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Abstract—Acoustic holograms can encode complex wavefronts to compensate the aberrations of a therapeutical
ultrasound beam propagating through heterogeneous tissues such as the skull, and simultaneously, they can gen-
erate diffraction-limited acoustic images, that is, arbitrary shaped focal spots. In this work, we numerically study
the performance of acoustic holograms focusing at the thalamic nuclei when the source is located at the temporal
bone window. The temporal window is the thinnest area of the lateral skull and it is mainly hairless, so it is a
desirable area through which to transmit ultrasonic waves to the deep brain. However, in targeting from this
area the bilateral thalamic nuclei are not aligned with the elongated focal spots of conventional focused trans-
ducers, and in addition, skull aberrations can distort the focal spot. We found that by using patient-specific holo-
graphic lenses coupled to a single-element 650-kHz-frequency 65-mm-aperture source, the focal spot can be
sharply adapted to the thalamic nuclei in a bilateral way while skull aberrations are mitigated. Furthermore, the
performance of these holograms was studied under misalignment errors between the source and the skull, con-
cluding that for misalignments up to 5˚, acoustic images are correctly restored. This work paves the way to
designing clinical applications of transcranial ultrasound such as blood�brain barrier opening for drug delivery
or deep-brain neuromodulation using this low-cost and personalized technology, presenting desirable aspects for
long-term treatments because the patient’s head does not need to be shaved completely and skull heating is low.
(E-mail: nojigon@upv.es) © 2022 World Federation for Ultrasound in Medicine & Biology. All rights reserved.
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INTRODUCTION

Transcranial focused ultrasound is an emerging tech-

nique with great potential for treating brain diseases in a

non-invasive, non-ionizing manner. Ultrasound waves

can penetrate skull bones and produce thermal and

mechanical effects in the brain tissue (Carstensen 1976).

These kinds of interactions constitute the basis of several

treatments developed in recent years, ranging from ther-

mal ablation, in which ultrasound absorption results in a

localized temperature increase causing cell necrosis

(Coluccia et al. 2014), to hyperthermia, in which ultra-

sound induces a mild temperature increase to enhance

chemotherapy or radiation therapy (Tillander

et al. 2016). In addition, with the use of high-amplitude

and short pulses, ultrasound histotripsy can enable cavi-

tation of bubble clouds to generate sharp lesions at the
ddress correspondence to: No�e Jim�enez, Instituto de
entaci�on para Imagen Molecular (i3M), Camino de Vera S/N,
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targeted region through mechanical effects

(Sukovich et al. 2018). At lower intensities, it also has

been widely proven that focused ultrasound can disrupt

the blood�brain barrier in a localized, safe and revers-

ible manner (Konofagou et al. 2012; McDannold

et al. 2012), enabling localized drug-delivery applica-

tions in the central nervous system. In addition, at lower

acoustic intensities, the mechanical interaction of the

waves can produce neuromodulation effects in different

parts of the brain (Legon et al. 2020).

However, the presence of skull bones between the

ultrasonic source and the target region of the brain is a

major obstacle to the application of focused ultrasound

in the brain. This wall of high stiffness and density pro-

tects the brain from mechanical loads, including

mechanical waves such as ultrasound. Its high acoustic

impedance and complex poroelastic and layered internal

structure have strong scattering, refraction and attenua-

tion effects on the propagating acoustic waves. This

results in beam aberrations and poor focusing. Several
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systems have been proposed to overcome these draw-

backs and take control of the acoustic focus, its location,

size and shape. By use of a minimally invasive approach,

intracranial ultrasound implants can be placed inside the

skull to directly sonicate brain tissues, avoiding phase

aberrations (Horodyckid et al. 2017). This technique

requires craniotomy and, therefore, is suitable after sur-

gical resection of a tumor, that is, a glioblastoma, to

open the blood�brain barrier for delivery of post-opera-

tive chemotherapeutic agents. Fully non-invasive techni-

ques are desirable, such as magnetic resonance (MR)�
guided phased-array systems, which control the delay

and amplitude of the vibration of each individual piezo-

electric transducer to electronically steer to the focal

spot and mitigate the aberrations produced by the skull

(Lipsman et al. 2018). However, as these therapeutic

sources require a wide aperture and the number of active

transducers of state-of-the-art phased arrays is on the

order of 1024/2048 elements, this approach results in

large piezoelectric elements. In this way, the focal steer-

ing capabilities are limited by the emergence of diffrac-

tion grating lobes because active elements are separated

more than half a wavelength. This novel technology

stands out for its complexity and high cost, which makes

it unattainable for many health and research centers. One

approach to avoid magnetic resonance imaging (MRI)-

guided systems is to use stereoscopic image guided sin-

gle-element transducers, and use simulations to select

the optimal transducer location to minimize beam aber-

rations (Pouliopoulos et al. 2020). Recent approaches

include conformal helmet scaffolds, composed of a

patient-specific 3-D�printed helmet designed to hold re-

usable phased-array transducer modules. These systems

enable a near-normal incidence of multiple phased array

modules, where the position of each transducer is deter-

mined by the location of the therapeutic target

(Adams et al. 2021).

