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Ultrasonic three-dimensional printed holograms are getting increasing interest for transcranial thera-
pies since they can correct skull aberrations and, simultaneously, adapt the acoustic field to particular
brain targets. However, evaluating the targeting performance of these systems requires the measurement
of complex volumetric acoustic fields, which in many practical situations cannot be estimated by direct
hydrophone measurements. In this work, we apply single-plane holographic measurement techniques to
experimentally calibrate and measure the full volumetric field produced by holographic lenses. Two ex
vivo test cases are presented, a four-foci lens and a preclinical case, both targeting through a macaque
skull for potential applications in blood–brain barrier opening (BBBO) studies. Time-reversal and angu-
lar spectrum projection methods are compared to direct experimental measurements. Results show that
holographic projection methods can reconstruct the complex acoustic images produced by holographic
lenses, matching direct measurements in all test cases. However, while direct measurements are restricted
to transverse-field cross sections, holographic projection allows estimating the field on the whole targeting
volume. In this way, the location and the full three-dimensional shape of all acoustic foci can be obtained.
Furthermore, these techniques can provide the field at the surface of the lens to compare it to the design
phase distribution. Using this procedure, complex volumetric acoustic fields can be reconstructed, saving
significant measurement time and computational resources, and enabling an accurate characterization of
phase plates and other holographic lens topologies.
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I. INTRODUCTION

Holography was first proposed in optics at the midtwen-
tieth century [1], and a short time later, around the 1960s,
optical holography was combined with acoustic systems
to generate optical images [2,3]. Acoustic holography
allows imaging of optically opaque objects by combin-
ing diffraction and interference of acoustic wavefronts.
Acoustic holographic imaging can use one or more acous-
tic beams to generate a sound field over an object. Then,
the scattering is raster scanned to generate the image. In
contrast, acousto-optical holographic techniques use the
acoustic radiation pressure produced by the scattered field
to generate an interference pattern at a liquid-gas inter-
face, which is optically detected and used to generate a
real-time image. In this context, several applications were
already reviewed in the 1970s [4]. Later, Fourier-acoustics
methods were applied in near-field acoustic holography
techniques to evaluate the spatial pattern of vibration and
radiation of acoustic sources [5,6], becoming a standard
practice in acoustic engineering, e.g., for noise control and
visualization, wave-field synthesis or loudspeaker design.
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Recently, acoustic holography has become a power-
ful metrological tool for characterizing ultrasound fields
generated by imaging and therapeutic applications, e.g.,
to characterize the radiation pattern produced by high-
intensity focused ultrasound (HIFU) transducers [7,8].
This robust technique has been included as a part of
IEC standards for ultrasound field metrology (IEC TS
62556:2014) [9]. Among other applications, holography
has been proposed for acoustic field reconstruction through
complex media [10]. In all these techniques, by measuring
the acoustic field in a plane, e.g., transversally to an ultra-
sound beam, acoustic holography enables the knowledge
of the field on an orthogonal plane, e.g., at the surface of
the source.

Beyond these metrological and imaging techniques,
holography has also been proposed to modulate acoustic
wavefronts, generating acoustic images at a given target
distance [11–14]. In this context, an acoustic image is
defined as an acoustic field with arbitrary amplitude dis-
tribution. For ultrasound, phased-array systems were first
proposed to tune the phase and amplitude along the sur-
face of the transducer, mimicking a hologram, allowing to
synthesize acoustic images even traversing absorbing areas
[15]. While phased-arrays provide reconfigurability, the
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holographic information encoded on the transducer surface
is strongly limited by the small number of piezoelectric
elements of the current systems, limiting the hologram
capability to generate complex acoustic images. With the
rise of three-dimensional (3D) printing techniques, acous-
tic holograms can be generated via holographic lenses
[16–19]. In this case, the holographic information becomes
encoded in a passive structure, e.g., a 3D-printed lens of
rough surface, which modulates the transmitted phase of
the ultrasound field generated by a transducer. Among
other applications, acoustic holograms have been proposed
for ultrasound particle manipulation and trapping [20],
acoustic vortex generation for transmitted [21] or reflected
wavefronts [22], fast 3D printing via volumetric parti-
cle agglomeration [23], cell patterning [24], generation of
cavitation patterns [25], producing arbitrary-shaped ther-
mal patterns in tissues using ultrasound [26], tuning the
acoustic field to control the total thermal dose on multiple
targets for ultrasound hyperthermia [27], or performing 3D
acoustic imaging using a single-channel transducer [28].

One emerging application of 3D-printed acoustic holo-
grams is transcranial ultrasound for noninvasive brain ther-
apy [29]. During transcranial ultrasound, the high acoustic
contrast between soft-tissues and the skull bones pro-
duces strong beam refraction, scattering and absorption.
For example, when using a single-element focused ultra-
sound transducer, the transmitted beam suffers from strong
aberrations, and the targeting accuracy on the brain relies
on simulation techniques during treatment planning to find
the best-case scenario [30,31]. Therefore, wavefront aber-
ration correction is desirable for precise targeting inside
the brain [32,33]. To avoid these limitations, state-of-the-
art clinical systems are based on therapeutic phased-array
systems [34], allowing beam steering and aberration cor-
rection. However, in addition to their complexity and high
cost, the steering range of therapeutic arrays is limited to a
narrow region around the center of the array. Since they are
composed of large piezoelectric surfaces, diffraction grat-
ing appears, limiting their focusing performance. Recently,
3D-printed holographic lenses coupled to flat or focused
transducers have been proposed for aberration correction
for focused beams [35], and even adapting the acoustic
field to arbitrary brain targets [29,36]. It has been shown
that acoustic holograms can generate arbitrary and com-
plex patterns within human skulls [37]. They have been
recently applied for blood–brain barrier opening in small
laboratory animals, creating multiple sharply focused spots
close to the diffraction limit [38], or wide focal areas
[39]. In all these biomedical applications, a mandatory
step before in vivo trials is to validate the acoustic field
produced by the hologram in the relevant scenario.

Usually, the field generated by a therapeutic focused
ultrasound transducer is assessed by direct measurements
using hydrophones in a water tank [40]. While this
approach is convenient for axisymmetric beams, e.g., those

focusing at a single focal spot, the acoustic images pro-
duced by holographic lenses can present a far more com-
plex spatial distribution over a large volume. In practice,
the direct evaluation of the targeting performance of com-
plex acoustic holograms requires a huge amount of data
and measurement time, making unfeasible the estimation
of the field over a large volume. In addition, for transcra-
nial validation measurements, the size of the hydrophone
limits the measurement range inside a skull. Faster tech-
niques such as acousto-optical Fabry-Perot interferometers
[41] require large sensors, limiting their application in tran-
scranial ultrasound. Well-known optical methods such as
schlieren imaging [42] or Doppler velocimetry [43] can
provide a volumetric field estimation, but they require
transparent optical windows and complex instrumentation.
Note schlieren imaging can also be combined with optical
holographic interferometers to estimate the acoustic field
[44]. Indirect thermometric methods include the use of
liquid-crystal thermochromic sheets sandwiched between
sound-absorbing materials [45]. Ultrasound absorption
results in heat, and the temperature change produces a vari-
ation of the optical color of the sheet, that is detected by
a camera. This method results in a fast transverse-field
scanning, however, it becomes difficult to calibrate. An
alternative is the use of a thin sound-absorbing membrane
combined with a thermal camera to measure the tempera-
ture at its surface [46]. However, the thermal radiation does
not propagate through water and the method is limited to
measurements on the surface of the water tank. To over-
come these limitations, magnetic resonance thermometry
techniques become more reliable for evaluating the field
of acoustic holograms inside tissues [26], but these sys-
tems are expensive and unaffordable for many biomedical
ultrasound research facilities. A faster and robust method
is therefore desirable for volumetric field evaluation, in
particular, for transcranial holographic devices.

