperature change was measured. Images were obtained in vivo mice before and after treatment
and compared to identify the treated region. We successfully acquired B-mode and C-scan images
that display the hyperechoic region indicating coagulation necrosis in the HIFU-treated volume up to
a depth of 10 mm. The compact BTB dual-mode ultrasonic transducer may be used for subcutaneous
thermal ablation and monitoring, minimally invasive surgery, and other clinical applications, all with
ultrasound only.

Keywords: back-to-back structure; dual-mode transducer; high-frequency ultrasonic imaging; high
intensity focused ultrasound (HIFU); high-resolution imaging

1. Introduction

As an alternative to open surgery, a variety of minimally invasive cancer therapies
using microwaves, radiofrequency, cryotherapy, or lasers have been developed. These
techniques have been adopted widely because they can achieve the same or similar levels of
treatment while reducing acute and chronic side effects such as pain, fatigue, poor appetite,
and slow recovery [1-4]. Microwave tumor ablation works by heating the affected tissue
with an applied electromagnetic field. Although the technique is widely used in clinical
treatment, the microwaves still need to be delivered into the ablation zone for heating [5,6].
Unlike microwave ablation, radiofrequency tumor ablation uses an electric current-based
technique that provokes thermal agitation around the device, whereas cryotherapy applies
a freeze-thaw protocol that is associated with ice-ball formation (-20 °C to —40 °C) to
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remove malignant tissue. However, both modalities have some drawbacks—a prolonged
treatment time (10-15 min between each treatment) and multiple overlapping ablations to
create an adequate safety margin [7]. Laser thermal ablation (LTA) uses a flexible, bare fiber
tip to deliver light energy that brings coagulative necrosis within seconds, but this technique
is only applicable to melanoma due to a lack of penetration depth [8]. In addition, all of
these heat-based, minimally invasive modalities require the operator to place instruments
at precisely the right positions to remove the targeted tissue, and can inadvertently damage
other blood vessels or organs because of the heat propagating through the device [9,10].

High-intensity focused ultrasound (HIFU) is an emerging technique for the treatment
of lesions in tumorous diseases, neurological disorders, and cosmetic treatments for skin
due to its non-invasive nature [11-14]. HIFU causes a rapid temperature increase in the
target lesion, which results in coagulation necrosis [15,16], and has significant advantages,
including cost-effectiveness, the ability to create label-free images, deep penetration depth,
minimal invasiveness, shorter treatment time, and good feasibility of treatment in compli-
cated locations [1,17-19]. To guide treatment, magnetic resonance (MR)-guided HIFU [20],
computed tomography (CT)-guided HIFU [21], and ultrasound-guided HIFU [22] have
been suggested to improve the efficacy and safety of HIFU therapy and satisfy the needs of
clinicians. MR-guided HIFU has a clear advantage because it allows for mapping of the
local temperature distribution around lesions by providing dynamic temperature-sensitive
images with high spatial resolution [20]. However, because this imaging modality is per-
formed in quasi-real-time, it is difficult to examine and track changes that occur during
treatment, especially while the MR thermometry zone is moving. The CT-guided HIFU sys-
tem also enables imaging and therapy simultaneously with a contrast-enhanced CT agent,
which allows monitoring of thermal ablation with HIFU [21]. When there is a concern over
contrast agent use, CT contrast agents should be injected [23].