Recently, in response to the need for low-cost and

non-invasive ultrasonic focusing systems, 3-D�printed

acoustic lenses (Maimbourg et al. 2018) and acoustic

holograms (Jim�enez-Gamb�ın et al. 2019) have been pro-

posed. On the one hand, through the use of refractive 3-

D�printed lenses, aberrations introduced by the skull

can be compensated recovering the single focal spot of a

focused transducer. When focusing in a single spot, the

focal point reconstructed by a 3-D�printed lens can

even be steered by mechanically moving the source

(Maimbourg et al. 2019). On the other hand, acoustic

holograms can perform better, reconstructing sharp

acoustic images inside the brain using local resonances,

such as Fabry�Perot longitudinal modes in a 3-

D�printed elastic plate (Jim�enez-Gamb�ın et al. 2019).

Acoustic holograms, first proposed for homogeneous

media (Melde et al. 2016), can generate focal spots
whose shape and size can be controlled and modified to

target a specific structure in the central nervous system.

Recently, this technique has been tested ex vivo using

human skulls (Jim�enez-Gamb�ın et al. 2020b) and vali-

dated in vivo for blood�brain barrier opening in mice

(Jim�enez-Gamb�ın et al. 2020a).
Skull heating is a main concern when performing

transcranial ultrasonic therapy, and it has been observed

to be critical at thicker parts of the human skull, particu-

larly at high ultrasound frequencies >1 MHz (Sun and

Hynynen 1998; Connor and Hynynen 2004). When sin-

gle-element transducers are used to tackle deep-brain

nuclei, the elongated focal spot must be aligned with the

therapeutic target, and a normal incidence is required to

minimize beam refraction. This usually results in better

targeting through the occipital and parietal bones

(Qiu et al. 2020). However, the bone at the temporal win-

dow is thinner and more uniform. In fact, this location is

usually selected for brain imaging (Aaslid et al. 1982).

The thinness of this layer produces fewer aberrations and

lower skull heating; therefore, it is desirable for transcra-

nial ultrasound therapy. In addition, only a small amount

of hair needs to be shaved, which can be a common con-

cern for patients, particularly during long-term treatments.

One deep-brain target of main interest is the thalamus, a

bilateral structure involved in many processes such as

consciousness, sleep cycle, integration of sensory data

and supporting motor and language systems (Jones 2012).

Recent studies performed thalamic neuromodulation in

humans using single-element transducers

(Schafer et al. 2020) revealing evidence of inhibiting

effects (Legon et al. 2018). Evidence of recovery from

coma in a patient by direct neuromodulation of these deep

brain nuclei has been reported (Monti et al. 2016). How-

ever, when the thalamic nuclei are targeted through the

temporal window using a single-element focused trans-

ducer, the therapeutic target is not completely aligned

with the elongated focal spot of the ultrasound source.

In the work described here, we numerically studied

acoustic holograms to target the thalamic nuclei in

humans through the temporal window. By use of acous-

tic holograms coupled to a flat transducer, as illustrated

in Figure 1, the skull aberrations can be compensated,

and simultaneously, the shape of the focal spot and its

location can be adapted to bilaterally target the thalamic

nuclei. Five different strategies to design the holograms

are presented, and their performance is compared with

that of a reference focused transducer. As we will

describe, holograms allow use of the temporal window

to accurately focus acoustic energy at the thalamic

nuclei. In addition, note that although control of the

physical location of the system can be performed using

mechanical or optical methods (Wu et al. 2018), these

systems introduce some degree of uncertainty in the



Fig. 1. (a) Scheme of the proposed device. An acoustic hologram is coupled to a flat circular ultrasound (US) source and
located at the temporal bone window, targeting the deep-brain nuclei. Several configurations are studied: a reference
focused transducer (configuration C0), a point hologram targeting the central point of the thalamic nuclei (C1), a line
hologram targeting the center of the targets (C2), a bifocal point hologram targeting each nucleus (C3), a bifocal line

hologram targeting each nucleus (C4) and a bifocal plane hologram targeting each nucleus (C5).
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positioning. Therefore, we studied aberrations intro-

duced by misplacement of the source and evaluated the

robustness of the resulting field against misalignments.

We have studied how the use of acoustic holograms

through the temporal bone window results in a lower

temperature increase as compared with that for other

thicker skull bones, such as the parietal or frontal bones.