In this work, we apply acoustic holography [7,8] to effi-
ciently evaluate transcranial ultrasound fields produced by
complex holographic lenses targeting through an ex vivo
macaque skull. To evaluate the complex field produced
by the lenses, three measurement methods are compared.
First, direct hydrophone measurements, second, a projec-
tion technique based on time-reversal full-wave simula-
tions and, third, a projection using the angular spectrum
method. These methods are tested on two holographic
lenses. The first one is designed to create four equidis-
tant foci inside the macaque skull, while the second lens
is designed to focus on the left postcommissural putamen
of the specimen. Furthermore, the field at the exit surface
of the lens is estimated experimentally using holographic
techniques, and compared with the design phase field. The
experimental fields are compared with full-wave simula-
tions of the system, taken as the gold standard. Figure 1
illustrates the process to reconstruct the acoustic field at
the focus from a single measured holographic plane. First,

044071-2



METHODS TO DESIGN AND EVALUATE TRANSCRANIAL. . . PHYS. REV. APPLIED 20, 044071 (2023)

Holographic lens
(acoustic hologram)

Holographic plane

Acoustic
image

Skull

Holographic
plane

2D measurements

(at holographic plane)

3D measurements

(at target volume)

3D acoustic field 

(at target volume)

Temporal windowing

2D measurements

(at holographic plane)

Temporal windowing

Temporal inversion Complex conjugation

k space

(full-wave simulation)

Angular spectrum

(fast projection)

Frequency domain

Time-reversal

projection method

Angular spectrum

projection method

Direct

measurements

Temporal windowing

Time domain

Target
volume

Acoustic image
reconstruction

Projection

x
y

z
Physical acoustic image formation  Holographic projection (c)(b)(a)

zh

zi

zs

z0

2D measurements D

FIG. 1. (a) Schematic representation of the process to reconstruct the acoustic field at the focus from a single measured holographic
plane. (b) Detail of the holographic projection. (c) Block diagram of the acoustic field reconstruction algorithms.

as shown in Fig. 1(a), a hologram modulates the wavefront
generating an acoustic image inside a skull and the cor-
responding acoustic field in the holographic plane. Then,
as shown in Fig. 1(b), a holographic projection technique
is used to estimate the field along a target volume inside
the skull. Figure 1(c) summarizes the three acoustic field
reconstruction algorithms discussed in Sec. II.

II. TECHNIQUES FOR FIELD ESTIMATION

A. Direct measurements

Direct field measurements consist of scanning the area
of interest with a hydrophone to record the corresponding
waveforms. The hydrophone is usually mounted on a 3D
positioning system and synchronized point-by-point mea-
surements are performed to cover the desired target, e.g.,
two-dimensional (2D) planes or even 3D volumes. This
technique presents the advantage that the acoustic pressure
is directly measured. However, acquiring large volumes
requires long measurement time and a large amount of
data.

B. Holographic projection methods

To avoid point-to-point scanning over the whole vol-
ume, holographic projection methods only require the
direct measurements at a plane, the holographic plane, nor-
mally transverse to the beam, located at a distance z = zh
and covering a squared area of side length D (see Fig. 1).
Then, the field at any point is calculated using a projection
method.

1. Projection using time-reversal simulations

The time-reversal simulation projection method relies
on the time-reversal invariance of the wave equation in a
lossless medium. To project the field using time-reversal
simulations, we use a full-wave simulation method, which
solves the system of constitutive acoustic equations for a
lossless homogeneous medium

∂ρ(r, t)
∂t

= −ρ0∇ · v(r, t) + ∂q(rh, t)
∂t

, (1)

∂v(r, t)
∂t

= − 1
ρ0

∇p(r, t), (2)

p(r, t) = c2
0ρ(r, t), (3)

where v(r, t) is the particle velocity field, p(r, t) is the
pressure, ρ(r, t) is the acoustic density, ρ0 is the medium
density, c0 is the sound speed, and q(rh, t) is a spatial
distribution of monopole sources, r = (x, y, z) and rh =
(x, y, zh). These equations are solved numerically using
a pseudospectral time-domain simulation method, imple-
mented in the software k-Wave [47].

To make use of the time-reversal mirror symmetry,
we acquire the experimental pressure waveforms over
the holographic plane, ph(rh, t). A temporal window is
applied to the signals to avoid reflections from boundaries.
Then a temporal inversion is applied, letting ph(rh, t) →
ph(rh, −t). Finally, the computational solution is found
by setting the monopole source amplitude in Eq. (1) to
q(rh, t) = ph(rh, −t)/c2

0. Note that time-reversal symme-
try no longer holds in absorbing media [48]. In this work,
we measure the field in pure water, whose absorption at
ultrasonic frequencies can be considered negligible for a
propagation path length of tens of wavelengths.
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2. Projection using angular spectrum

Angular spectrum approach was also used to project
the measured field at the holographic plane to several
planes covering the target volume. This calculation was
performed assuming neither absorption nor medium strat-
ification. First, we calculate the frequency-domain ampli-
tude of each spectral component of the field measured at
the holographic plane, z = zh, by a Fourier transform

P (x, y, zh, ω) =
∫ ∞

−∞
ph (rh, t) eiωtdt. (4)

Then, each spectral component of the field is complex
conjugated, P (x, y, zh) → P∗ (x, y, zh), to perform the tem-
poral inversion in the frequency domain. In the spatial
Fourier space, each spectral component of the field is
given by

P̃∗ (
kx, ky , zh

) =
∫∫ +∞

−∞
P∗(x, y, zh)ei(kxx+ky y)dxdy. (5)

In this way, the field is decomposed into a spectrum of
plane waves traveling in different directions, being their
azimuth, θ , and elevation angles, φ, related to the trans-
verse components of the wave vector by

kx = k cos θ sin φ, (6)

ky = k sin θ sin φ, (7)

where k = ω/c0. Each spectral component measured at
the holographic plane z = zh is projected to the image
plane z = zi by multiplying it in the Fourier space with the
spectral propagator H

(
kx, ky , zi, zh

)
as

P̃
(
kx, ky , zi

) = P̃
(
kx, ky , zh

)
H

(
kx, ky , zi, zh

)
, (8)

where the spectral propagator for the pressure field, assum-
ing a Fourier time convention of the type eiωt, is defined as
Liu and Waag [49],

H
(
kx, ky , zi, zh

) = e−ikz |zh−zi|, (9)

where the axial component of the wave vector is given by

kz =
√

k2 − (k2
x + k2

y ). (10)

Therefore, if k2
x + k2

y ≤ k2, then kz is real and the propaga-
tor consists of propagating modes, while if k2

x + k2
y > k2,

then kz is purely imaginary and the propagation func-
tion models the rapidly decaying evanescent modes of
the field. Angular restriction is applied to avoid alias-
ing of rapidly oscillating waves propagating at grazing
angles, using a low-pass circular window of radius kc =
k
√

D2/2(D2/2 + z2) in the k space [50].

For each spectral component, an inverse spatial Fourier
transform of P̃(kx, ky , zi) is computed to recover the field
amplitude P (x, y, zi) in the spatial domain,

P(x, y, zi) =
∫∫ +∞

−∞
P̃

(
kx, ky , zi

)
e−i(kxx+ky y)dxdy. (11)

Finally, an inverse Fourier transform is applied at each
location to recover the temporal waveforms in the time
domain, as

p (ri, t) =
∫ ∞

−∞
P (x, y, zi) e−iωtdt, (12)

where ri = (x, y, zi). In this work, angular spectrum was
used to evaluate the acoustic volume generated by the
holographic lens inside the skull, zh > z > zs, zs being the
distance between the holographic plane and the inner sur-
face of the skull. We project all spectral components of the
measured signals.

Note, the Fourier-space product of Eq. (8) is equiva-
lent to a spatial convolution from the plane zh to zi of the
field P∗(rh), given by Eq. (4), with the spectral propagator
function, Eq. (9), in the spatial domain, the latter given by
h(rh, ri). In addition, the spatial domain propagator relates
to Green’s function of the Helmholtz equation in 3D as
h(rh, ri)/2 = ∂G(ri, rh)/∂z, where G(ri, rh) = e−ikr/4πr,
and r =

√
(xi − xh)2 + (yi − yh)2 + (zi − zh)2. Therefore,

Eq. (8) is equivalent to the second Rayleigh-Sommerfeld
diffraction integral, but since the spectrums are calculated
using the fast Fourier transform algorithm, it results in a
more computationally efficient method.

III. EXPERIMENTAL SETUP

A. System design

A spherically focused custom-made ultrasound trans-
ducer with outer diameter OD = 100 mm and R =
140 mm radius of curvature, with an inner aperture diam-
eter of ID = 20 mm and central frequency f = 500 kHz
was used. The piezoelectric ceramic is mounted in a cus-
tomized stainless steel housing, with air backing. To tune
the field of the transducer, a holographic 3D-printed lens
was attached to it. Evaluation of the acoustic field was done
in water and through an ex vivo cut out and hollowed out
nonhuman primate skull, of the species macaca mulatta. A
coupling cone and a supporting frame for the skull were
3D printed to position the skull relative to the transducer
and the lens during measurements (see Fig. 2).

B. Lens design and manufacturing

Holograms were calculated with time-reversal methods
considering the boundary conditions used in the experi-
mental validation, i.e., including the ex vivo skull and also
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FIG. 2. (a) Schematic of the experimental setup. The transducer is driven with a signal generator using an amplifier. Each time a
signal is emitted, a trigger is sent to the oscilloscope to capture the acoustic field with the hydrophone. Once the signal ends, the 3D
positioning system moves the hydrophone to the next measurement position. (b) Photograph of the experimental setup showing the
transducer with the lens, the skull holder, and the macaque skull. The hydrophone lies in a position used for direct measurements.

the coupling cone and the supporting frame, as described
by Jiménez-Gambín et al. [29].

