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3D-printed holographic lenses coupled to an ultrasound transducer shape the acoustic field into arbitrary im-
ages. Predefined thermal patterns can be created with this technology in absorbing media, which can be used 
to generate localized and specific hyperthermia treatments. In this work we study how non-linearities in the 
acoustic field can affect the produced thermal pattern at hyperthermia intensity powers. A ‘2’-shaped acous-
tic hologram was designed with time-reversal methods and both acoustic and thermal numerical simulations 
were performed considering linear and non-linear propagation of the resulting acoustic field in liver-like 
medium. Experimental validation of the acoustic hologram was performed in degassed water, while the 
corresponding thermal pattern was evaluated using magnetic resonance thermometry and infra-red imaging 
in ex-vivo cow liver tissue and tissue-mimicking phantom. Simulations and experiments were in complete 
agreement, demonstrating that at hyperthermia intensities most of the energy is carried by the fundamental 
frequency and thus nonlinear propagation have little impact on resulting thermal pattern.
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1. INTRODUCTION

One of the most promising applications of biomedical ultrasound is the generation of mild and local
hyperthermia. This emerging therapeutic procedure induces an increase in tissue temperature1 from 40◦ C to
45◦ C, that has shown to have a great potential as radiosensitizer and enhancer for drug delivery.2 In clinics,
ultrasound hyperthermia is generated with phased arrays, which are high-cost and complex systems.3

While acoustic lenses have been used for decades in ultrasound transducers,4 the recent advances in 3D
printing technologies and rapid prototyping have triggered the interest in more accurate beam shaping strate-
gies using passive structures, such as acoustic holograms.5 Holograms have been applied for transcranial
therapy to compensate skull aberrations and, simultaneously, generate complex focusing patterns6, 7 or sin-
gle focal spots,8 and recently were tested in-vivo for blood-brain barrier opening in mice,9, 10 used to create
controlled cavitation patterns in homogeneous soft-tissue,11 generated multiple patterns in homogeneous
media,12 multilayer holograms for phase and amplitude control,13 optimized holograms,14 or to conform
vortex beams in homogeneous media15 and in the brain.16 Recently, it was presented how thermal patterns
can be controlled using holograms in soft tissues to generate large-volume hyperthermia.17

In this work we study how nonlinearities in the acoustic field can affect the produced thermal pattern
at hyperthermia intensity powers. As higher harmonics present a smaller wavelength, the nonlinear acous-
tic holograms should generate sharper images. However, the impact of these high-frequency components
for the final thermal distribution remains unexplored. Thermal and acoustic numerical simulations were
performed considering both linear and nonlinear propagation of the acoustic field in liver-like medium. Ex-
perimental acoustic and thermal measurements were done to validate these results using the designed 3D
printed holographic lens. Acoustic measurements were done in degassed water with a needle hydrophone
and thermal characterization was done in cow liver tissue and in gelatin-milk tissue mimicking phantom
using an infrared (IR) camera and also with Magnetic Resonance (MR)-thermometry.

2. MATERIALS AND METHODS

With the purpose of designing thermal holographic patterns generated by ultrasound fields and evaluate
their performance, we created an acoustic hologram with the shape of a number ’2’, located at 2 cm from a
flat transducer surface. Hologram calculation was performed using a linear time-reversal method by setting
virtual sources following the shape of the target image. The phase-conjugated information of the acoustic
field produced by these sources was then captured at a surface parallel to the transducer, known as the
holographic surface. This field was used to generate the target lens, as described by Jiménez-Gambı́n et al.6

The holographic surface was divided into pixels of the same width and different height dependent on the
recorded conjugated phase, assuming that each pixel vibrates presenting a longitudinal resonance mode.