Finally, the performance of holograms on different par-

ticipants using the same lens for different patients and

patient-specific lenses was studied.
METHODS

We use a flat circular transducer with an aperture of

2a = 65 mm. It is located at the temporal bone window,

at a distance of 15 mm from the skin to allow for inclu-

sion of a holographic lens (Fig. 1). A second transducer

with characteristics similar to those used for thalamic

focusing through the temporal bone window

(Monti et al. 2016) is employed. It is a spherically

focused transducer with a radius of curvature of

F = 80 mm and same aperture as the first (f-num-

ber = 1.23), also located at the temporal bone window at

a distance of 13 mm from the skin. The focused trans-

ducer is aligned to focus at the center between both tha-

lamic nuclei, in the middle of the thalamus, as

represented in Figure 1, configuration C0. Both sources

are excited with a 650-kHz sinusoidal signal.

To design the hologram we used a time-reversal simu-

lation method, according to the procedure described by

Jim�enez-Gamb�ın et al. (2019). The tomographic image of

the skull used in this study was acquired with a GE
LightSpeed VCT 64 scanner (GE Medical Systems, Mil-

waukee, WI, USA) from an anonymous patient using a res-

olution of 0.488 mm and slice resolution of 0.625 mm. To

introduce the skull in the numerical simulations and match

the numerical grid, it has been interpolated with an isotro-

pic resolution of 0.39 mm, which corresponds to λ/6 at the

transducer frequency. The computerized tomography (CT)

linear X-ray attenuation data, in Hounsfield units, are con-

verted to density and sound speed maps using empirical lin-

ear relationships (Schneider et al. 1996; Mast 2000). Values

of mean and maximum sound speed and density at the skull

are as follows: cmean = 2332.6 m/s, cmax = 3100 m/s,

rmean = 1611.3 kg/m3, rmax = 2190 kg/m3. Acoustic attenu-

ation of the skull has been set constant, as it has been

proved that a variation in this value along the skull weakly

affects acoustic transmission (Robertson et al. 2017), and

its value was set to 8.371 dB/(cm-MHzg), according to

Cobbold (2006), using g = 1.1. Brain tissue has also been

considered in the studies; it is defined as the whole interior

volume of the skull, with density, speed of sound and

acoustic absorption of 1000 kg/m3, 1560 m/s and 0.659

dB/(cm-MHzg), respectively. Both the skull and the trans-

ducer are surrounded by water, with a density of 1000 kg/

m3, sound speed of 1522 m/s and absorption of 0.0009 dB/

(cm-MHz2).

The selected therapeutic target of this study is the

thalamus. The location and shape of this structure have

been extracted from the human atlas published online

and available open-access as the International Consor-

tium for Brain Mapping (ICBM) template from the Lab-

oratory of Neuro Imaging (Yushkevich et al. 2006). The

volume and shape of the brain have been extracted from



Fig. 2. (a) Phase of the field after phase conjugation recorded
at the holographic surface for the single-line hologram configu-
ration. (b) Rendering of the corresponding hologram revealing
the holographic plane at z = d. The flat circular source is

located at the bottom of the lens.
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the same MR image. As the segmented MRI data do not

correspond to the skull in the CT image, rotations and

linear homothetic transformations were performed until

the brain extracted from the MR image fit into the cranial

cavity, to ensure the correct location of the thalamus

inside the skull model. The volume of both thalami is

7.9 cm3, and the volume of the brain is 1523 cm3.

Numerical simulations were performed using a

pseudo-spectral time-domain method in the k-space,

implemented in the open-source k-Wave software

(Treeby and Cox 2010). In the case of the reference

focused transducer (configuration C0 in Fig. 1), the

acoustic field is obtained directly by propagating the

converging wavefront generated by the source. In the

case of the holograms, several configurations are studied:

a point hologram targeting the central point of the tha-

lamic nuclei (configuration C1), a line hologram target-

ing the center of the targets (configuration C2), a bifocal

point hologram targeting each nucleus (configuration

C3), a bifocal line hologram targeting each nucleus (con-

figuration C4) and a bifocal plane hologram targeting

each nucleus (configuration C5), as illustrated in

Figure 1. To design the holograms, a time-reversal pro-

cedure is performed. First, a set of virtual acoustic mono-

pole sources are located at the target, each set according

to the corresponding configuration. Then, in a first simu-

lation, the resulting field radiated by the virtual sources

is recorded at a holographic surface in the x�y plane,

PH(x,y), located at distance z = d from the source

(Fig. 2). The temporal inversion is performed by com-

plex-conjugating the recorded pressure field at the holo-

graphic plane, resulting in a field P�
H ðx; yÞ.