Given the advantages of ultrasound imaging, including easy accessibility, label-free
imaging, and safety, a variety of ultrasound-guided therapies have been used clinically for
spinal anesthesia and brachial plexus block (BPB) [24,25]. In particular, real-time ultrasound
visualization of HIFU treatment has been well-developed over the last decade. A dual-
frequency sensor based on a capacitive micromachined ultrasonic transducer (CMUT)
combines imaging and HIFU systems into one integrated circuit [26]. Recently, integrated
ultrasonic systems that combine imaging and HIFU with mechanical scanning in both the
transverse and sagittal planes have been developed for the treatment of localized prostate
cancer [27]. This “see and treat” technology is especially well applied in the skin treatment
field, as it provides advantages in ultrasound imaging of the dermal and subcutaneous
tissue layers down to 4.5 mm [28]. From this point of view, a commercialized device for skin
lifting and tightening, Ultherapy (Merz Aesthetics, Raleigh, NC, USA), is widely used to
allow clinicians to see the skin layers that they are treating [22]. However, the device suffers
from a lack of power efficiency and image resolution because only one acoustic element is
used for both imaging and treatment rather than an optimized design, which would refine
the type of piezoelectrical material, center frequency, aperture size, etc. for each mode.
Moreover, the coaxial design including single and ring transducers that radiates both
modes through the same direction for ultrasonic propagation [28] or combines with other
modality such as optical coherence elastography [29] results in (1) limited space for the
imaging transducer (poor lateral resolution), (2) crosstalk between adjacent elements, and
(3) a large footprint [28,29]. It should be noted that a single-element imaging transducer
does not have a large enough aperture to generate acceptable spatial resolution, which
results in the need for an electronic matching circuit or additional adjusting system [22,30].

In this study, for the first time, we developed a back-to-back (BTB) structured trans-
ducer for high-frequency ultrasound imaging and thermal treatment. This back-to-back
structure employs two elements, one for HIFU therapy and the other for imaging, inte-
grated on the opposite sides of a device. It offers an immediate evaluation of the HIFU
treated area by obtaining high-resolution ultrasound images before and after the treatment.
Previously available low-frequency (2 MHz to 6 MHz) imaging systems cannot clearly
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distinguish skin lesions [31-33], but an optimized BTB dual-mode transducer (composed
of two elements that share the same housing but work independently) can provide more
detailed imaging of superficial structures and irregular surfaces, including the dermis
and upper layers of subcutaneous tissue in humans. Furthermore, since it is important
to apply delicate and detailed procedures to subcutaneous layers during skin treatment,
we increased the efficiency of the transducer by press-focusing and increasing the focal
strength while reducing the aperture size of the transducer.

In this paper, structural in vivo imaging (B-mode and C-scan) of live mice before and
after thermal treatment was obtained with 20.0 MHz ultrasound with a lateral resolution
of 200 um. The temperature increase of the tissue caused by the therapeutic transducer
was calibrated by the fiberoptic temperature measurement system. Comparison of images
before and after treatment confirmed the significance of hyperechoic marks observed after
HIFU ablation. The combination of two independent transducers for imaging and treatment
in one BTB housing will have clinical applications in skin imaging and subsequent diagnosis
and therapy.

2. Materials and Methods
2.1. Fabrication of BTB Dual-Mode Transducer

To overcome previous design constraints (use of one transducer for both imaging
and therapy or a limited amount of space available for the imaging transducer), a BTB
structure was newly developed, as illustrated in Figure 1a. The fabrication process can
be summarized into four parts, namely, (1) 20.0 MHz transducer for ultrasound imaging,
(2) 5.3 MHz transducer for treatment, (3) BIB housing, and (4) assembly. The internal
construction of the BTB transducer is shown in Figure 1b. The transducers were fabricated
through the following procedure for creating a high-frequency transducer [34-38]. The
optimized aperture size and thickness of the piezoelectrical material and the matching
layer thickness for the individual imaging and therapeutic transducers were simulated
with the Krimholtz, Leedom, and Matthaei models (PiezoCAD, Sonic Concepts, Bothell,
WA, USA).

(b) o Brass

Insulating epoxy
Silver epoxy matching
/ Cr/Au electrodes

: Lithium niobate
Conductive backing
Cr/Au electrodes
PZ 36

Therapy transducer Parylene layer

Figure 1. Back-to-back (BTB) dual-mode ultrasonic transducer for imaging and treatment; (a) the BTB structure was

configured to have two modes—imaging and therapy; (b) internal construction of the BTB transducer.

