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Holograms can shape wavefronts to produce arbitrary acoustic images.

In this work, we experimentally demon-

strate how acoustic holograms can produce controlled thermal patterns in absorbing media at ultrasonic frequencies.
MRI-compatible holographic ultrasound lenses were designed by time-reversal methods and manufactured using 3D-
printing. Several thermal holographic patterns were measured using MRI thermometry and a thermographic camera in
both gelatin-milk phantoms and ex-vivo cow-liver tissue. The results show that acoustic holograms enable spatially-
controlled heating in arbitrary regions. Rising the temperature using low-cost and MRI-compatible holographic trans-
ducers might be of great interest for many biomedical applications, such as ultrasound hyperthermia, where the control

of specific thermal patterns is needed.

Optical holograms can modulate light wavefronts to gen-
erate visible images'. In the same way, acoustic images can
also be synthesized by holograms, shaping the areas where
mechanical waves present a high amplitude, and areas where
the matter is at rest. Holographic acoustic fields can be syn-
thesized by ultrasound phased-array systems?>>, but the small
number of active radiating elements, typically up to one thou-
sand, limits its performance. In addition, the cost associ-
ated to these systems in terms of driving electronics and in-
dependent impedance matching makes them unaffordable for
many applications. In recent years, acoustic holograms have
been exhaustively studied*, mainly triggered by the emer-
gence of 3D printing technologies. Artificially-structured
materials, such as complex phase plates*> (also known as
kinoforms®), gratings”®, or metamaterials®'2, have enabled
accurate wavefront engineering for many applications such as
particle trapping and manipulation'®!#, scattering control and
vortex generation'?, fast 3D-printing!®, volumetric displays!’
or 3D imaging!8.

Compared to light, acoustic waves can penetrate much
deeper into biological media. Therefore, acoustic holograms
are bursting onto current biomedical applications due to their
capability to shape and focus ultrasound fields inside living
tissues. Acoustic holograms can encode complex wavefronts
compensating the phase aberrations produced by stiff layers
of tissues, such as skull bones in transcranial propagation, en-
abling the creation of single focal spots'®, arbitrary therapeu-
tic patters in the brain?%2! or even vortex beams??. Other
recent uses of acoustic holograms in biomedical applications
include cell patterning?®, the control of cavitation patterns,
that has been demonstrated in homogeneous tissue phantoms
with embedded microbubbles?* and in-vivo inside the head of
small animals®>, or burst-wave lithotripsy2°.

Acoustic waves transport energy, and when propagating
into biological media a fraction is irreversibly transformed
into heat by viscoelastic and relaxation processes. In ultra-
sound imaging applications the temperature rise is negligible
because the total energy of the wave is moderate®’. However,
at high ultrasound intensities heat deposition can be elevated

and fast enough to create cell necrosis and tissue ablation?®.
Combined with sharp focusing, high intensity focused ultra-
sound is currently used in clinics for therapeutical purposes®.
Recently, attention has been paid to intermediate regimes,
when ultrasound is used to create a local and mild hyperther-
mia, which is defined as a rise in tissue temperature between
39° C and 45° C, typically with long exposure times30-31-33,
HIFU-mediated hyperthermia is emerging as a highly promis-
ing therapeutic approach that has been shown to activate the
immune system, and/or enhance drug delivery, in particu-
lar for chemotherapeutic drug administration>>*. Usually in
mild hyperthermia applications a wide region of tissue is cov-
ered sequentially by multiple focal spots, by using the elec-
tronic steering of the beam of a phased-array transducer,which
is in fact an active research topic*>-37. During treatment, the
temperature inside the tissue is monitored using magnetic res-
onance imaging (MRI) thermometry, resulting in long treat-
ment duration and expensive MRI-compatible devices.