Then, the holographic surface is divided into

squared pixels of 0.39 £ 0.39 mm2, equal to the resolu-

tion of the simulation grid, each pixel corresponding to a

pixel of the holographic lens (Fig. 2). Each pixel of the

lens represents a different height, given by the function h

(x,y). We assume they vibrate longitudinally like an elas-

tic Fabry�Perot resonator, whose complex transmission

coefficient at the holographic plane is given by

T ¼ 2Zne
ik0 d�hð Þ

2Zn cos kLhð Þ þ i Z2
n þ 1

� �
sin kLhð Þ ð1Þ

where d is the distance from the bottom of the lens to the

holographic surface, Zn = ZL/Z0 is the normalized imped-

ance, Z0 ¼ r0c0; k0 ¼ v=c0; r0 and

ZL ¼ rLcL; kL ¼ v=cL; cL, and rL, are the acoustic

impedance, wavenumber, sound speed and density in water

and in the lens material, respectively. At each point in the

surface, that is, for each pixel of the lens, we use an interpo-

lation method to find the minimum height function h(x,y) in

eqn (1) that fulfills arg½P�
Hðx; yÞ� ¼ arg½Tðx; yÞ�. Once the

height function is found, holograms can be constructed,
resulting in surfaces with a total of 22,129 pixels and a

maximum height of 10.8 mm. Note that each of them acts

as a phased-array emitter, allowing accurate control of the

phase profile. In this way, the compensation of the aberrant

effects of the skull and the time-reversal focusing toward

the positions of the original virtual sources are simulta-

neously encoded on the high-density pixel hologram.

Three-dimensional models of the lenses for each configura-

tion are provided in the Supplementary Data (online only).

Finally, a simulation was carried out to retrieve the

acoustic field produced by the holograms. All designed

lenses use the material properties corresponding to Clear

resin (Formlabs, Somerville, MA, USA), a photopolymer

used for 3-D printing. The speed of sound and acoustic

absorption of this material have been experimentally mea-

sured with pulse-echo techniques in cylindrical samples of

different height, while the density has been calculated

with knowledge of the dimensions of each cylinder and

its mass. These experiments resulted in rL = 1170.8 kg/

m3, cL = 2580.1 m/s and aL = 2.871 dB/(cm-MHz). These

values match those reported for similar materials

(Melde et al. 2016; Jim�enez-Gamb�ın et al. 2019, 2020b).

In all simulations, the source was driven with a 100-cycle

sinusoidal tone burst of 650-kHz frequency and 1-Pa

amplitude at the surface of the source. Each simulation

was running during 300 ms so the pulsed burst could cross
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the medium twice. This time was considered for both

backward and forward propagation simulations, so that

multiple internal reflections of the acoustic wave in the

skull could be encoded by the hologram.

To study the robustness of ultrasound holograms

under small deviations between the acoustic lens and the

skull, several parameters were studied under rotations

and displacements of the lens: maximum pressure gain

at the focus position, total focus volume, sonicated target

volume and out-of-target sonicated volume. Normalized

peak pressure is calculated as the pressure gain relative

to the pressure at the transducer surface and to half the

average pressure at the exit of the holographic lens for

the focused transducer and holograms, respectively. Vol-

umes are calculated as the region with a pressure gain

between the maximum and �3 dB for each focus sepa-

rately. Performance under rotations of 1.25˚ from 0˚ to

17.5˚ and under translations of 1 mm from 1 to 8 mm in

the y-axis have been studied for the focused transducer

and C2, C3 and C4 configurations.

The skull heating rate was used as a figure of merit

to quantify the capacity of the acoustic beam to raise the

temperature of the skull. We first calculated the acoustic

pressure field at steady state. The particle velocity vec-

tor, assuming a harmonic wave, is calculated as

vi ¼ 1=ðivrÞ@p=@xi, with i ¼ x; y; z, and period-aver-

aged acoustic intensity is calculated as I ¼ Re pv�ð Þ=2,
where (�)* denotes complex conjugation. Then, the total

heating rate in a given volume is

WQ ¼
Z

V

Q ¢ dV ð2Þ

where Q ¼ 2aI is the heating rate per unit volume, a

being the medium attenuation value and I the magnitude

of the acoustic intensity.

Finally, additional simulations were carried out on

different participants to study the performance of the

same lens on different patients. The simulation study for

the C1 configuration was repeated for three different

anonymous patients (participants 2�4), targeting the same

region from the right temporal bone. For each additional

participant, two calculations were performed. First, a lens

was created ad hoc for each patient. Note that the target

segmentation for participant 1 was used for participants

2�4, but we considered the new skull anatomy, inner

structure and acoustical properties. Second, the lens cre-

ated for participant 1 was used for participants 2�4.
RESULTS

Focused ultrasound transducer

The results for the reference focused transducer are

summarized in Figure 3. This source was first simulated
in a homogeneous medium (water) and, then, including

the human head. Figure 3a is a 3-D rendering, obtained

by using a maximum intensity projection method, of the

magnitude of the acoustic field for the transcranial prop-

agation through the temporal bone window. That the

focused beam presents strong aberrations can be visually

identified. A detailed image is provided in the sagittal

and coronal sections in Figure 3 (b and c, respectively).