The time-reversal method employed consisted on locat-
ing virtual sources at the desired target and simulating their
radiated field during long time to take account for sev-
eral reflections. These acoustic signals were recorded in a
spherical exit surface parallel to the transducer, at spherical
coordinates r0 = (θ , φ, R − r0), i.e., the surface is located
at a distance r0 from the transducer surface [see Fig. 2(a)].
To perform temporal inversion, the field at the transducer
frequency, P(r0), was complex conjugated, P∗(r0), and
used to produce the lens. To design the lens we considered
a uniform Cartesian grid projected on the curved holo-
graphic surface, so the height of each pixel in the lens is
calculated in spherical coordinates h(r0) = h(θ , φ), con-
sidering they vibrate longitudinally as an elastic resonator.
All pixels of the lens are perpendicular to the radiating
surface, presenting the shape of truncated pyramids. The
complex frequency-dependent transmission coefficient of
each pixel, measured at the exit surface is given by

T(r0) = 2Zne−ik0(r0−h)

2Zn cos(kLh) + i(Z2
n + 1) sin(kLh)

, (13)

where Zn = ZL/Z0 is the normalized impedance, Z0 =
ρ0c0, k0 = ω/c0, c0, ρ0 and ZL = ρLcL, kL = ω/cL, cL, and
ρL, are the acoustic impedance, wavenumber, sound speed,
and density in water and in the lens material, respectively.
The height of each pixel is obtained by interpolating the

value of h(r0) that makes arg [P∗(r0)] = arg [T(r0)]. As
each pixel acts as an element in a phased array, ideally at
the exit of the lens we retrieve a time-reversed version of
the recorded acoustic field.

Each lens is implemented in the numerical model for
validation and also 3D printed with stereolithography
techniques (Form 3, Formlabs, USA) using the Clear
photopolymer, whose density and sound speed values
were experimentally obtained (ρL = 1186 kg/m3 and cL =
2599 m/s, respectively). Attenuation value was set to αL =
3.4 dB/(cm-MHzγ ) as reported in the literature for similar
photopolymers [16,29].

C. Test cases

Two holographic lenses were designed and evaluated
in this study: a first lens with which we wanted to create
four equidistant foci across the skull (four-foci lens), and
a second preclinical case where we aimed to target the left
postcommissural putamen of a macaque (preclinical lens).
Ex vivo macaque skull morphology and acoustic charac-
teristics were derived from tomographic images acquired
with a Toshiba Acquilion Prime TC scanner, with in-plane
resolution of 0.245 mm and slice thickness of 1 mm.
These X-ray attenuation values were converted into acous-
tic impedance data (density and sound speed) by using the
linear empirical relationships obtained by Mast [51] adjust-
ing the data from Schneider et al. [52], implemented in the
software k-Wave [47].
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Tomographic data were interpolated to an isotropic
spatial step of dh = λ0/6, where λ0 = c0/f0 in water,
which corresponds to dh = 0.5 mm, matching the numer-
ical grid used in simulations. Average and maximum
density and sound speed values were as follows: ρavg =
1563 kg/m3, ρmax = 2542 kg/m3, cavg = 2191 m/s, and
cmax = 3237 m/s. Acoustic attenuation was taken into
account for backward and forward propagation simula-
tions for both designing and numerically validating the
holographic lens. This physical magnitude was consid-
ered to be constant for all the skull and set to α =
9.6 dB/(cm-MHzγ ), with γ = 1.1, according to Cobbold
[53].

To create the four-foci lens, four virtual sources were
located at the coordinates (x, y, z) (−5.6, 5.6, 63) mm for
focus F1, (−5.6, −5.6, 63) mm for focus F2, (5.6, 5.6, 63)
mm for focus F3, and (5.6, −5.6, 63) mm for focus F4.
The preclinical lens was created by setting a virtual source
in the middle of the target brain structure, the left post-
commissural putamen of the specimen, that was identified
in co-registered MRI images by an experienced neurosci-
entist, at coordinates (−6.6, −11.2, 55.3) mm. Each virtual
source was set to emit sinusoidal continuous signals with
the same phase and amplitude, and the resulting wavefront
was recorded at the exit surface, located at r0 = 4 mm in
both cases.

Numerical validation of the acoustic field generated by
each holographic lens was performed by considering the
transducer was homogeneously vibrating, producing a 20-
cycle sinusoidal pulsed-burst signal, with unitary ampli-
tude. Maximum pressure in steady state was recorded,
and its amplitude was scaled to the maximum pres-
sure obtained experimentally using the angular spectrum
projection.

D. Experimental procedure

All acoustic experiments were carried out in a tank of
dimensions 400 × 800 × 600 mm3, filled with degassed
water at room temperature maintained by a water condi-
tioning unit (WCU Series, Sonic Concepts, USA).

We used high-temperature water-insoluble coupling gel
(Sonotech Sono 600) to ensure constant coupling of the
lens to the transducer during experiments. The trans-
ducer was excited with a 20-cycle sinusoidal pulse burst
at 500 kHz using a signal generator (model PXI-5412,
14-bit, 100 MS/s, National Instruments, USA) and ampli-
fied with a linear rf amplifier (model 1040L, 400 W,
55 dB, ENI, Rochester, NY, USA). Acoustic fields were
measured with a piezoelectric hydrophone (model Y-104,
−225.5 dB re 1 V/µPa at 1 MHz, Sonic Concepts, USA),
calibrated from 40 kHz to 2 MHz, mounted on a 3D axis
system (5-µm resolution, PI Micos GmbH, Germany).
Lens, cone, and skull holder were 3D printed and mounted
matching simulation conditions. The skull was located into
its holder, which smoothly fitted on the design position. A

schematic and a photograph of the experimental setup are
presented in Fig. 2.

The origin of coordinates was set at the center of
the hole of the transducer. Direct measurements of the
four-foci lens were performed in two x-z planes (−12.5 <

x < 12.5 mm, 47 < z < 72 mm, at y = −5.6 mm and
y = 5.6 mm, respectively), two y-z planes (−12.5 < y <

12.5 mm, 47 < z < 72 mm, at x = −5.6 mm and x =
5.6 mm, respectively) and one x-y plane (−12.5 < y <

12.5 mm, −12.5 < x < 12.5 mm, at z = 63 mm). The 2D
measurement for holographic projection was performed in
a x-y plane of 35 × 30 mm2 at z = 72 mm.

Direct measurements of the preclinical lens through
the skull were performed in one x-z plane (−14.5 < x <

1.5 mm, 44 < z < 71 mm, at y = −11 mm), one y-z
plane (−19.5 < y < −5.5 mm, 44 < z < 71 mm, at x =
−6.5 mm) and one x-y plane (−19.5 < y < −5.5 mm,
−14.5 < x < 1.5 mm, at z = 55.5 mm). The 2D measure-
ment for holographic projection was performed in a x-y
plane of 32 × 37 mm2 (−21.5 < x < 10.5 mm, −28 <

y < 8.5 mm) at z = 71 mm.
All measurements had a spatial resolution of 0.5 mm,

matching the simulation resolution. Simulated and mea-
sured fields were spline interpolated to 0.1 mm precision
for a more accurate calculation of location, sizes, and vol-
umes of each focus. Volumes of each focus were calculated
using an amplitude threshold of half the peak intensity.

In addition to transcranial measurements, projection
methods were applied to estimate the acoustic pressure
field at the exit surface of the lens. This was performed for
both test cases in the water tank and in the absence of the
skull. In this case, for each lens one x-y plane measurement
was performed at z = 44 mm, and from −50 mm to 50 mm
in both x and y directions, using a spatial resolution of 1
mm. To ensure that the exit plane of the lens and the plane
measurement were completely parallel, transformations to
its coordinates’ system were performed as described by
Kaloev et al. [54].

IV. RESULTS

A. Four-foci lens

Direct measurements for the four-foci lens show four
clear focal spots, matching the design locations. By driv-
ing the transducer at 0.1 V, the peak pressure is 0.12
MPa at the focus F2. Focus F1, F3, and F4 present a
peak pressure of 0.1, 0.08, and 0.09 MPa, respectively.
Figures 3(a)–3(d) show the transverse field, p(x, y), at
z = 63 mm (at the location of the foci), obtained by
forward simulation, projection using time reversal and
angular spectrum, and direct measurements, respectively.
Figures 3(e)–3(h) show the corresponding sagittal planes,
p(y, z), at x = 5.6 mm (at the location of the focus F1). All
the measuring methods provide similar results. In partic-
ular, the fields calculated using the projection techniques
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FIG. 3. Transverse field, p(x, y), for the four-foci lens at z = 63 mm for (a) forward simulation, (b) time-reversal projection, (c)
angular spectrum projection and (d) direct measurement. Axial field, p(y, z), for (e) forward simulation, (f) time-reversal projection,
(g) angular spectrum projection, and (h) direct measurements.

are almost identical, with differences well below < 1%.
Direct measurements also match the field obtained using
both projection techniques. The maximum field difference
between direct measurements and projections, and through
the focal region (defined as the region from −8 to 8 mm
in both x and y directions and from 52 to 17 mm in z)
is 9.4%, with a mean difference value of 1.4%. Compar-
ing the direct measurement at the x-y plane and the result
of the time-reversal projection (from −8 to 8 mm in both
x and y directions), we get that mean difference over this
plane is 5.8% (5.9% when comparing with angular spec-
trum), where minimum differences are found in the foci
region (< 3%). Resemblances in terms of focal spot loca-
tion and their lateral and axial dimension are summarized
in Table I. The maximum difference in the peak pres-
sure location is 1 mm in the z direction for the focus F1
and between experiment and both projection techniques.
Lateral dimensions of all four foci are similar between
experiment and projections, with maximum differences of
0.2 mm. The maximum difference is found in the z direc-
tion, where there exist a discrepancy of 1.5 mm in the axial
FWHM at the focus F2.