A 36° rotated Y-cut lithium niobate (LN) single crystal (Boston Piezo-Optics, Belling-
ham, MA, USA) was used for the 20.0 MHz imaging transducer, which was designed
to have a large aperture size and low dielectric permittivity (es~39). It also offers high
sensitivity due to its good electromechanical coupling coefficient (k;~0.49). Both sides of the
lapped LN (157 um) were sputtered with Cr/Au (500/1000 A) electrodes using a sputtering
machine. The first matching layer, a mixture of 2-3 um silver particles (Silver, Aldrich
Chemical Co., St. Louis, MO, USA) and Insulcast 501 epoxy (Insulcast 501, American Safety
Technologies, Montgomeryville, PA, USA) was cured to the transmitting side of the LN and



Sensors 2021, 21, 1580 4 0f 15

was lapped down to 10 um. Conductive epoxy (E-solder 3022, Von Roll Isola, Schenectady,
NY, USA) was cured to the bottom side of the LN. The entire acoustic stack was turned
down to a diameter of 6 mm with a lathe. The surface of the LN was mechanically pressed
to create a focal length of 13 mm.

Piezoceramic discs with a diameter of 8 mm (PZ36, Ferroperm Piezoceramics, Kvist-
Gaard, Denmark) were used in the 5.3 MHz treatment transducer due to their low acoustic
impedance of 14 MRayl and high mechanical quality factor of 500. One side of the PZ36
was lapped and polished to a thickness of 337 um to generate half-wavelength resonance.
For the press-focusing process, a soft-silver epoxy-backed structure with a thickness of
500 um was attached. Mechanical pressing of the PZ36 created a focal distance of 13 mm,
which allowed the same focal spot as that of the 20.0 MHz transducer. A same-sized iron
ball bearing was used for press-focusing.

Every acoustic stack for the 20.0 MHz and 5.3 MHz transducers was placed concentri-
cally in a single BTB housing. Two stacks faced toward opposite directions and the gap
between them was filled with insulating epoxy (Epo-tek 301, Epoxy Technology, Billerica,
MA, USA). We sputtered the front surface of both stacks again to connect the electrical
ground. As a final matching layer, a parylene film (12 um) was coated onto the outside of
the transducer using a parylene coating system (PDS 2010 Labcoter, SCS, Indianapolis, IN,
USA). To successfully co-register the focal planes of the two transducers, the BIB housing
and the stepper motor for rotation were designed in a computer-aided design process
to align the two separate transducers on the same beam axis, as shown in Figure S1. In
addition, as shown in Figure S2, the two acoustic stacks were aligned at the center of the
housing. The rotation of the BTB transducer was another possible source of misalignment.
The stepper motor was used to rotate the transducer by 180 degrees with an acceptable
error, and a comparison of B-mode and C-scan images before and after HIFU treatment
was made to confirm and compensate for any potential misalignment.

2.2. Transducer Performance Test

A pulse-echo response and the associated frequency spectra of two representative
transducers at 5.3 MHz and 20.0 MHz were measured using a glass mirror as the imaging
target. The pulser/receiver (DPR 500, JSR, Pittsford, NY, USA) was connected to the
transducer and the transducer was excited by electrical impulses at a 500 Hz repetition
rate with 50-Q2 damping. Figure 2a,d shows the pulse-echoes of the transducers, and
Figure 2b,e displays the frequency spectra. The HIFU transducer has a center frequency
of 5.3 MHz and a —6 dB fractional bandwidth of 39%, while the corresponding numbers
for the imaging transducer are 20.0 MHz and 85%. Figure 2c,f shows photographs of the
5.3 MHz and 20.0 MHz transducers, respectively. The frequency dependence of impedance
and the phase angle of 5.3 MHz were measured with an impedance analyzer (E4990A,
Keysight Technologies, Santa Rosa, CA, USA), as shown in Figure S3.
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Figure 2. Pulse-echo response measurements and frequency spectra of 5.3 MHz and 20.0 MHz different-frequency transduc-

ers. (a) Echo response of a 5.3 MHz transducer; (b) frequency spectrum of a 5.3 MHz transducer; (c) photograph of the
transducer of a 5.3 MHz transducer; (d) echo response of a 20.0 MHz transducer; (e) frequency spectrum of a 20.0 MHz
transducer; and (f) photograph of the transducer of a 20.0 MHz transducer.