Note that the transducer was located carefully to grant

normal incidence and the cartesian axis are aligned to

the transducer axis, so the images do not exactly corre-

spond to anatomical sagittal and coronal sections. While

the energy roughly focuses around the geometrical focus

of the transducer, which has been located in the center of

the thalamus (configuration C0), the ultrasound beam

covers several areas outside the target (Fig. 3c). In fact,

the maximum sound pressure inside the brain does not

correspond to the maximum in the main focal spot, but

to a secondary lobe. A large amount of energy is focused

at the prefocal zone, outside the target. A total of 0.28

cm3 of both thalami was sonicated at a pressure higher

than �3 dB below the peak pressure level, which repre-

sents 3.6% of the total thalamic volume, while 1.208

cm3 was sonicated outside the therapeutic target, which

is a 0.08% of the total brain volume, including the thala-

mus.

Figure 3 (d�f) illustrates the normalized cross-sec-

tion of the maximum pressure field in the z-, y- and x-

directions for the focused transducer considering the

human tissues and the corresponding field in water. It

can be observed that the elongated focal spot does not

accurately fit the target, represented by dashed lines. The

maximum focal pressure gain in water for this transducer

is 17.8 p/p0, whereas when considering that in the skull

and the brain is 4.7 p/p0, where p0 is the pressure at the

transducer surface, the skull and brain tissues introduce a

loss in pressure gain of 5.8 dB according to these results.

In the axial direction (Fig. 3d), the depth-of-field of the

focused transducer including the skull (36.5 mm) is lon-

ger than that of the right half of the thalamus (13.2 mm),

and therefore, acoustic energy is also focused at the third

ventricle in the midline between the two halves of the

thalamus. In the lateral direction, the full width at half-

maximum of the beam (4.25 mm in the y-direction and

8.1 mm in the x-direction) is narrower than that of the

target (16.8 and 26.2 mm, respectively). Aberrations

introduced by the skull become more evident in

Figure 3f, where multiple lateral lobes appear. The defo-

cusing effect produced by the skull usually increases the

sonicated volume inside the target (1.48 cm3 in this sim-

ulation compared with 0.43 cm3 obtained with the

focused source in water), which could be considered pos-

itive. However, it is an uncontrollable phenomenon that



Fig. 3. (a) Three-dimensional view of the studied configuration using the focused source (C0). Maximum intensity pro-
jection of the computerized tomography (CT) data (gray colormap), segmented thalamic nuclei (white areas) and maxi-
mum intensity projection of the acoustic field (red colormap). (b, c) Cross-section of the acoustic field in (b) the y�z
plane (quasi-coronal cut) and (c) the x�z plane (quasi-sagittal cut); colormaps are normalized to p0. (d- f) Normalized

peak pressure in water and through the skull along the (d) z-axis, (e) x-axis and (f) y-axis.
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also increases the sonication in out-of-target regions

(1.19 cm3 in this simulation).

Holograms for skull aberration correction

With the aim of correcting skull defocusing, a sin-

gle virtual source was set in the center of both thalami,

located at (0, 0, 101) mm in cartesian coordinates, corre-

sponding to configuration C1 in Figure 1. The acoustic

field produced by this hologram is illustrated in Figure 4

(b, d). It can be seen that the focal zone is similar to that

of the focused transducer including the skull (Fig. 4f),

but lateral lobes caused by defocusing and aberrations

are not present. The lens corrects beam aberrations, pro-

ducing an ultrasonic field equivalent to that of a focused

source in a homogeneous medium. The acoustic image

of a single virtual source (C1) is a diffraction-limited

focal spot, whose full width at half-maximum is 5.2 mm,

as compared with 3.9 mm for the focused source in

water. In this way, while this configuration corrects aber-

rations, the width of the beam is still narrower than the

selected therapeutic target.

To laterally magnify the focus in one dimension to

cover a greater volume of the thalamic nuclei, 22 virtual

sources were located in a line along the midline of the

thalamic nuclei, in the x�y plane (configuration C2 in

Fig. 1). A 3-D rendering of this configuration and the

resulting field is provided in Figure 4a. The resulting
field produced by the C2 hologram is illustrated in Fig. 4

(c, e) in the z�y and x�y planes, respectively. By use of

this hologram, the focal spot widens in the lateral dimen-

sion while the aberrations introduced by the skull are still

compensated.

Both holograms are compared with the acoustic field

of the focused transducer in Figure 4 (g�i). In the axial

direction, the elongated focal spot of holograms C1 and

C2 is 41.7 and 52 mm, respectively, as compared with

37 mm for the focused source. As illustrated in Figure 4g,

the axial field does not accurately match the target region.

However, note that neither C1 nor C2 was designed to

control the beam in the z-direction. In the transverse direc-

tions (Fig. 4h, 4i) secondary lobes of the focused trans-

ducer are controlled in both transverse directions, y and x.

In the y-direction, the C2 hologram widens the beamwidth

to 7.8 mm (50% larger than the single-virtual-source holo-

gram, see Fig. 4i). However, as virtual sources were

arranged over a line only in the y-direction, the beam is

not enlarged in the x-direction (see Fig. 4i).