In this work, we demonstrate how acoustic holograms can
create arbitrary thermal patterns in ex-vivo biological media
and tissue-mimicking phantoms using a low-cost MRI com-
patible transducer, resulting in a portable, patient-specific and
personalized therapeutical device. We illustrate the concept
using two target holographic patterns. First, an arbitrary ther-
mal image is produced, and, second, we enlarge the ther-
mal pattern of an ultrasound device currently used for hy-
perthermia applications using a holographic lens. For the
first configuration, the target thermal pattern has the shape of
the number “2”. For this configuration we use a flat piezo-
electric disc of aperture 2a = 50 mm and central frequency
Jo = 1.1 MHz, mounted on a 3D-printed MRI-compatible
custom-design housing. For the second configuration, we use
a commercial spherically-focused ultrasound transducer of ra-
dius of curvature F = 100 mm, elliptical aperture of mayor
axis 2a = 125 mm and b = 85 mm, and central frequency of
Jfo=1MHz.

Acoustic holograms were designed using time reversal
methods, following the procedure described by Jiménez-
Gambin ef al. %°. First, an array of virtual sources were dis-
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FIG. 1. (a) MRI-compatible transducer and holographic lens. (b) Experimental setup for thermal measurements. (b) Simulated acoustic

pressure field. (c) Acoustic pressure field measured in degassed water.

tributed in the area corresponding to the shape of the target
image, e.g., the number “2”. Each source was set to emit
a 100-cycles sinusoidal tone burst at the transducer work-
ing frequency, with the same amplitude and a relative phase
proportional to the distance from the virtual source to the
transducer surface as ¢*?. The simulated medium was ho-
mogeneous with the acoustic and thermal properties matching
those of a liver tissue. Density and sound speed values were
set to p; = 1079 kg/m? and ¢; = 1586 m/s, respectively>®3.
Acoustic attenuation follows a frequency power-law given
by a; = apf?, where f is the frequency, and for liver tis-
sue ¥ = 1.1 and op was set to obtain an attenuation of
0.59 dB/(cm-MHz"). The wavefront generated by the inter-
ference of the sound waves coming from each virtual source
is captured in a plane parallel to the transducer surface, the
holographic surface, which is divided into squared pixels of
side 0.25 mm. The acoustic hologram is composed of elastic
columns, acting as acoustic Fabry-Perot resonators, and each
one corresponding to a pixel of the holographic surface. By
tuning the height of each column the transmission coefficient
can be spatially-modulated. In this way, the transmitted field
was set to mimic a phased-conjugated version of the recorded
wavefront?®. We fix a minimal lens thickness of 2.5 mm,
which corresponds to 7A/4 in liver medium, for mechani-
cal robustness when 3D-printing. Maximum lens height is
5.45 mm, so the resulting lens was approximately a flat disc
with a roughness of about 3 mm, see Fig. 1 (a). Lenses were
3D printed using stereolithographic methods on a photosensi-
tive resin (Clear resin, Formlabs, USA), printed on a 50 um
resolution printer (Form 2, Formlabs, USA). The density and
sound-speed values of the lens were experimentally obtained
as pp = 1171 kg/m?, ¢, = 2580 m/s, respectively. Attenua-
tion was set to 2.72 dB/(cm-MHz"), according to previously

reported values for similar photopolymers®*.

The resulting pressure fields were validated by simulations
using a pseudo-spectral time-domain method*’, and by ex-
perimental measurements of the acoustic field, the latter per-
formed in a degassed water tank at 23° C maintained by a
water conditioning unit (WCU-Series, Sonic Concepts, USA).
The flat holographic lens was directly coupled to the custom-
made MRI-compatible piezoelectric transducer as shown in
Fig. 1 (a). Acoustic field measurements were performed us-
ing a piezoelectric hydrophone (-225.5 dB re 1 V/uPa at
1 MHz, Model Y-104, Sonic Concepts, USA), calibrated from
40 kHz to 2 MHz, attached to a 3D positioning system (5 gm
precision, PI Micos GmbH, Germany). The transducer was
driven by a 20-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 acoustic signals were recorded
scanning a plane at z = 20 mm, from —22 mm < x < 22 mm
and —22 mm < x < 22 mm, using steps of 1 mm. Signals were
averaged 20 times at each location to reduce random noise.
The resulting simulated and experimental acoustic field is pre-
sented in Figs. 1 (c, d), respectively. Experimental acoustic
field is in good agreement with the simulated one. Discrepan-
cies between the two pressure fields might be related to the
fact that the holographic lens was designed for a liver-like
medium but measured in water, which exhibits slightly dif-
ferent properties in terms of acoustic impedance and sound
speed. Measured peak-pressure reaches 0.7 kPa at the bright-
est spot of the image.