A needle hydrophone (HGL-0085, Onda Corporation, Sunnyvale, CA, USA) was used
to acquire lateral and axial pressure distributions (Figure 3a,b for the 5.3 MHz transducers
and Figure 3c for the 20.0 MHz transducer). The driving conditions were as follows: driving
frequency equal to each center frequency, input peak-to-peak voltage of 20 V, cycle number
of 3, and pulse repetition frequency (PRF) of 1 kHz. The —6 dB lateral beam width was
measured to be 600 um and 200 pm for the 5.3 MHz and 20.0 MHz transducers, respectively.
The —6 dB depth of focus (DOF) at 5.3 MHz was found to be 1.4 mm. Furthermore, the
acoustic intensities versus corresponding input voltages at the transducer focal point are
plotted in Figure 3d.

2.3. Transducer Performance Simulation

To evaluate the performance of the 5.3 MHz transducers for HIFU treatment, the HITU
Simulator v2.0 (United States Food and Drug Administration, Silver Spring, MD, USA)
was used [39]. The simulator predicts characteristics of nonlinear propagation of waves
and high-intensity therapeutic ultrasound (HITU) beams, followed by heating effects. This
is carried out by integrating Kokhov-Zabolotskaya—Kuznetsov (KZK) nonlinear wave
equation [40] from the frequency-domain perspective to acquire power density Q, and the
temperature change was calculated using the bioheat transfer (BT) equation, as follows:

oT
Pot
where p (kg/m®) is the mass density, C,, (J/kg°C) is the heat capacity, T (°C) is the temper-
ature rise above equilibrium, k (kg/m?>s) is the thermal conductivity, and w (kg/m?s) is
the blood perfusion rate [39]. In the simulation, the distance from the transducer to the
target was set to 10 mm (5 mm of water and 5 mm of soft tissue). The detailed environment
parameter values used for simulation are summarized in Table 1. Equation (1) was used in
the simulation on the assumption that the power deposition resulting from metabolism was
very small compared to the external power deposition [39]. Figure 4a shows the simulated
intensity distribution at the focal spot. Figure 4b is the maximum temperature distribution
at the focal area along the axial direction. The ultrasonic input parameters for the simula-
tion are the same as those used for the in vivo experiments in mice. The results reveal that
our HIFU input signal can generate enough power to increase the temperature by more
than 35 °C. It is notable that the 10 °C -temperature increase did not generate any tissue
necrosis at the focal area and was the safety threshold in the simulation.

oC =«kV2T — wT + Q (1)
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Figure 3. Acoustic pressure field of the BTB transducers measured with a needle hydrophone. (a,c) are one-dimensional
lateral distributions for 5.3 MHz and 20.0 MHz transducers, respectively. The —6 dB lateral beam width was measured to be
600 um and 200 pum, respectively; (b) depth of focus (DOF) of a 5.3 MHz transducer was measured and found to be 1.4 mm.
Ultrasonic input parameters: Vpp = 20 V, cycle numbers of 3, and pulse repetition frequency of 1 kHz; (d) represents
acoustic intensities at focus according to input voltages using a 5.3 MHz transducer.

Table 1. Parameters used in the simulation.

Layer Water Soft Tissue
Sound speed (m/s) 1482 1629
Mass density (kg/m?) 1000 1000
Attenuation at 1 MHz (dB/m) 0.217 58
Fraction due to absorption 0.0 0.9
Exponent of attenuation power law 2.0 1.0
Nonlinear parameter 3.5 4.5
Heat capacity (J/kg/K) 4180 4180
Thermal conductivity (W/m/K) 0.6 0.6
Perfusion rate (kg/m3/s) 0.0 20
(a) ™ (b)
1501
E 125} Water Soft tissue
%i 1001
> ¥
E 50 E
'E' 251 / :
i /

X (mm)

10 15 20 25
z (mm)

Figure 4. Simulated acoustic characteristics of the 5.3 MHz transducer when HIFU signal is applied. (a) The intensity
of transducer at the focal point and (b) the temperature change region along the axial directions based on the linearized
Khokhov-Zabolotskaya-Kuznetsov (KZK) wave equation and the bioheat transfer (BT) equation.
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2.4. Ex Vivo Temperature Calibration