For the single-virtual-source hologram, the ampli-

tude of the pressure at the focal spot is 7.6 p/p0, where p0
is defined as half the average pressure at the exit plane of

the holographic lens for all the holograms studied. We

use this reference because at the exit of the lens, the total

pressure is the superposition of radiated waves and

reflected waves by the skull (see Fig. 4b). The increase



Fig. 4. (a) Three-dimensional scheme of the line hologram acoustic field. (b, c) Coronal cuts of the (b) point hologram
(C1 configuration) and (c) line hologram (C2 configuration). (d�f) Axial cuts for the (d) left thalamus of the point holo-
gram, (e) left thalamus of the line hologram and (f) focused transducer. (g) Lineal cut along the z-axis at the maximum
pressure point for the focused transducer, point hologram and lineal hologram. (h) Normalized pressure comparison in a

cut along the y-axis. (i) Normalized pressure comparison in a cut along the x-axis.
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in amplitude, compared with the focused source case (p/

p0 = 4.7), is due to the correction of the aberrations,

which results in sharper focusing.

In addition, by the use of multiple virtual sources as

in configuration C2, maximum pressure at the focus is

increased to 5.9 p/p0. Note that this configuration produ-

ces a defocused beam of controlled width without aber-

rations. As compared with the focused transducer

including the skull, the increase in pressure amplitude at

the focal spot is 2.1 and 0.9 dB for configurations C1 and

C2, respectively. Point (C1) and line (C2) holograms

sonicate 5.2% (0.41 cm3) and 8.5% (0.68 cm3) of the

total thalamic volume, respectively, compared with the

3.6% (0.28 cm3) sonicated with the focused source, and

the sonicated volume outside the target is 0.19 cm3

(0.013%) and 0.77 cm3 (0.05%), respectively, compared

with 1.2 cm3 (0.08%) with the focused source.

With use of the focused transducer, the ratio

between sonicated thalamic and brain volumes is 0.23.

With use of the C1 configuration it is 2.16, and with C2,

it is 0.88. The thalamic-to-brain sonicated volume ratio

is 9.4 and 3.8 times better when using point and line

holograms, respectively.

Holograms for bifocal targeting

Although the previous acoustic holograms can miti-

gate the skull aberrations and increase the target
sonicated volume, further focusing improvements could

be made to sonicate bilateral structures in the deep brain.

Configurations using several sets of virtual sources dis-

tributed along the bilateral nuclei of the thalamus, as

illustrated in Figure 1, are described in this section.

First, a pair of virtual sources have been located at

each part of the thalamus, as illustrated in configuration

C3 in Figure 1. As we are sonicating through the tempo-

ral bone window, both structures appear to be almost in

the same line with respect to the transducer. To individu-

ally treat them and optimize the target�brain sonication

ratio, both sources have been steered in the x-axis, as

represented in Figure 5 (a�c). With this configuration,

4.5% of the target structure has been treated (0.36 cm3),

while only 0.45 cm3 of the brain is affected, which repre-

sents a 0.03% of the brain volume. Pressure gains at the

focal points arrive at 5.84 p/p0 and 3.7 p/p0 at the right

and left thalami, respectively. The ratio between soni-

cated thalamic and brain volumes with this configuration

is 0.79.

To further improve these results, a bifocal wide

hologram has been created by locating virtual sources in

two lines at different heights of the deep brain structures,

which is represented in configuration C4. In this case we

treat 1.36 cm3 of both thalami (17.1%) in just one soni-

cation. The sonicated volume outside the target is 4.94

cm3 (0.32%), greater than in the other systems studied,



Fig. 5. (a) Three-dimensional representation of bifocal sonication with hologram. (b, c) Cuts for (b) left and (c) right
thalamus point holograms. (d, e) Cuts for (d) left and (e) right thalamus plane holograms.
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and the pressure gain is 3.9 p/p0 and 3.4 p/p0 at the right

and left thalami, respectively. The thalamic-to-brain son-

icated volume ratio with this configuration is 0.28.

A last hologram was made by locating two planes

of virtual sources at the same x-position as in the two-

point hologram and following configuration C5. The

resulting acoustic field is illustrated in Figure 5 (d, e).

We treat 1.21 cm3 (15.3%) of the thalamus and we soni-

cate 5.84 cm3 (0.38%) of the brain, with pressure gains

of 3.4 p/p0 and 3.3 p/p0 at the left and right thalami,

respectively. In this case, the ratio between sonicated

thalamic and brain volumes is 0.21. The studied cases

are compared in Table 1.