Figure 4(a) shows a detailed field cross section over the
four foci. Comparing experiment with simulation, there
exist a discrepancy in the peak pressure location, which is
evident at insets Figs. 4(b)–4(e). The maximum focal shift
in the y direction appears for focus F3, where a displace-
ment of 2.3 mm is observed between forward simulation
and direct measurements. In general, all foci in forward

simulation appear further apart in x and y directions than
in experiment and projection techniques.

Volumes were not characterized by direct measurements
due to time and computational storage limitations. Instead,
3D fields were calculated by projecting the measured field
using time-reversal or angular spectrum methods. In addi-
tion, forward simulations are inherently 3D. Figure 4(f)
shows a 3D rendering of the forward simulated and pro-
jected fields, where isosurfaces are obtained by using a
threshold of I = Imax/2. Both projection methods results
in a very similar 3D field. Using forward simulations,
the volume corresponding to each focal spot, from F1 to
F4, are 17.1, 21.6, 25.1, and 16.5 mm3, respectively. For
time-reversal projection, volumes are 18.7, 17.4, 21.8, and
13.4 mm3, while for angular-spectrum projection these
values are 18.2, 17.2, 21.1, and 13.4 mm3, respectively.

B. Preclinical lens

For the preclinical lens, direct measurement presented
a maximum pressure value of 0.13 MPa when driving
the transducer at 0.1 V, while for both time-reversal and
angular spectrum projection this value was of 0.126 MPa,
and 0.128 MPa, respectively. Figures 5(a)–5(h) graphi-
cally compares x-y and y-z planes over the maximum for
forward simulation, time-reversal and angular spectrum
projection, and direct measurements. Over the focal region
(defined as the region −12 < x < −2 mm, −16.5 < y <

−6.5 mm, and 45 < z < 66 mm), the mean-field difference
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TABLE I. Results for the four-foci lens and the preclinical lens acoustic fields.

Four-foci lens

Focus 1 Focus 2 Focus 3 Focus 4 Preclinical focus

Coordinates
(mm)

Simulation (−6.1,5.1, 64.5) (−5.1, −5.1, 63.5) (6.1, 6.1, 62.5) (5.1, −6.1, 64.5) (−7.1, −11.6, 55.9)
Experiment (−4.9, 5.2, 63) (−4.9, −5.2, 63 ) (5.1, 4.8, 62) (5, −5.2, 63.5) (−7.1, −11.5, 56)

Time reversal (−5, 5.2, 64) (−5, −5.2, 63.5) (5, 5.2, 62.5) (5, −5.2, 63.5) (−7.1, −11.5, 55.5)
Angular spectrum (−5, 5.2, 64) (−5, −5.2, 63.5) (5, 5.2, 63) (5, −5.2, 63.5) (−7.1, −11.5, 55.5)

Peak press.
(MPa)

Simulation 0.103 0.119 0.078 0.093 0.131
Experiment 0.101 0.117 0.077 0.091 0.131

Time reversal 0.102 0.116 0.077 0.092 0.131
Angular spectrum 0.103 0.119 0.078 0.093 0.131

FWHM-x
(mm)

Simulation 3.2 3.1 3.0 3.5 3.1
Experiment 3.0 3.1 3.1 2.5 5.3

Time reversal 3.0 3.2 3.1 2.4 5.3
Angular spectrum 3.0 3.1 3.0 2.4 5.2

FWHM-y
(mm)

Simulation 3.1 2.9 3.2 2.9 3.2
Experiment 3.1 3.4 3.2 3.6 4.3

Time reversal 3.2 3.4 3.2 3.8 4.3
Angular spectrum 3.2 3.4 3.1 3.8 4.3

FWHM-z
(mm)

Simulation 16.7 15.5 15.9 16.6 16.5
Experiment · · · 17.2 17.5 16.1 · · ·

Time reversal 20.2 15.6 17.6 15.3 27.7
Angular spectrum 21.3 15.9 17.3 15.3 27.6

Volume
(mm3)

Simulation 17.1 21.6 25.1 16.5 21.4
Experiment N/A N/A N/A N/A N/A

Time reversal 18.7 17.4 21.8 13.4 91.0
Angular spectrum 18.2 17.2 21.1 13.4 91.4

between the two projection techniques is 1.5%, while the
maximum local difference is 22%. Comparing direct mea-
surements at the x-y plane and time-reversal projection the
mean-field difference is 10.6% (10.3% when comparing

with angular spectrum). Table I shows several quantitative
metrics, e.g., the location and amplitude of the acoustic
focus, for the four techniques. Peak pressure location is
very similar for both projection techniques, but between
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FIG. 4. (a) 2D plane at the peak pressure for the time-reversal field (at z = 63 mm) of the four-foci lens with linear cuts over each
focus maximum for simulation, experiment, time reversal (TR), and angular spectrum (AS) over (b) y axis for F1 and F2 foci, (c) x
axis for F2 and F4 foci, (d) y axis for F3 and F4 foci, and (e) x axis for F1 and F3 foci. (f) 3D representation of the simulated and
time-reversed (TR) field of the four-foci lens and its location relative to the skull (multimedia view in the Supplemental Material [55]).
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direct measurements and projection methods there exists a
difference of 0.5 mm in the z direction. Lateral dimensions
are similar between direct measurements and projection
methods (see Table I). However, note that longitudinal
dimension could not be estimated by direct measurements
due to the proximity of the hydrophone to the skull, which
introduced strong reflections. In this case, projection tech-
niques allow reconstructing the acoustic field close to rigid
boundaries. Indirect reconstruction strategies also avoid
possible artefacts that may appear due to reflections with
the measurement device.

Comparing experimental techniques with forward sim-
ulation, lateral and longitudinal dimensions of the focus
show discrepancies. Figures 6(a)–6(c) show a detailed pic-
ture of the peak pressure along the three axis, respectively.
While the FWHM obtained by time-reversed projection
is 5.3 × 4.3 × 27.7 mm3, simulated field is 3.1 × 3.2 ×
16.5 mm3. The 3D rendering shown in Fig. 6(d) compares
the target structure, the reconstructed field by forward
simulation, and the field reconstructed by TR projection
method. The corresponding 3D volumes are 91.2 mm3

for time-reversed projection, while 21.4 mm3 for forward
simulation. As the focus was designed to target the left
postcommissural putamen, we have evaluated the volume
of the target that was sonicated and the amount of energy
that lied inside and out of the target structure. The target

structure had a volume of 331.8 mm3. The sonicated vol-
ume of the target, in simulation, was of 15.5 mm3 , with
72.4% of the focus lying within the target. With projection,
the sonicated volume of the target was of 30.3 mm3, with
33.3% of the focus lying within the target.

C. Holographic lens characterization

In order to understand the obtained differences between
simulation and experimental results, projection techniques
were also applied to evaluate the acoustic field at the exit
surface of the holographic lens. This was compared with
the phase map obtained with simulation (also performing
projection) and the phase map used to design the lens.
The experimental field was backprojected from the mea-
sured plane to the curved lens exit surface (see Fig. 2). The
simulated field was obtained by performing one simula-
tion in the absence of the skull, recording all the signals
at a plane located 44 mm above the transducer with lateral
dimensions of 100 × 100 mm2 to match the same experi-
mental measurement plane, and performing a time-reversal
simulation. For the sake of simplicity, we show only the
preclinical lens.

Figures 7(a)–7(c) show the target, simulated, and exper-
imental phase at the exit surface, respectively. We can
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observe concentric Fresnel rings in all phase maps indicat-
ing the focusing of the wavefront. However, the simulated
and experimental phase map does not exactly match the
target phase map at every location. These local errors,
shown in Figs. 7(d) and 7(e), are larger at phase jumps
and at the areas far from the focal spot, where Fres-
nel rings and its corresponding phase jumps are tighter.
In this way, this analysis shows that the target phase is
not perfectly encoded by the physical hologram design,
with each pixel having a different height, as shown in
the photograph, Fig. 7(g). The error between the target
phase and the simulated phase map, Fig. 7(d), follows
a normal distribution with mean value of 0.014 radians
and standard deviation of 0.85 radians. Comparing the
experimental and target phase, Fig. 7(e), the mean error
is 0.012 radians and standard deviation of 0.85 radians.
Finally, between the simulated phase and the experimen-
tal projection, Fig. 7(f), we find a difference with a mean
value of 0.024 radians and standard deviation of 0.88
radians.