Precise measurement of the temperature rise caused by various acoustic outputs was
required to operate the designated HIFU treatment safely and effectively. Direct temper-
ature measurements at the ultrasonic focal point of the 5.3 MHz transducer were taken
during HIFU exposure in chicken breasts. As shown in the schematic diagram and experi-
mental setup in Figure 5a—c, a fiberoptic thermometry system (Luxtron m600, Lumasense
Technologies, Santa Clara, CA, USA) was used to measure the temperature distribution
at the ultrasound focal area. Two fibers, temperature sensors, were embedded in chicken
breasts at room temperature. A pulser-receiver was utilized to focus the transducer at
the fiber tip. Figure 5d shows a cross-sectional photograph of lesions generated in the
ex vivo chicken breast by cutting into a slice at the ultrasonic focal area with an average
spatial peak pulse intensity (Isppa) of 122.7 W/cm?. The white lesions are areas in which
coagulation necrosis occurred due to treatment at the ultrasonic focus. Interestingly, no
significant change in the color of the tissue was seen near the ultrasonic field. A direct
comparison of the measured temperature change and ultrasonic intensity is displayed in
Figure 5e. For more information on temperature calibration, Figure 54 demonstrates the
temperature change over time at the given voltages and the rate of temperature increase.
With a fixed PRF of 1 kHz and a cycle number of 250, various input voltages were applied,
from 0 Vpp to 94.9 V. Direct temperature measurements confirm that the HIFU effect
can be adjusted in certain areas of the tissue and that this adjustment depends on acoustic
input parameters to provide vital guidance during thermal treatment procedures.

[ pc
HIFU
z l transducer
3 axis stage
Xyz —’-,+=’-.

+

s z Optic fibers ;
Temperature —J Chicken breast phantom
measurement HIFU focus

e

system

PC K Function generator
~ &
Control box for / g :'_‘ 50 dB Power amp
optic fibers %

HIFL 3 Cross sectional view

transducc

hicken
breast

Coagulation

Figure 5. Cont.
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Figure 5. Temperature calibration using optic fibers. (a) Schematic illustration of temperature mea-
surement; (b) experimental setup including two optic fibers and a control box; (c) two fibers were
embedded in chicken breasts, and only the therapeutic transducer was operated to calibrate the
thermal effects; (d) a cross-sectional view after HIFU treatment. Lesion obtained ex vivo from chicken
by HIFU. Results of temperature calibration; (e) the temperature change over the intensity; and (f) the
temperature change over time at given voltages.

2.5. Phantom Imaging

To characterize the performance of the 20.0 MHz imaging transducer, a commercial
phantom (Model 539, ATS Laboratories, Bridgeport, CT, USA) was used. The imaging trans-
ducer was connected to an ultrasonic pulser-receiver (5073PR, Olympus NDT, Waltham,
MA, USA) to obtain an echo signal. The pulser-receiver was manually set to a pulse rep-
etition rate of 10 kHz, pulse energy of 16 uJ, and damping of 50 (), and was given 10 dB
of receiving gain which drove a 180 V negative impulse to the transducer. A command
signal from a customized LabView program was sent to a function data acquisition board
(DAQ, PCle-6320, National Instruments, Austin, TX, USA) that generated a signal to trigger
the pulser-receiver. The DAQ initialized a digitizer board with a 200 MS/s sampling
rate (PCI-5124, National Instruments, Austin, TX, USA) to acquire ultrasonic signals via
the transducer, and the obtained signals were saved on a PC. The detailed schematic is
shown in Figure 6a. Two-dimensional (2D) ultrasound images (B-mode) were achieved by
mechanical scanning using x-axis motorized stages (L-509, Physik Instrumente, Karlsruhe,
Germany). The field of view of the images was 20 mm x 6 mm, and the x-axis step sizes
were 3.125 um. The diameter of the target was 1 mm, and the lateral and axial displace-
ments between the two targets were 5 mm and 2 mm, respectively, as shown in Figure 6b.
The acquired ultrasound signals were Hilbert transformed and then median filtered to
generate ultrasound images.