Robustness against misalignment

To evaluate the robustness of our proposal, we stud-

ied the accuracy of ultrasound holograms inside the brain

when rotation and translation errors are made, as

described in the Methods section. Figure 6 is an example
Table 1. Thalamus and brain volu

Configuration Volume, cm3 (%)
Target Out of target

C0. Focused transducer 0.281 (3.6%) 1.208 (0.08%
Cl. Point hologram 0.413 (5.2%) 0.191 (0.013
C2. Line hologram 0.675 (8.5%) 0.767 (0.05%
C3. Bifocal point hologram 0.356 (4.5%) 0.452 (0.03%
C4. Bifocal line hologram 1.357 (17.1%) 4.937 (0.32%
C5. Bifocal plane hologram 1.214 (15.3%) 5.839 (0.38%

* Percentages are calculated with respect to total thalamus volume (target v
volume column). The volume ratio is the ratio of target to out-of-target sonicat
of the pressure field degradation under a progressive

rotation for the line hologram (C2). The pressure scale is

normalized to the maximum at 0˚ rotation. The focal

quality parameters of the parametric study are illustrated

in Figures 7 and 8. Figure 7 summarizes the focusing

performance as a function of a rotational misalignment,

while Figure 8 summarizes it as a function of a lateral

linear translation.

For the focused transducer, its focus quality does

not change under rotation from the center of the skull.

The main change in sonicated volumes and peak pres-

sures is due to the secondary lobes that appear because

of the aberrations introduced by the skull. The maximum

change in pressure values is 8% of the original pressure

gain, and sonicated volumes of the brain and both thal-

ami remain almost constant. As the angle of incidence of

the focused sound waves is always normal to the skull,

the skull-transducer relative location does not affect the

focus shape. Similar results are obtained while the skull
mes sonicated in each case*

Volume ratio (a.u.) Maximum pressure (p/p0)

) 0.23 4.7
%) 2.16 7.6
) 0.88 5.9
) 0.79 5.8
) 0.28 3.9
) 0.21 3.4

olume column) and total brain volume, including thalami (out-of-target
ed volumes.



Fig. 6. Example of how a misalignment between the source and the target affects the focusing performance of the holo-
gram. In this example (configuration C2), a rotation with respect to the central point of the thalamic nuclei is illustrated.
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is horizontally translated from its original location, with

a maximum change of pressure gain at the focus of 3%

(see Figs. 7a and 8a).

For the line hologram, the maximum pressure

decreases with the rotated angle and treated volumes

increase, which means that the hologram loses resolution

when it is not correctly positioned. At 17.5˚ of rotation,

the acoustic pressure at the focus is reduced by 32 % of

the original value and the volume outside the target is

8.3 times greater. Also, the target volume covered is

increased 1.5 times compared with the original location.

For rotation angles below 5˚, both volumes outside and

inside the target remain almost constant (<10% of

increase) while the difference in pressure gain is 15%. In

terms of translation error, the same behavior in pressure

values is observed for translation errors up to 6 mm

(Figs. 7a and 8a).

In the case of the C3 configuration, the right focus,

which is mainly laterally steered in the y-axis, exhibits a

higher pressure amplitude and has a more delimited

shape than the left focus, which was steered also in the

x-axis. When rotating the lens 5˚ around the skull, the

loss in pressure at the right focus is 21%, while for 17.5˚,

this loss is 48%. A similar loss of 24% is obtained with a

translation misalignment of 5 mm, being 40% at 8 mm.

If we study the left focus, for 5˚ we observe a pressure

loss of 29%, while for 17.5˚ the amplitude reduction is

24%. A similar value is obtained with a translation mis-

alignment of 6 mm (24%), whereas at 8 mm the loss is

22% (see Figs. 7a and 8a). Target volume sonicated by

both foci with this configuration is 0.32 cm3 at the origi-

nal location, increasing to 0.36 cm3 for a rotation of 5˚.

A similar value is observed for a translation error of

5 mm, and the volume is increased to 1.48 cm3 when the

rotation is 17.5˚, which is almost five times greater than

that in the original location. At the maximum translation

error studied (8 mm), the target sonicated volume is

three times greater. This is caused by the defocusing of

the beam, which spreads the energy, covering a greater

volume of the thalamic nuclei. Nevertheless, sonicated
brain volume outside the target follows the same ten-

dency: at 5˚ the sonicated volume is increased by a factor

of 3, the same as that at a translation error of 5 mm, and

at 17.5˚ this increase is almost 30 times the volume cov-

ered while the transducer-lens system is located in the

original position. For translation errors, at 8 mm, the

brain sonicated volume is 13 times greater. These values

indicate that large misalignments result in high defocus-

ing, as expected, but for relatively small errors, for

example, a rotation of 5˚ or a translation of 4 mm, the

acoustic images are still generated with good quality.

Note the wavelength at 650 kHz in water is 2.3 mm, so

images are restored even for misalignments greater than

the wavelength (see Figs. 7b�d and 8b-d).