V. DISCUSSION

In this work, acoustic holography has been used to
experimentally estimate the complex 3D acoustic fields
produced by holographic lenses. By performing experi-
mental measurements in a transverse plane, these methods
can provide volumetric acoustic fields. The methods have
been applied to estimate the field inside an ex vivo skull
cap, opened in one side. Two different methods have been
compared: time-reversal and angular spectrum projec-
tion. Projection methods have been compared with direct
hydrophone measurements and forward simulations. Two
test cases have been investigated: first, a holographic lens
to create four equidistant foci through the skull and second,

a holographic lens to focus on the left postcommissural
putamen of the macaque.

For the four-foci lens case, we have first compared dif-
ferences between both holographic techniques, observing
that on the volume around the four foci the mean dif-
ference in pressure amplitude is 1.4%. When comparing
with the 2D direct experimental measurement, this mean
difference becomes 5.8%. Also, the peak pressure of the
four foci appear at the same location and have very sim-
ilar shape. The full width at half maximum in all three
dimensions show errors smaller than 0.2 mm. The full
potential of these projection techniques is unleashed when
calculating the full 3D field by performing just one exper-
imental measurement, i.e., a transverse 2D plane. This
approach allows calculating metrics such as the treated vol-
ume. For example, for the four foci lens, volumes were
19.2 ± 0.3 mm3 (focus F1), 18.0 ± 0.1 mm3 (focus F2),
22.9 ± 0.4 mm3 (focus F3) and 14.4 ± 0.1 mm3 (focus
F4). Using the proposed experimental system, the trans-
verse 2D plane required for projections is composed of
a total of 4331 waveforms (2.17 GBytes), every acquisi-
tion takes 3 sec on average (measuring, averaging, and
moving to next position), leading to a total measurement
time of 3.5 h. Note that to measure the whole 3D vol-
ume, i.e., −12.5 < x < 12.5 mm, −12.5 < y < 12.5 mm,
and 47 < z < 72 mm, with the same spatial resolution
(0.5 mm), one must perform a total of 125 000 acquisi-
tions, which would take 4.3 days. In terms of memory, the
corresponding measurements would occupy 62.5 GBytes.

For the preclinical lens case, mean difference between
both holographic techniques at the focus region is 1.5%,
while comparing with the 2D direct experimental mea-
surement, this mean difference becomes 10.6%. Also,
the peak pressure of the focus appears at the same
location and have very similar shape, where the average

044071-10



METHODS TO DESIGN AND EVALUATE TRANSCRANIAL. . . PHYS. REV. APPLIED 20, 044071 (2023)

3.0

Phase error (rad)

2.5

2.0

1.5

1.0

0.5

0.0

3

2

1

0

–1

–2

–3

Phase (rad)

Forward simulation Experimental
projection (TR)

Target phase

(b)

(d)
(e)

(f)

(c)

–

–

–

(a)

(g)

FIG. 7. (a) Recorded phase at the holographic plane for which the preclinical lens was designed. (b) Simulated phase after projection.
(c) Experimental projected phase. (d) Difference between the goal and the simulated phases. (e) Difference between the goal and the
experimental phases. (f) Difference between the simulated and the experimental phases. (g) Photo of the 3D-printed lens.

volume of the focus was 92.3 mm3. Measurement time
of the corresponding 2D transverse plane for projections
(4736 measurements, 2.37 GBytes) is 4 h. In contrast,
acquisition of direct measurements over the whole volume
(14 × 14 × 27 mm3) will lead to a total of 42 336 measure-
ments, which would take 35.3 h (21.17 GBytes).

Greater differences are found between holographic pro-
jection and forward simulation for both lenses. For the
four-foci lens, foci F1 and F3 appeared 1 mm apart in the
x axis from the experimental location, and foci F3 and F4
had this same shift in the y axis. Also, forward simula-
tion focus volumes are 17% greater than the experimental
ones on average, except from the focus F1 where it has
been experimentally obtained that it was 6% larger. For the
preclinical lens, experimentally the focus appears approxi-
mately at the same location than in the simulation, whereas
experimentally determined volume was 75% greater than
the simulated, with a region of relatively high pressure
close to the skull. Discrepancies between simulation and
experiment in both cases might be due to differences in the
simulated skull properties, mode conversions in the skull,

positioning errors and differences between the designed
and the final 3D-printed lens.

While 3D direct measurements are feasible with mod-
ern acquisition systems, most hydrophones can vary their
sensibility during time, in particular, polymer polyvinyli-
denfluorid (PVDF) ones are susceptible to changes dur-
ing several hours of immersion. In addition, some
hydrophones are very large to be introduced in cavi-
ties, such as a skull cap, limiting its use for transcranial
measurements. In these situations, holographic projection
can help to measure with large, sensitive and broadband
devices, such as membrane hydrophones or large needle
hydrophones. Another advantage of projection techniques
is less exposure of the hydrophone to mechanical and ther-
mal damage, including cavitation damage, since the field
outside the focal point usually present a weaker ampli-
tude than when the hydrophone is located directly at the
focal spot. Also, holographic reconstruction makes it pos-
sible to characterize the field at the exit surface of a
lens, identifying the error between the target phase to be
encoded and the phase recovered by the manufactured lens.
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However, the projection methods presented in this work
are restricted to homogeneous media. Note the experi-
ments were performed using a skull cap, rather than a full
skull. In this sense, it will be difficult to estimate the field
inside a closed cranial cavity by performing holographic
projections. The time-reversal simulation strategy can be
adapted to heterogeneous media by solving the constitu-
tive equations considering spatially varying density, sound
velocity, and sound-absorption maps. However, this would
introduce uncertainties, as it requires precise knowledge of
the properties of the medium and its location with respect
to the holographic plane.

VI. CONCLUSIONS

In this work we have used holographic techniques, first,
to create acoustic holographic lenses and, then, to evaluate
their performance. In this way, time-reversal and angu-
lar spectrum projection methods were applied to obtain
the whole volumetric field produced by an acoustic holo-
graphic lens focusing through an ex vivo macaque skull
cap. Results show that projection methods are equiva-
lent to direct measurements, whereas the former require
only a single 2D-plane measurement. This strategy saves
significant measurement time and memory requirements,
especially when evaluating the complex field produced
by acoustic holograms. Furthermore, this indirect proce-
dure also mitigates signal artefacts that may appear during
direct measurements due to the experimental setup. For
example, in the studied cases we avoided bringing the
hydrophone too close to the surface of the skull to avoid
interferences due to bone-sensor reflections.

In addition, since phase-only holograms suffer from
diffraction at the edges, corresponding with phase jumps
at the central frequency, they cannot perfectly encode the
target phase. Other sources of error, like tolerance of the
3D printing, positioning, coupling with the transducer,
etc., also produce discrepancies between the target phase
and the actual phase distribution generated by the lens. In
this way, holographic reconstruction techniques emerge as
a fundamental tool to experimentally recover the actual
phase at the exit surface of the lens and compare it with
the theoretical phase required for a particular design. This
procedure can also help to design, tune, and test alterna-
tive hologram topologies to go beyond the limitations of
current phase-only holograms, which is of great interest
for low-cost therapeutical ultrasound systems and other
emerging applications of acoustic holograms that involve
the accurate synthesis of complex acoustic fields.

ACKNOWLEDGMENTS

This research has been supported by the Min-
isterio Español de Ciencia e Innovación and the
Ministerio de Universidades through Grants Juan de
la Cierva—Incorporación IJC2018-037897-I, Juan de

la Cierva—Formación FJC2019-040453-I, Ramón y
Cajal RYC2021-034920-I, Formación de Profesorado
Universitario FPU19/00601. We are grateful for finan-
cial support from Agencia Estatal de Investigación
(PID2019-111436RBC22 and PID2022-142719OB-C21
funded by MCIN/ AEI/10.13039/501100011033) and
to the Agència Valenciana de la Innovació through
Grants INNVA1/2022/37,INNVA2/2022/11 and METAS-
MART Project INNEST/2022/345, and by Generalitat
Valenciana through the programs Programa de Garan-
tía Juvenil I+D EDGJID/2021/189, the Project of Ayu-
das Emergentes CIGE/2021/175, the Program Prome-
teo CIPROM/2021/003 and the Program Equipamiento
e Infraestructuras FEDER 2021-22 IDIFEDER/2021/004.
We acknowledge José Ángel Pineda-Pardo and CINAC
(HM Hospital Puerta del Sur) for their support in providing
us with the macaque ex vivo skull, TAC and MRI medi-
cal images and the postcomissural putament segmentation,
and José Luis Alonso for technical support in the design of
the experimental setup.