Volume rate of heat deposition in liver tissue is given by
the quantity Q = 2o4l, where o, is the tissue absorption co-
efficient and I = p?/2p;c; is the acoustic intensity, calcu-
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FIG. 2. (a) Simulated thermal pattern in liver tissue after 12 seconds heating. (b) Thermal pattern measured with an infrared camera in liver
tissue after 12 seconds heating and (c) measured with MR-thermometry after 40 seconds heating. The central vertical colour scale applies to

(a) and (b).

lated using the peak pressure value at the steady state of the
acoustic simulation. Thermal holographic pattern is obtained
by a time-domain numerical solution of the Penne’s bio-
heat equation*!, using a pseudo-spectral time-domain method,
given by
aT

piCi— - =V(kVT) =W,Cp (T —To) + O, (1
where T is the tissue temperature, p; and C; are the tissue den-
sity and specific heat capacity, W, is the blood perfusion rate,
C), is the blood specific heat capacity, T, is the blood ambi-
ent temperature and K is the tissue thermal conductivity. We
have not considered blood perfusion (W, = 0) to mimic the
conditions of the ex-vivo experiment. Specific heat capac-
ity and thermal conductivity were set to C; = 3540 J/(kg-K)
and k = 0.52 W/(m-K), according to values reported for liver
tissue’®. Thermal simulation and experiments were carried
out by driving the source with a continuous sinusoidal sig-
nal at its central frequency (fp = 1.1 MHz). Experimental
validation was performed using two systems. On the one
hand, temperature was measured with an infrared thermal
camera (Testo 365, Testo, Germany) at the surface of a 20-
mm slice of degassed cow liver tissue, taking images at a rate
of 15 frames per minute. On the other hand, temperature was
measured by proton-resonance frequency-shift (PRFS) MR-
thermometry using a 1.5 T Aera MRI (Siemens, Erlangen,
Germany). A single-slice using a 2D gradient-echo (GRE)
sequence was used for MR-PRFS thermometry, obtaining one
thermal image every 1.2 seconds*?.

Because IR radiation is strongly absorbed by water, IR-
camera measurements were performed at the tissue surface,
with the image plane located at the boundary between the
soft-tissue and the air. Note that when using this setup ultra-
sound waves are strongly reflected at the boundary, because
the impedance mismatch produces a nearly-perfect Neumann
boundary condition for the pressure at the image plane. Even
in these conditions, the target thermal pattern is observed,
as Fig. 2 (b) shows. The pattern matches the simulated one

(Fig. 2 (a)), with a peak temperature rise of AT = 4.5° C after
12 seconds heating at 20 W. The temperature was measured
locally by two thermocouples located in the water tank and at
the lateral boundary of the tissue (see Fig. 1 (b)), indicating
that diffusion transports heat towards the boundary of the tis-
sue in the long term, and the pattern becomes blurred*}. The
concept was also validated in the bulk of a liver-mimicking
gelatin-milk phantom using MRI-thermometry to minimize
the influence of the previously-mentioned boundary condi-
tion. The measured thermal pattern using MRI at the im-
age plane is presented in Fig. 2 (c). HIFU heating was per-
formed at 40 W acoustic power, leading to a temperature rise
of AT = 15° C after 40 seconds of heating. Both experiments
demonstrate that the desired thermal pattern can be generated
using holograms, showing the robustness of acoustic holo-
grams to generate thermal patterns inside absorbing media. In
both cases the thermal pattern is well defined until heat diffu-
sion dominates and the central part of the hologram is almost
uniformly heated, as it also occurs in simulations**.
Ultrasound hyperthermia treatments may require extended
volumes in which temperature should increase a few degrees.
For this application, in addition to the possible need for a com-
plex thermal pattern as illustrated in the previous example, it
may be of great interest to cover a wide target area with a
uniform temperature distribution, e.g., a tumour. Therefore, it
might be desired to widen and shift axially the narrow focal
spot of a focused ultrasound source, with the aim of matching
the thermal pattern to a target area of therapeutical interest.
In this way, a second hologram was designed to enlarge and
shift the natural focus of a spherically-focused commercial
transducer (Imasonic, Voray sur 1’Ognon, France), shown in
Fig. 3 (a). The desired region in which temperature should in-
crease was defined as an ellipse with 15-mm width and 10-mm
height dimensions, located at a depth of 65 mm from the trans-
ducer surface. Thermal patterns were computed with k-space
numerical simulations. Experimentally, temperature was mea-
sured using MR-thermometry in a liver-mimicking phantom,
driving the source with a 1 MHz continuous signal at 80 W
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FIG. 3. (a) Acoustic hologram and focused transducer for the second experimental setup. (b) Thermal simulation for a 1-cm wide hologram
located at 65 mm from the focused transducer surface and (c) for the focused transducer without the lens. (d) MRI-thermometry measurement
using the hologram and (e) for the focused transducer without the lens. The big vertical colour scale applies to (b) and (d).