(a 3 axis stage (b) 0
e E LS L
i | . 2 2
20 MHz Imaging system E & mm 2
transducer S— I | : =3 I mm » £
== | 'PR —Digitizer £ -
= > " : =
- | Ultrasound I | : 245 -
Imaging : i 5mm
phantom i PC 1 69 10
1
I
1

Distance (mm)

Figure 6. Phantom imaging for an evaluation imaging system using the 20.0 MHz transducer. (a) Schematic diagram of
the ultrasound imaging system and (b) a phantom image with monofilament line targets with a diameter of 1 mm in the

tissue-mimicking structure.
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1. Imaging

2.6. In Vivo Experiment: Imaging and Treatment Using BTB Transducer

All experimental procedures for the animal studies were conducted in accordance with
the regulations of the Institutional Animal Care and Use Committee (IACUC) of Pohang
University of Science and Technology (Approval number: POSTECH-2019-0077), and the
regulations of the National Institutes of Health Guide for the Care and Use of Laboratory
Animals. We used Balb/c mice (15 g, 6 weeks old) for the experiments (Figure 7c). The mice
were anesthetized by injecting 3% vaporized isoflurane gas for 5 min in an air supply prior to
the imaging and treatment session. The skin of each anesthetized mouse was depilated using
commercially available hair removal cream (Veet, Reckitt Benckiser LLC, Parsippany-Troy
Hills, NJ, USA). Ultrasound gel was applied to the skin of the experimental area as acoustic
impedance matching media. The BTB transducer was connected to a pulser-receiver. Detailed
information about the experimental setup and image processing is the same as that used
for the phantom imaging described above, except for three-dimensional (3D) volumetric
data collection and 180-degree rotation. Three-dimensional volumetric ultrasound images
were achieved by mechanical scanning using two-axis x-y motorized stages (L-509, Physik
Instrumente, Karlsruhe, Germany). The field of view of the images was 11 x 15 x 9 mm?® and
the step sizes of the x- and y-axis were 25 um and 30 um, respectively. For the rotary stage, a
stepper motor (PKP213D05A, Oriental Motor, Tokyo, Japan) rotated the BTB transducer in
100 increments (1.8 degrees each x 100 increments with 1 kHz pulse = 180 degrees). The total
rotation time was about 0.1 sec. For the HIFU treatment, a PRF of 1 kHz, a cycle number of
250, and an input voltage of 94.9 V., were applied.

2. Rotation 3. Treatment 4. Rotation 5. Imaging

Imaging Treatment
system system
e 1
I !
I Digitizer - P/R :— Power amp
1 : |
- !
| PC : BTB dual- | o
: | t mczjde : generator
proeeod et _i|transducer ; / Ry 4
BTB dual-mode
3 axis stage _’g . Roitgz)ioo; transducer
xyz}, | e »
2T \
A Mouse g m? I :

(b)

(c)

(d)

Figure 7. Ultrasound imaging and treatment using the BTB transducer. (a) Schematic illustration of the procedure used for

the in vivo experiments: 1. imaging; 2. rotation; 3. treatment; 4. rotation; and 5. imaging; (b) the dual-mode system and its

components; (c) a photograph taken during an in vivo experiment; and (d) mouse dissection after treatment.

3. Results

The in vivo environment has different characteristics than the phantom environment;
for example, temperature changes may differ according to the existing body temperature
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or heat generated by HIFU spreading into surrounding tissue due to blood flow. For
validation purposes, live animal experiments were carried out using the finished BTB
transducer, and the efficiency of the HIFU treatment was monitored with high-frequency
ultrasonic imaging.

The following basic principles and experimental steps of treatment and imaging with
the BTB dual-mode ultrasonic transducer are illustrated in Figure 7a: (1) imaging before
treatment; (2) 180° rotation; (3) treatment of the target region; (4) 180° rotation; and (5) final
imaging to validate the treated region. For validation purposes, series of B- mode images
were collected before and after treatment (Figure 7a). A schematic diagram of the in vivo
imaging and therapy is shown in Figure 7b. The transducer was scanned from the mouse
liver to the small intestine through the imaging plane noted in Figure 7d. Dissection was
followed by HIFU treatment to confirm thermal damage on the outermost surface. Thermal
ablation was not observed on the liver surface (Figure 7d).