Once the geometry of the lens is known, we calculated the resulting acoustic field using a pseudospec-
tral time-domain simulation method,18 considering both, linear and nonlinear propagation in the medium.
Lens material properties were set to those corresponding to the Formlabs Clear resin, with density ρL =
1171 kg/m3 and sound speed cL = 2580 m/s. Attenuation was set to αL = 2.72 dB/(cm·MHzγ), with
γ = 1.1 , as reported values for similar photopolymers.5 A flat transducer of 2a = 50 mm aperture and
f0 = 1.1 MHz central frequency was considered for the two-shaped hologram. All the medium in front
of the transducer was set to liver tissue, with its acoustic properties (density ρt = 1079 kg/m3,19 sound
speed ct = 1586 m/s20). Acoustic attenuation in soft-tissue media was considered to follow a power-law
frequency dependence as αt = α0 · fγ where f is the ultrasound frequency, α0 is the attenuation constant
and γ = 1.1 is the power law exponent. As α0 is frequency dependent, its value was 0.59 dB/(cm·MHzγ),
1.32 dB/(cm·MHzγ) and 1.98 dB/(cm·MHzγ), for the first, second and third harmonic, respectively.20 The
parameter of nonlinearity in the medium was set to B/A = 7.7, according to existing literature.21 Regard-
ing the simulated domain size, the propagation path length was set to 50 mm (37 wavelengths at the central
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Figure 1: (a) Phase-conjugated field at the holographic surface (b) 3D-printed lens mounted in the custom-made
MRI-compatible flat transducer.

frequency) and the domain width to 110 mm (82 wavelengths). A discretization of 6 points per wavelength
for the third harmonic (f = 3.3 MHz) was used, and the Courant–Friedrichs–Lewy number was set to 0.2.
Different acoustic pressures p0 (0.35 MPa, 1.55 MPa and 4.5 MPa) at the transducer surface were modelled
to study the power-dependence of the harmonic generation. Gol’dberg number was obtained to determine
the propagation regime in each case, calculated as follows:22

Γ =
βωp0
αtρtc3t

, (1)

Where β is the coefficient of nonlinearity (β = 1 + B/2A) and ω = 2πf0 is the angular frequency. Once
the acoustic field is calculated, for both linear and nonlinear propagation, we obtained the resulting thermal
pattern in liver tissue. Heat distribution was calculated with the Penne’s bio-heat equation,23 given by

ρtCt
∂T

∂t
= ∇(κ∇T )−WbCb (T − Tb) + Q, (2)

where ρt, T , κ and Ct are the tissue density, temperature, thermal conductivity and specific heat capacity,
Wb, Tb and Cb the blood perfusion rate, temperature and specific heat capacity, and Q the volume rate of
heat deposition, defined as

Q =
∑
i

2αiIi, (3)

where the subindex i = 1, 2, 3 represents the harmonic number, αi is the medium absorption coefficient at
each harmonic and the intensity Ii is given by

Ii =
p2i

2ρtct
, (4)

where pi is the peak acoustic pressure at stationary state for each harmonic. In the case of linear propagation,
peak pressure is calculated as the maximum pressure in steady state so no harmonic contributions appear.
Blood perfusion was set to zero as experiments were done with ex-vivo tissues. Specific heat capacity and
thermal conductivity were set to Ct = 3540 J/(kg·K) and k = 0.52 W/(m·K), according to values in the
literature.19
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A. EXPERIMENTAL SETUP

To validate numerical results for both acoustic field and thermal pattern, first the holographic lens was 3D
printed with the desired material (Clear resin, Formlabs, USA). The lens designed to generate a two-shaped
field was coupled to a custom-made MRI-compatible flat transducer of 50 mm apperture and 1.1 MHz cen-
tral frequency with high temperature coupling gel (Sonotech Sono 600). Acoustic measurements were done
in a degassed water tank at 23 ◦C. The system was driven by a 5-cycles sinusoidal pulse burst at the central
frequency of the transducer with a signal generator (14 bits, 100 MS/s, model PXI5412, National Instru-
ments, USA) and a linear RF amplifier (ENI 1040L, 400 W, 55 dB, ENI, Rochester, NY, USA). Pressure
signals were measured with a piezoelectric hydrophone (-225.5 dB re 1 V/µPa at 1 MHz, Model Y-104,
Sonic Concepts, USA), mounted in a 3D positioning system (10 µm precision, OWIS GmbH, Germany), in
a region of 44 mm wide in both x and y dimensions, at z = 20 mm (at the holographic image location).
Step size was set to 1 mm and each signal was averaged 20 times.