acoustic power without the lens and 200 W with the holo-
graphic lens*. The resulting patterns are shown in Figs. 3 (b-
e). A temperature rise of AT = 6° C was observed in both
simulation and MRI measurement of the system with lens af-
ter 30 seconds heating, while for the transducer-only setup the
temperature rise was of AT = 15° C in the same time. A good
agreement is found between simulations [Figs. 3 (b, ¢)] and
measurements [Figs. 3 (d, e)]. In the absence of the lens, a nar-
row focal spot of 1.5 mm wide is found, located at a depth cor-
responding with the centre of curvature of the source (10 cm).
However, using the holographic lens the focal spot widens
and shifts axially, according to the planned design. Excellent
agreement was found between thermal simulations and tem-
perature maps measured by MR-thermometry. ROIs inside
which experimental temperature elevation was greater than 4
degrees were 7 mm X 25 mm and 17 mm x 16 mm without
and with the holographic lens, respectively, while these same
regions have 7mm x 30 mm and 11 mm x 16 mm sizes in the
experiment. In addition, note that standard deviation inside
these regions were equal to 40% of the maximum temperature
without the lens, but only 12% using the hologram. A detail
of the thermal pattern cross-section in the lateral direction at
the focal distance is shown in Figs. 4 (a,b). Data shows that a
wider and more uniform heating region can be achieved using
the holographic lens. Note this technology allows not only to
enlarge focus size but also to change its position and length.
The resulting holographic thermal pattern was widened about
2.5 times the original beam width, with a more uniform tem-
perature distribution, and the focal distance was reduced to
about the half of its original axial location.

In this work, we have demonstrated the potential of acoustic
holograms to produce thermal holographic patterns inside soft
tissues and tissue-mimicking phantoms. The temperature dis-
tributions were experimentally validated using infrared cam-
era at the surface of a cow liver, and MR thermometry in the
bulk of a liver-mimicking phantom. The results show that us-
ing an acoustic hologram, the heat deposition can be spatially-
modulated by shaping the acoustic field. This procedure re-
sults in devices that can be easily manufactured by rapid pro-

totyping. A complete low-cost, MR-compatible device can be
achieved by combining these holographic lenses with single-
element piezoelectric transducers such as the one presented in
the first part of this study. In this way, patient-specific ther-
mal patterns with tuned and uniform focal spots can be gen-
erated, using a low-cost device without the need of expensive
MRI-compatible phased-array transducers. Moreover, previ-
ous works?” have also demonstrated that acoustic holograms
can also encode phase-conjugated wavefronts to mitigate the
phase aberrations of layered tissues, such as bones. Therefore,
thermal holographic patters could also be applied in transcra-
nial therapy, or in any situation where aberrating layers distort
the wavefront. In this way, holographic thermal patterns show
a great potential for novel ultrasound hyperthermia treatments
or physical therapy. They allow adapting the heating region to
target therapeutical focal spots of arbitrary shape and location.
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absence of the lens and (b) including the acoustic hologram.
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