The color-scaled B-mode images (Figure 8b,c) acquired using the BTB transducer show
the mouse liver and small intestine prior to and immediately following HIFU treatment.
The liver lies at a depth of 2 mm below the skin. In general, tissue echogenicity is used as
a means of monitoring tissue damage because any change in the hyperechoic properties
in the image can be taken as a sign that the HIFU treated tissue has coagulated [41]. In
this study, echogenic regions (ablation: rectangular box) were found in the B-mode images
after treatment and therapy (Figure 8 and Supplementary Video S1). For HIFU treatments,
it is very important to ensure that only the desired target volume becomes necrotic while
neighboring regions are not damaged. As shown in Figure 8, the tissues around the target
region were not adversely affected. High-frequency ultrasound imaging at 20.0 MHz with
a lateral resolution of 200 pm is ideally suited for monitoring these echo-induced changes
as these parameters overcome the resolution limitations of previous ultrasound-guided
HIFU devices [25-28]. The use of a specular reflector along the small intestinal wall helps
to emphasize the boundaries of the small intestine.

To localize the region of coagulation caused by HIFU treatment more accurately, C-scan
3D volumetric ultrasound images were obtained (Figure 9 and Supplementary Video S2).
Hyper echogenicity at the site of HIFU lesion formation (ablation: rectangular box) is readily
observable in Figure 9b,c. The echogenicity of the tissue is increased immediately after ablation.
In this study, 2D B-scan and C-scan frames were collected and temporally visualized in video
format to accurately detect the treated lesions (Supplementary Videos S1 and 52). Real-time 3D
ultrasound facilitates clinicians” diagnostic ability during surgery, and many studies conducted
in recent decades have attempted to develop real-time ultrasound systems with dedicated
traditional 2D array transducers. In further studies, post-imaging processing, including
reconstruction and visualization for volume rendering, can be developed and applied to this
system for real-time or near real-time 3D ultrasound imaging.
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Figure 8. In vivo B-mode imaging. (a) Schematic of the B-mode imaging. Mouse bone and liver were imaged with high

frequency ultrasound before (b) and after (c) treatment.
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Figure 9. In vivo C-scan imaging. (a) Schematic of the C-scan imaging. Mouse bone and liver were imaged in high frequency

ultrasound before (b) and after (c) treatment.

4. Discussion

The major goal of this paper is to introduce high-frequency ultrasound-guided HIFU
treatment as a platform technology, which allows high-resolution visualization of the
results of HIFU treatment in almost real-time. To the best of our knowledge, the current
paper is the first to demonstrate the use of high-frequency in vivo imaging to monitor
the dynamics of lesion formation using color-scale imaging after HIFU treatment. A new
type of piezoceramic material with low acoustic impedance and high thickness coupling
coefficient maximizes sensitivity, which leads to acceptable visualization of local necrosis
within the therapeutic HIFU focus. Portability, low-cost, and fast imaging speed are the
advantages of ultrasound over other imaging modalities such as magnetic resonance
imaging (MRI) and CT. The use of high-frequency ultrasound (20.0 MHz) allowed high-
resolution visualization of treated mouse liver tissue. Treated lesions were hyperechoic
relative to pre-treatment lesions. This BTB imaging and therapy technique could offer
highly reliable thermal cancer treatment, especially considering the small target size.
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Another advantage of focused transducers is the short duration of treatment (less than 10 s,
which may be further reduced by optimization), making this thermal modality competitive
with cryoablation and radiofrequency ablation [42—44]. Furthermore, this non-invasive
and short-term treatment with dual-mode technology can be clinically applied to skin
rejuvenation and tightening via heating of tissue to 65-70 °C, which causes collagen
contraction, denaturation, and initiation of collagen synthesis [45,46].

Several alternatives have been developed for horizontal alignment of ultrasonic trans-
ducers, such as left-and-right, fore-and-aft, concentric dual, and back-to-back configuration,
but their applications are limited in scope to imaging only [47,48]. Our approach, which
uses a back-to-back structured transducer, provides a solution for both imaging and therapy
and also solves the poor imaging quality problem common to previous configurations,
which use a ring-shaped transducer for therapy and a circular transducer at the center for
imaging. The limited available space for the imaging transducer (approximately 3 mm in
diameter) did not provide sufficient lateral resolution due to its high f-number of ~5 to 6.
However, the back-to-back configuration enables the use of a larger aperture for both the
imaging (6 mm in diameter) and therapy transducers (10 mm in diameter) and therefore a
low f-number of 2 to 3 for imaging, resulting in acceptable lateral resolution.