[1] D. Gabor, A new microscopic principle, Nature 161, 777
(1948).

[2] A. F. Metherell, H. M. A. El-Sum, and L. Larmore, Acous-
tical Holography (Springer, New York, 1969), Vol. 1.

[3] F. L. Thurstone, Holographic imaging with ultrasound, J.
Acoust. Soc. Am. 45, 895 (1969).

[4] R. K. Mueller, Acoustic holography, Proc. IEEE 59, 1319
(1971).

[5] E. G. Williams, J. D. Maynard, and E. Skudrzyk, Sound
source reconstructions using a microphone array, J. Acoust.
Soc. Am. 68, 340 (1980).

[6] J. D. Maynard, E. G. Williams, and Y. Lee, Nearfield acous-
tic holography: I. Theory of generalized holography and the
development of nah, J. Acoust. Soc. Am. 78, 1395 (1985).

[7] W. Kreider, P. V. Yuldashev, O. A. Sapozhnikov, N. Farr, A.
Partanen, M. R. Bailey, and V. A. Khokhlova, Characteriza-
tion of a multi-element clinical HIFU system using acoustic
holography and nonlinear modeling, IEEE Trans. Ultrason.
Ferroelectr. Freq. Control 60, 1683 (2013).

[8] O. A. Sapozhnikov, S. A. Tsysar, V. A. Khokhlova, and
W. Kreider, Acoustic holography as a metrological tool
for characterizing medical ultrasound sources and fields, J.
Acoust. Soc. Am. 138, 1515 (2015).

[9] IEC/TS62556, Ultrasonics—field characterization—
specification and measurement of field parameters for high
intensity therapeutic ultrasound (HITU) transducers and
systems, (2014).

[10] B. Treeby, F. Lucka, E. Martin, and B. Cox, Equivalent-
source acoustic holography for projecting measured ultra-
sound fields through complex media, IEEE Trans. Ultrason.
Ferroelectr. Freq. Control 65, 1857 (2018).

[11] Y. Li, X. Jiang, R.-q. Li, B. Liang, X.-y. Zou, L.-l. Yin,
and J.-c. Cheng, Experimental realization of full control of
reflected waves with subwavelength acoustic metasurfaces,
Phys. Rev. Appl. 2, 064002 (2014).

044071-12

https://doi.org/10.1038/161777a0
https://doi.org/10.1121/1.1911566
https://doi.org/10.1109/PROC.1971.8407
https://doi.org/10.1121/1.384602
https://doi.org/10.1121/1.392911
https://doi.org/10.1109/TUFFC.2013.2750
https://doi.org/10.1121/1.4928396
https://doi.org/10.1109/TUFFC.2018.2861895
https://doi.org/10.1103/PhysRevApplied.2.064002


METHODS TO DESIGN AND EVALUATE TRANSCRANIAL. . . PHYS. REV. APPLIED 20, 044071 (2023)

[12] Y. Zhu, J. Hu, X. Fan, J. Yang, B. Liang, X. Zhu, and J.
Cheng, Fine manipulation of sound via lossy metamateri-
als with independent and arbitrary reflection amplitude and
phase, Nat. Commun. 9, 1632 (2018).

[13] M. D. Brown, Phase and amplitude modulation with acous-
tic holograms, Appl. Phys. Lett. 115, 053701 (2019).

[14] M. Xu, W. S. Harley, Z. Ma, P. V. Lee, and D. J. Collins,
Sound-speed modifying acoustic metasurfaces for acoustic
holography, Adv. Mater. 35, 2208002 (2023).

[15] Y. Hertzberg and G. Navon, Bypassing absorbing objects in
focused ultrasound using computer generated holographic
technique, Med. Phys. 38, 6407 (2011).

[16] K. Melde, A. G. Mark, T. Qiu, and P. Fischer, Holograms
for acoustics, Nature 537, 518 (2016).

[17] M. D. Brown, J. Jaros, B. T. Cox, and B. E. Treeby, Control
of broadband optically generated ultrasound pulses using
binary amplitude holograms, J. Acoust. Soc. Am. 139, 1637
(2016).

[18] M. D. Brown, B. T. Cox, and B. E. Treeby, Design of
multi-frequency acoustic kinoforms, Appl. Phys. Lett. 111,
244101 (2017).

[19] M. Brown, D. Nikitichev, B. Treeby, and B. Cox, Gen-
erating arbitrary ultrasound fields with tailored optoa-
coustic surface profiles, Appl. Phys. Lett. 110, 094102
(2017).

[20] A. Marzo, S. A. Seah, B. W. Drinkwater, D. R. Sahoo, B.
Long, and S. Subramanian, Holographic acoustic elements
for manipulation of levitated objects, Nat. Commun. 6, 1
(2015).

[21] S. Jiménez-Gambín, N. Jiménez, J. M. Benlloch, and F.
Camarena, Generating bessel beams with broad depth-of-
field by using phase-only acoustic holograms, Sci. Rep. 9,
20104 (2019).

[22] N. Jiménez, J.-P. Groby, and V. Romero-García, Spiral
sound-diffusing metasurfaces based on holographic vor-
tices, Sci. Rep. 11, 1 (2021).

[23] K. Melde, H. Kremer, M. Shi, S. Seneca, C. Frey, I.
Platzman, C. Degel, D. Schmitt, B. Schölkopf, and P.
Fischer, Compact holographic sound fields enable rapid
one-step assembly of matter in 3D, Sci. Adv. 9, eadf6182
(2023).

[24] Z. Ma, A. W. Holle, K. Melde, T. Qiu, K. Poeppel, V. M.
Kadiri, and P. Fischer, Acoustic holographic cell pattern-
ing in a biocompatible hydrogel, Adv. Mater. 32, 1904181
(2020).

[25] J. Kim, S. Kasoji, P. G. Durham, and P. A. Dayton, Acoustic
holograms for directing arbitrary cavitation patterns, Appl.
Phys. Lett. 118, 051902 (2021).

[26] D. Andrés, J. Vappou, N. Jiménez, and F. Camarena,
Thermal holographic patterns for ultrasound hyperthermia,
Appl. Phys. Lett. 120, 084102 (2022).

[27] D. Andrés, I. Rivens, P. Mouratidis, N. Jiménez, F.
Camarena, and G. Ter Haar, Holographic focused ultra-
sound hyperthermia system for uniform simultaneous ther-
mal exposure of multiple tumor spheroids, Cancers 15,
2540 (2023).

[28] P. Kruizinga, P. van der Meulen, A. Fedjajevs, F. Mastik,
G. Springeling, N. de Jong, J. G. Bosch, and G. Leus, Com-
pressive 3D ultrasound imaging using a single sensor, Sci.
Adv. 3, e1701423 (2017).

[29] S. Jiménez-Gambín, N. Jiménez, J. M. Benlloch, and F.
Camarena, Holograms to focus arbitrary ultrasonic fields
through the skull, Phys. Rev. Appl. 12, 014016 (2019).

[30] E. E. Konofagou, Y.-S. Tunga, J. Choia, T. Deffieuxa, B.
Baseria, and F. Vlachosa, Ultrasound-induced blood-brain
barrier opening, Curr. Pharm. Biotechnol. 13, 1332 (2012).

[31] A. N. Pouliopoulos, S.-Y. Wu, M. T. Burgess, M. E.
Karakatsani, H. A. Kamimura, and E. E. Konofagou, A
clinical system for non-invasive blood–brain barrier open-
ing using a neuronavigation-guided single-element focused
ultrasound transducer, Ultrasound Med. Biol. 46, 73 (2020).

[32] K. Hynynen, MRI-guided focused ultrasound treatments,
Ultrasonics 50, 221 (2010).

[33] A. Kyriakou, E. Neufeld, B. Werner, M. M. Paulides,
G. Szekely, and N. Kuster, A review of numerical and
experimental compensation techniques for skull-induced
phase aberrations in transcranial focused ultrasound, Int. J.
Hyperthermia 30, 36 (2014).

[34] D. Coluccia, J. Fandino, L. Schwyzer, R. OÇt’orman, L.
Remonda, J. Anon, E. Martin, and B. Werner, First nonin-
vasive thermal ablation of a brain tumor with MR-guided
focused ultrasound, J. Ther. Ultrasound 2, 1 (2014).

[35] G. Maimbourg, A. Houdouin, T. Deffieux, M. Tanter, and
J.-F. Aubry, 3D-printed adaptive acoustic lens as a disrup-
tive technology for transcranial ultrasound therapy using
single-element transducers, Phys. Med. Biol. 63, 025026
(2018).

[36] D. Andrés, N. Jiménez, J. M. Benlloch, and F. Camarena,
Numerical study of acoustic holograms for deep-brain tar-
geting through the temporal bone window, Ultrasound Med.
Biol. 48, 872 (2022).

[37] S. Jiménez-Gambín, N. Jiménez, and F. Camarena, Tran-
scranial focusing of ultrasonic vortices by acoustic holo-
grams, Phys. Rev. Appl. 14, 054070 (2020).