IR

Camera

(Testo 365)

Liver tissue/ phantom

Transducer

Degassed water tank

Hologram

Amplifier

(ENI 1040L)

Signal 

generator

(PXI 5412)

(a)
IR Camera

Tissue

Transducer/hologram

(b)

Figure 2: (a) Schematic diagram and (b) experimental setup for thermal measurements with infrared camera.

To study thermal holographic patterns generated by the lens in soft tissue medium two measurement
systems were considered: IR camera and MR-thermometry. On the one hand, thermal hologram generated
in the surface of a 20-mm slice of degassed ex-vivo cow liver tissue was obtained in time with the IR camera
(FLIR TG165, Teledyne FLIR, USA). Images were obtained every 10 seconds while the transducer was
driven with a continuous sinusoidal signal (duty cycle = 100%) at 1.1 MHz frequency and 25 W electrical
power. It should be noted that there was no water between the camera and the flat surface of the liver tissue
to prevent the infrared radiation to be absorbed, so a great impedance mismatch is found by the acoustic
waves and all the energy will be reflected at the boundary. A picture of the experimental system is presented
in Fig 2.

On the other hand, the same thermal pattern was monitored with Proton Resonance Frequency Shift
MR-thermometry in a 1.5 T Aera MRI (Siemens, Erlangen, Germany) inside a piece of tissue mimicking
phantom made of 4% gelatin and 30% concentrated milk, to prevent this liver-air boundary. Thermal images
were obtained inside the phantom every 1.2 seconds, with a lateral resolution of 2 mm.
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3. RESULTS

A. ACOUSTIC HOLOGRAM

The acoustic hologram was first simulated in linear and nonlinear regime to study the possible nonlinear
effects at high pressure amplitudes needed for ultrasound hyperthermia. Three different pressure amplitudes
at the surface transducer were considered: 0.3, 1.5 and 4.5 MPa, resulting in peak pressures of 1.2, 7.1 and
29 MPa at the acoustic holographic image plane, which corresponds to mechanical indexes of 1.1, 4.9 and
12.6, respectively. Gol’dberg number of these three different regimes was 3.6, 17.9 and 53.7, respectively.
As expected, contribution of harmonics to the acoustic field was significant at higher pressures: for 0.3
MPa source amplitude, only 4% of the total energy is carried by the second harmonic and 0.25% by the
third harmonic, while for the 1.5 MPa case percentages of the total energy carried by the second and third
harmonic were 15.5% and 3%, or for the 4.5 MPa case these same proportions were of 27% and 18%. Also,
higher harmonics contribute to generate a sharper image, with more resolution (see Fig. 3).
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Figure 3: (a-d) Peak pressure considering the full spectrum and spectral decomposition for 0.3 MPa at the trans-
ducer surface. (e-h) Full spectrum and spectral decomposition for 4.5 MPa at the transducer surface. Note each
figure has its own colour scale.

Experimental evaluation of the acoustic field was done with the system described in the Materials and
Methods section. Peak pressure values in steady state at the image plane measured by the needle hydrophone
are represented in Fig. 5 (a). Both experimental and acoustic field corresponding to the full-spectrum weakly
nonlinear regime (Fig. 3 (a)) were compared. In the region of the target image, relative error between both
experimental and simulated fields is much lower than in the outer region, where random noise increases the
error. Relative error was calculated as

ε(%) =
pexp/max(pexp)− psim/max(psim)

psim/max(psim)
× 100, (5)

where pexp and psim are the measured and simulated pressure fields respectively. Average relative error in
the region of interest (without considering random noise) is 31%.