To achieve both high-resolution imaging and power-efficient HIFU, ultrasound beams
generated by two transducers should be focused using either a lens or a mechanically press-
focused aperture. In general, lenses are not the preferred choice for high-frequency (greater
than 15 MHz) ultrasound because lenses increase acoustic attenuation while transmitting
and receiving signals. Moreover, HIFU does not usually employ a lens, which would act
as a buffer layer between the piezoelectric material and the target tissue. Press-focusing
is a technique to apply pressure to the acoustic stack and create a concave structure for
focusing light as an alternative to a lens. As shown in Figure S2, two transducers were
assembled on the opposite side of a single housing, with the same ball bearing. Therefore,
both the imaging and therapy transducers have the same focal distance, which is required
for co-registration of the HIFU-treated plane and high-resolution imaging plane when
rotated by 180 degrees.

Because the back-to-back transducer used in our study was for imaging and HIFU (not
for imaging only, as in previous studies), two independent transducers were designed, one
for imaging and the other for HIFU. The optimized size and thickness of each transducer
were determined by the type of piezoelectrical materials (high-frequency imaging: lithium
niobate, HIFU: PZ36 low acoustic impedance PZT) and their center frequencies (high-
frequency imaging: 20 MHz, HIFU: 5.3 MHz in our case). Moreover, the f-number of
each transducer was designed differently for their separate applications (high-frequency
imaging: 2 to 3, HIFU: 1 to 2).

The developed BTB transducer may be used for numerous applications that require
high-resolution imaging and HIFU treatment in the superficial layer up to 10 mm. The
first example is skin tightening treatment using HIFU. After treatment of the dermal layer
located between the epidermis and subcutaneous muscle layer, the BTB transducer can offer
high-resolution images of superficial structures for treatment verification [49]. Second, the
BTB transducer may be used to ablate cutaneous melanomas that lie below the epidermal
layer. Cutaneous melanoma has high rates of morbidity and mortality (65% of all skin
cancer deaths). However, there is currently no ultrasound-guided HIFU technique for
melanoma cancers [50]. Lastly, in small animal studies of human tumor models, tumor
cells are injected between the muscle and skin layer for HIFU resection experiments.
The effective volume of the incubated tumor should be at least 1100 mm?3 at depths of
7-10 mm. The BTB transducer is suitable for high-resolution imaging and thermal therapy
experiments for such incubated tumors [51].

5. Conclusions

In this study, we presented the development of a BTB dual-mode transducer for
high-frequency imaging and HIFU treatment. Each mode of this dual-element transducer
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in a single housing is optimized, and the HIFU monitoring technique is improved. Op-
tic fiber measurements were performed with temperature calibration generated by the
HIFU transducer. In in vivo experimental studies, the capability of the dual-mode BTB
transducer was verified with high-resolution images before and after treatment in a live
animal environment at a focal distance below 5 mm from the skin, which is normally the
subcutaneous layer in the human body. With implicit registration between the imaging and
treatment axes, the reflected data could be processed, potentially in real-time, to visualize
the therapeutic effect. The results illustrate the potential for near real-time feedback made
possible by ultrasound imaging and will open the door for high-frequency ultrasound-
guided HIFU. Possible applications of the BTB transducer include ultrasonic skin therapy
and cancer treatment, especially in the superficial organ. Moreover, device development
has progressed toward high-frequency array transducers with beam steering, which allows
for a wider imaging area. Although the design of the device, including the transducer
and supporting devices, may be complicated because of the many elements involved, the
advantages gained for imaging would be significant.

Supplementary Materials: The following are available online at https://www.mdpi.com/1424-8
220/21/5/1580/s1, Figure S1: Computer-aided design for the back-to-back (BTB) transducer and
the stepper motor for the rotation, Figure S2: Schematics of a press-focusing method for the BTB
transducer, Figure S3: The electrical impedance and phase of the HIFU transducer measured by
impedance analyzer, Video S1: Two-dimensional B-scan frame collection, Video 52: Two-dimensional
C-scan frame collection.
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