[38] S. Jiménez-Gambín, N. Jiménez, A. N. Pouliopoulos, J.
M. Benlloch, E. E. Konofagou, and F. Camarena, Acous-
tic holograms for bilateral blood-brain barrier opening
in a mouse model, IEEE Trans. Biomed. Eng. 69, 1359
(2021).

[39] J. He, J. Wu, Y. Zhu, Y. Chen, M. Yuan, L. Zeng, and
X. Ji, Multitarget transcranial ultrasound therapy in small
animals based on phase-only acoustic holographic lens,
IEEE Trans. Ultrason. Ferroelectr. Freq. Control 69, 662
(2021).

[40] J. Seo, N. Koizumi, K. Yoshinaka, N. Sugita, A. Nomiya,
Y. Homma, Y. Matsumoto, and M. Mitsuishi, Three-
dimensional computer-controlled acoustic pressure scan-
ning and quantification of focused ultrasound, IEEE Trans.
Ultrason. Ferroelectr. Freq. Control 57, 883 (2010).

[41] E. Martin, E. Z. Zhang, J. A. Guggenheim, P. C. Beard,
and B. E. Treeby, Rapid spatial mapping of focused ultra-
sound fields using a planar Fabry–Pérot sensor, IEEE Trans.
Ultrason. Ferroelectr. Freq. Control 64, 1711 (2017).

[42] F. Thurstone, N. Kjosnes, and W. McKinney, Ultrasonic
scanning of biologic tissue by a new technique, Science
149, 302 (1965).

[43] A. R. Harland, J. N. Petzing, and J. R. Tyrer, Nonperturbing
measurements of spatially distributed underwater acoustic
fields using a scanning laser doppler vibrometer, J. Acoust.
Soc. Am. 115, 187 (2004).

044071-13

https://doi.org/10.1038/s41467-018-04103-0
https://doi.org/10.1063/1.5110673
https://doi.org/10.1002/adma.202208002
https://doi.org/10.1118/1.3651464
https://doi.org/10.1038/nature19755
https://doi.org/10.1121/1.4944758
https://doi.org/10.1063/1.5004040
https://doi.org/10.1063/1.4976942
https://doi.org/10.1038/ncomms9661
https://doi.org/10.1038/s41598-019-56369-z
https://doi.org/10.1038/s41598-021-89487-8
https://doi.org/10.1126/sciadv.adf6182
https://doi.org/10.1002/adma.201904181
https://doi.org/10.1063/5.0035298
https://doi.org/10.1063/5.0081565
https://doi.org/10.3390/cancers15092540
https://doi.org/10.1126/sciadv.1701423
https://doi.org/10.1103/PhysRevApplied.12.014016
https://doi.org/10.2174/138920112800624364
https://doi.org/10.1016/j.ultrasmedbio.2019.09.010
https://doi.org/10.1016/j.ultras.2009.08.015
https://doi.org/10.3109/02656736.2013.861519
https://doi.org/10.1088/1361-6560/aaa037
https://doi.org/10.1016/j.ultrasmedbio.2022.01.010
https://doi.org/10.1103/PhysRevApplied.14.054070
https://doi.org/10.1109/TBME.2021.3115553
https://doi.org/10.1109/TUFFC.2021.3131752
https://doi.org/10.1109/TUFFC.2017.2748886
https://doi.org/10.1126/science.149.3681.302
https://doi.org/10.1121/1.1635841


ANDRÉS, CARRIÓN, CAMARENA, and JIMÉNEZ PHYS. REV. APPLIED 20, 044071 (2023)

[44] W. Moore and J. Bucaro, Measurement of acoustic fields
using schlieren and holographic techniques, J. Acoust. Soc.
Am. 63, 60 (1978).

[45] K. Martin and R. Fernandez, A thermal beam-shape phan-
tom for ultrasound physiotherapy transducers, Ultrasound
Med. Biol. 23, 1267 (1997).

[46] K. Melde, T. Qiu, and P. Fischer, Fast spatial scanning of
3D ultrasound fields via thermography, Appl. Phys. Lett.
113, 133503 (2018).

[47] B. E. Treeby, B. T. Cox, k-Wave: MATLAB toolbox for the
simulation and reconstruction of photoacoustic wave fields,
J. Biomed. Opt. 15, 021314 (2010).

[48] M. Fink, Time reversal of ultrasonic fields. I. Basic princi-
ples, IEEE Trans. Ultrason. Ferroelectr. Freq. Control 39,
555 (1992).

[49] D.-L. Liu and R. C. Waag, Propagation and backpropaga-
tion for ultrasonic wavefront design, IEEE Trans. Ultrason.
Ferroelectr. Freq. Control 44, 1 (1997).

[50] X. Zeng and R. J. McGough, Evaluation of the angular
spectrum approach for simulations of near-field pressures,
J. Acoust. Soc. Am. 123, 68 (2008).

[51] T. D. Mast, Empirical relationships between acoustic
parameters in human soft tissues, Acoust. Res. Lett. Online
1, 37 (2000).

[52] U. Schneider, E. Pedroni, and A. Lomax, The calibration of
CT Hounsfield units for radiotherapy treatment planning,
Phys. Med. Biol. 41, 111 (1996).

[53] R. S. Cobbold, Foundations of Biomedical Ultrasound
(Oxford University Press, New York, 2006).

[54] A. Kaloev, D. Nikolaev, V. Khokhlova, S. Tsysar, and
O. Sapozhnikov, Spatial correction of an acoustic holo-
gram for reconstructing surface vibrations of an axially
symmetric ultrasound transducer, Acoust. Phys. 68, 71
(2022).

[55] See Supplemental Material at http://link.aps.org/supple
mental/10.1103/PhysRevApplied.20.044071 for a multi-
media view of the four-foci lens acoustic field through the
skull.

[56] See Supplemental Material at http://link.aps.org/supple
mental/10.1103/PhysRevApplied.20.044071 for a multi-
media view of the preclinical lens acoustic field through the
skull.

044071-14

https://doi.org/10.1121/1.381696
https://doi.org/10.1016/S0301-5629(97)00109-9
https://doi.org/10.1063/1.5046834
https://doi.org/10.1117/1.3360308
https://doi.org/10.1109/58.156174
https://doi.org/10.1121/1.2812579
https://doi.org/10.1121/1.1336896
https://doi.org/10.1088/0031-9155/41/1/009
https://doi.org/10.1134/S1063771022010043
http://link.aps.org/supplemental/10.1103/PhysRevApplied.20.044071
http://link.aps.org/supplemental/10.1103/PhysRevApplied.20.044071

	I. INTRODUCTION
	II. TECHNIQUES FOR FIELD ESTIMATION
	A. Direct measurements
	B. Holographic projection methods
	1. Projection using time-reversal simulations
	2. Projection using angular spectrum