B. THERMAL HOLOGRAPHIC PATTERN IN THE WEAKLY-NONLINEAR REGIME

Thermal holographic pattern generated by the acoustic hologram would also depend on the contribution
of each harmonic with its peak pressure, as the heating source term depends on the quadratic pressure of
each harmonic and also on the attenuation, which increases with the harmonic order. Calculations show
that for the higher pressure studied, nonlinear effects makes a slight difference with the linear pattern,
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which becomes more important in the regions of high pressure. The highest difference between linear and
nonlinear thermal pattern is of 18% (relative to the nonlinear field) while average difference at the region
of interest is 8.2%. Nevertheless, for hyperthermia applications, where maximum desired temperatures are
of 45◦ C, pressure fields are in the weakly nonlinear regime, where no difference in the thermal pattern
is found between linear and nonlinear propagation (Fig. 4 (b)). Also, thermal patterns are dominated by
heating diffusion, so the image blurs with time and is not as sharp and stable as the acoustic hologram.

Figure 4: (a) Simulated thermal pattern for 0.3 MPa at the transducer surface (white dashed line represents loca-
tion of lineal cuts). (b) Lineal cut for linear (dashed line) and nonlinear (solid line) propagation at 0.3 MPa.

Thermal measurement done with the IR-camera in the surface of a piece of ex-vivo cow liver tissue is
shown in Fig. 5 (b). Thermal image matches the simulated one in weakly nonlinear regime (Fig. 4 (a)),
showing a temperature rise of ∆T = 4.5◦ C after 12 seconds heating with continuous signal at 20 W. After
one minute heating, thermal image becomes blurred and heat is transported towards the edges of the ex-vivo
tissue. To evaluate thermal pattern without the high impedance mismatch condition at the image plane,
same measurements were also done using MRI-thermometry inside liver-mimicking phantom. Ultrasound
heating was performed with the transducer driven with continuous signal at 40 W acoustic power, leading to
a temperature rise of ∆T = 15◦ C after 40 seconds of heating (Fig. 4 (c)). Temperature differences between
both experiments depend mainly on the electrical power input but also on the tissue properties and boundary
conditions: MRI measurements were made in the bulk of a piece of gelatin-milk phantom while infrared
measurements were made at the surface of a piece of cow liver tissue, at the interface between water and air.
Nevertheless, both thermal experimental measurements demonstrate that a predefined thermal holographic
pattern can be generated using ultrasound holograms, showing its robustness to generate thermal patterns
inside absorbing media as soft tissue.

4. CONCLUSION

In this work we have proven that in the nonlinear regime higher harmonics can enhance the spatial
resolution of acoustic holograms, creating sharper acoustic images as driving power increases. Nevertheless,
for mild hyperthermia applications, nonlinear propagation is weak and have little impact on resulting thermal
patterns because most of the energy is carried by the fundamental frequency. Even considering that the
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Figure 5: (a) Experimental acoustic field. (b) Experimental thermal field measured with infrared camera. (c)
Experimental thermal field measured with MR-thermometry.

absorption is higher for higher harmonics, the heating source is dominated by the fundamental component,
and we do not observe any improvement in the resolution of the thermal pattern. Experimental validation
was performed using an ex-vivo tissue and tissue mimicking gelatin-milk phantom with infrared imaging
and MR-thermometry, showing great agreement with simulations. These results demonstrate the ability
of holographic lenses coupled to flat ultrasound transducers to create arbitrary-shaped thermal patterns in
absorbing media. It remains unexplored how blood perfusion affects thermal holographic patterns for in-
vivo applications, or how lens heating affects polymer stability during continuous driving for hyperthermia
treatments. However, we have demonstrated a proof of concept that this technology can be used to shape the
acoustic field of existing devices, or to match the shape of the thermal hologram to complex target regions
for hyperthermia applications.
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