	III. EXPERIMENTAL SETUP
	A. System design
	B. Lens design and manufacturing
	C. Test cases
	D. Experimental procedure

	IV. RESULTS
	A. Four-foci lens
	B. Preclinical lens
	C. Holographic lens characterization

	V. DISCUSSION
	VI. CONCLUSIONS
	ACKNOWLEDGMENTS
	. References


<<
  /ASCII85EncodePages false
  /AllowTransparency false
  /AutoPositionEPSFiles true
  /AutoRotatePages /All
  /Binding /Left
  /CalGrayProfile (Dot Gain 20%)
  /CalRGBProfile (sRGB IEC61966-2.1)
  /CalCMYKProfile ()
  /sRGBProfile (sRGB IEC61966-2.1)
  /CannotEmbedFontPolicy /Warning
  /CompatibilityLevel 1.4
  /CompressObjects /Tags
  /CompressPages true
  /ConvertImagesToIndexed true
  /PassThroughJPEGImages true
  /CreateJobTicket false
  /DefaultRenderingIntent /Default
  /DetectBlends true
  /DetectCurves 0.0000
  /ColorConversionStrategy /LeaveColorUnchanged
  /DoThumbnails false
  /EmbedAllFonts true
  /EmbedOpenType false
  /ParseICCProfilesInComments true
  /EmbedJobOptions true
  /DSCReportingLevel 0
  /EmitDSCWarnings false
  /EndPage -1
  /ImageMemory 1048576
  /LockDistillerParams false
  /MaxSubsetPct 5
  /Optimize true
  /OPM 1
  /ParseDSCComments true
  /ParseDSCCommentsForDocInfo true
  /PreserveCopyPage true
  /PreserveDICMYKValues true
  /PreserveEPSInfo true
  /PreserveFlatness false
  /PreserveHalftoneInfo false
  /PreserveOPIComments false
  /PreserveOverprintSettings true
  /StartPage 1
  /SubsetFonts true
  /TransferFunctionInfo /Apply
  /UCRandBGInfo /Preserve
  /UsePrologue false
  /ColorSettingsFile ()
  /AlwaysEmbed [ true
  ]
  /NeverEmbed [ true
  ]
  /AntiAliasColorImages false
  /CropColorImages false
  /ColorImageMinResolution 300
  /ColorImageMinResolutionPolicy /OK
  /DownsampleColorImages true
  /ColorImageDownsampleType /Average
  /ColorImageResolution 300
  /ColorImageDepth -1
  /ColorImageMinDownsampleDepth 1
  /ColorImageDownsampleThreshold 1.50000
  /EncodeColorImages true
  /ColorImageFilter /DCTEncode
  /AutoFilterColorImages true
  /ColorImageAutoFilterStrategy /JPEG
  /ColorACSImageDict <<
    /QFactor 0.15
    /HSamples [1 1 1 1] /VSamples [1 1 1 1]
  >>
  /ColorImageDict <<
    /QFactor 0.15
    /HSamples [1 1 1 1] /VSamples [1 1 1 1]
  >>
  /JPEG2000ColorACSImageDict <<
    /TileWidth 256
    /TileHeight 256
    /Quality 30
  >>
  /JPEG2000ColorImageDict <<
    /TileWidth 256
    /TileHeight 256
    /Quality 30
  >>
  /AntiAliasGrayImages false
  /CropGrayImages false
  /GrayImageMinResolution 300
  /GrayImageMinResolutionPolicy /OK
  /DownsampleGrayImages true
  /GrayImageDownsampleType /Average
  /GrayImageResolution 300
  /GrayImageDepth -1
  /GrayImageMinDownsampleDepth 2
  /GrayImageDownsampleThreshold 1.50000
  /EncodeGrayImages true
  /GrayImageFilter /DCTEncode
  /AutoFilterGrayImages true
  /GrayImageAutoFilterStrategy /JPEG
  /GrayACSImageDict <<
    /QFactor 0.15
    /HSamples [1 1 1 1] /VSamples [1 1 1 1]
  >>
  /GrayImageDict <<
    /QFactor 0.15
    /HSamples [1 1 1 1] /VSamples [1 1 1 1]
  >>
  /JPEG2000GrayACSImageDict <<
    /TileWidth 256
    /TileHeight 256
    /Quality 30
  >>
  /JPEG2000GrayImageDict <<
    /TileWidth 256
    /TileHeight 256
    /Quality 30
  >>
  /AntiAliasMonoImages false
  /CropMonoImages false
  /MonoImageMinResolution 1200
  /MonoImageMinResolutionPolicy /OK
  /DownsampleMonoImages true
  /MonoImageDownsampleType /Average
  /MonoImageResolution 1200
  /MonoImageDepth -1
  /MonoImageDownsampleThreshold 1.50000
  /EncodeMonoImages true
  /MonoImageFilter /CCITTFaxEncode
  /MonoImageDict <<
    /K -1
  >>
  /AllowPSXObjects false
  /CheckCompliance [
    /PDFX1a:2003
  ]
  /PDFX1aCheck false
  /PDFX3Check false
  /PDFXCompliantPDFOnly false
  /PDFXNoTrimBoxError false
  /PDFXTrimBoxToMediaBoxOffset [
    33.84000
    33.84000
    33.84000
    33.84000
  ]
  /PDFXSetBleedBoxToMediaBox false
  /PDFXBleedBoxToTrimBoxOffset [
    9.00000
    9.00000
    9.00000
    9.00000
  ]
  /PDFXOutputIntentProfile (None)
  /PDFXOutputConditionIdentifier ()
  /PDFXOutputCondition ()
  /PDFXRegistryName ()
  /PDFXTrapped /False

  /CreateJDFFile false
  /Description <<

    /BGR <>
    /CHS <FEFF4f7f75288fd94e9b8bbe5b9a521b5efa7684002000500044004600206587686353ef901a8fc7684c976262535370673a548c002000700072006f006f00660065007200208fdb884c9ad88d2891cf62535370300260a853ef4ee54f7f75280020004100630072006f0062006100740020548c002000410064006f00620065002000520065006100640065007200200035002e003000204ee553ca66f49ad87248672c676562535f00521b5efa768400200050004400460020658768633002>
    /CHT <FEFF4f7f752890194e9b8a2d7f6e5efa7acb7684002000410064006f006200650020005000440046002065874ef653ef5728684c9762537088686a5f548c002000700072006f006f00660065007200204e0a73725f979ad854c18cea7684521753706548679c300260a853ef4ee54f7f75280020004100630072006f0062006100740020548c002000410064006f00620065002000520065006100640065007200200035002e003000204ee553ca66f49ad87248672c4f86958b555f5df25efa7acb76840020005000440046002065874ef63002>
    /CZE <>
    /DAN <>
    /DEU <>
    /ESP <>
    /ETI <>
    /FRA <>
    /GRE <>

    /HRV <>
    /HUN <>
    /ITA <>
    /JPN <>
    /KOR <FEFFc7740020c124c815c7440020c0acc6a9d558c5ec0020b370c2a4d06cd0d10020d504b9b0d1300020bc0f0020ad50c815ae30c5d0c11c0020ace0d488c9c8b85c0020c778c1c4d560002000410064006f0062006500200050004400460020bb38c11cb97c0020c791c131d569b2c8b2e4002e0020c774b807ac8c0020c791c131b41c00200050004400460020bb38c11cb2940020004100630072006f0062006100740020bc0f002000410064006f00620065002000520065006100640065007200200035002e00300020c774c0c1c5d0c11c0020c5f40020c2180020c788c2b5b2c8b2e4002e>
    /LTH <>
    /LVI <>
    /NLD (Gebruik deze instellingen om Adobe PDF-documenten te maken voor kwaliteitsafdrukken op desktopprinters en proofers. De gemaakte PDF-documenten kunnen worden geopend met Acrobat en Adobe Reader 5.0 en hoger.)
    /NOR <>
    /POL <>
    /PTB <>
    /RUM <>
    /RUS <>
    /SKY <>
    /SLV <>
    /SUO <>
    /SVE <>
    /TUR <>
    /UKR <>
    /ENU (Use these settings to create Adobe PDF documents for quality printing on desktop printers and proofers.  Created PDF documents can be opened with Acrobat and Adobe Reader 5.0 and later.)
  >>
  /Namespace [
    (Adobe)
    (Common)
    (1.0)
  ]
  /OtherNamespaces [
    <<
      /AsReaderSpreads false
      /CropImagesToFrames false
      /ErrorControl /WarnAndContinue
      /FlattenerIgnoreSpreadOverrides false
      /IncludeGuidesGrids false
      /IncludeNonPrinting false
      /IncludeSlug false
      /Namespace [
        (Adobe)
        (InDesign)
        (4.0)
      ]
      /OmitPlacedBitmaps false
      /OmitPlacedEPS false
      /OmitPlacedPDF false
      /SimulateOverprint /Legacy
    >>
    <<
      /AddBleedMarks true
      /AddColorBars false
      /AddCropMarks true
      /AddPageInfo true
      /AddRegMarks false
      /BleedOffset [
        9
        9
        9
        9
      ]
      /ConvertColors /NoConversion
      /DestinationProfileName ()
      /DestinationProfileSelector /NA
      /Downsample16BitImages true
      /FlattenerPreset <<
        /PresetSelector /MediumResolution
      >>
      /FormElements false
      /GenerateStructure true
      /IncludeBookmarks true
      /IncludeHyperlinks true
      /IncludeInteractive false
      /IncludeLayers false
      /IncludeProfiles false
      /MarksOffset 6
      /MarksWeight 0.250000
      /MultimediaHandling /UseObjectSettings
      /Namespace [
        (Adobe)
        (CreativeSuite)
        (2.0)
      ]
      /PDFXOutputIntentProfileSelector /NA
      /PageMarksFile /RomanDefault
      /PreserveEditing true
      /UntaggedCMYKHandling /LeaveUntagged
      /UntaggedRGBHandling /LeaveUntagged
      /UseDocumentBleed false
    >>
    <<
      /AllowImageBreaks true
      /AllowTableBreaks true
      /ExpandPage false
      /HonorBaseURL true
      /HonorRolloverEffect false
      /IgnoreHTMLPageBreaks false
      /IncludeHeaderFooter false
      /MarginOffset [
        0
        0
        0
        0
      ]
      /MetadataAuthor ()
      /MetadataKeywords ()
      /MetadataSubject ()
      /MetadataTitle ()
      /MetricPageSize [
        0
        0
      ]
      /MetricUnit /inch
      /MobileCompatible 0
      /Namespace [
        (Adobe)
        (GoLive)
        (8.0)
      ]
      /OpenZoomToHTMLFontSize false
      /PageOrientation /Portrait
      /RemoveBackground false
      /ShrinkContent true
      /TreatColorsAs /MainMonitorColors
      /UseEmbeddedProfiles false
      /UseHTMLTitleAsMetadata true
    >>
  ]
>> setdistillerparams
<<
  /HWResolution [2400 2400]
  /PageSize [612.000 792.000]
>> setpagedevice