The last hologram studied is that corresponding to

the C5 configuration. This hologram exhibits behavior

similar to that of the C3 configuration. Both foci had a

similar pressure gain in the original location. When

rotating 5˚, the amplitude loss is 17% and 6% for the left

and right focus, respectively (see Figs. 7a and 8a). For a

5-mm translation error, the loss is 18% and 13%, respec-

tively. At higher rotation angles and translation distan-

ces, pressure values for the left focus remain constant;

for a rotation of 17.5˚ and a translation of 8 mm, the

pressure loss was about 18%. On the other hand, for the

right focus, a decrease of 31% was reached for a rotation

of 17.5˚, and a loss of 44% was observed for a translation

of 8 mm. Sonicated volumes in and outside the target are

almost constant; the variations are 1.5 times the original

value for rotations <5˚ and translations <4 mm. These

sonicated volumes increase for greater rotation or trans-

lation errors. The sonicated target volume reaches a

maximum, where a volume 2.4 times greater than the

original was observed for a rotation of 10˚. At this rota-

tion, the sonicated brain tissue is 4.5 times larger than in

the original position. At the maximum translation error

studied (8 mm), the sonicated target volume is 2.5 times

larger and the sonicated brain tissue is 5.3 times larger

than in the original position (see Figs. 7b�d and 8b-d).



Fig. 7. Parametric study of focusing performance as a function
of a rotational misalignment. (a) Maximum pressure at focus,
normalized. (b) Focal volume. (c) Out-of-target volume. (d) In-

target volume.

Fig. 8. Parametric study of focusing performance as a function
of a lateral linear translation. (a) Maximum pressure at focus,
normalized. (b) Focal volume. (c) Out-of-target volume. (d) In-

target volume.
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Fig. 9. Skull thickness measured at the (a) temporal bone window, (b) parietal bone and (c) frontal bone. (d�f) Heating
rate per unit area obtained when targeting the holographic beam through the (d) temporal bone window, (e) parietal bone

and (f) frontal bone.
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Note that this behavior is similar for all holograms stud-

ied.
Skull heating rate

We studied the heating rate by targeting the thala-

mus through different regions of the same skull. We

designed holograms to target the same location, that is, a

point between both thalamic structures (C1 configura-

tion). The transducer is located at the temporal bone win-

dow, the parietal bone and the frontal bone. Bone

thickness at each area is illustrated in Figure 9 (a�c).

The thickness is measured on a circle about 55 mm in

diameter, matching the projection of the active hologram

aperture on the bone surface. Average values of their

thickness are 4.34, 5.98 and 5.69 mm for the temporal,

parietal and frontal bones, respectively. The skull heat-

ing rate is calculated as described under Methods, con-

sidering that a peak pressure of 0.5 MPa is achieved at

the target. The obtained total heating rate (WQ) was 0.39,

0.74 and 0.99 W for the temporal, parietal and frontal

bones, respectively. The heating rate per unit area is

illustrated in Figure 9 (d�f). Average heat capacity of

the frontal bone and the parietal bone are 392 and 294

W/m2, respectively, while for the temporal bone it is 149

W/m2, which is less than half the heat capacity of the

other two bones. As expected, thicker bones result in

higher heating rates.
Patient-specific lenses

Finally, we describe the results of the study for dif-

ferent patients. The first set of simulations using the lens

designed for participant 1 (C1 configuration) but focus-

ing on participants 2�4 is illustrated in Figure 10 (a�c).

It can be observed that the focal spot is not perfectly

reconstructed, and strong aberrations distort the focal

spot. The total gain for participants 2�4 is 2.0, 3.1 and

2.5, respectively. However, when a hologram is designed

ad hoc for each patient, aberrations are corrected as illus-

trated in Figure 10 (d�f). By use of patient-specific

lenses, the total gain for participants 2�4 rises to 4.4, 5.5

and 4.9, respectively. In addition, by use of a personal-

ized lens, the side lobes are strongly reduced, and the

strong secondary focal spots are no longer observed.

These data indicate that the skull aberrations are patient

specific even when targeting from the temporal bone

window using a 50-mm aperture system.
DISCUSSION

Several strategies for designing ultrasound holo-

grams using virtual sources to enhance sonicated tha-

lamic tissue and correct skull aberrations are discussed

in this work. While designed to target a point, holograms

allow for aberration correction, and the resulting gain is

increased as compared with that for the focused source,



Fig. 10. (a�c) Acoustic field simulated using the hologram designed for participant 1 but focusing on participants 2�4.
(d�f) Acoustic field simulated using a patient-specific hologram.
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for example, 1.6 times higher. Simultaneously, when

designed to target a unique focal point, holograms can

minimize the out-of-target volume, 6.3 times less com-

pared with the focused source, indicating the ability of

these lenses to mitigate aberrations. On the other hand,

holograms allow adaptation of the acoustic focus, that is,

the acoustic image, to the shape of the therapeutic target,

in this case the two bilateral nuclei of the thalamus. In

this way, a much higher volume of the target can be cov-

ered by the therapeutic beam, which can be useful for

medical applications that require good cover of the tar-

get. The greatest sonicated target volume is achieved

using bifocal wide holograms, about five times greater

than that using a focused source, even when the conven-

tional beam is in fact defocused because of aberrations.

The process of generating the hologram includes

treatment planning, CT/MR image processing and both

backward and forward simulation at the transducer cen-

tral frequency on an Intel-Xeon workstation (E5-2680 at

2.8-GHz CPU, 256-GB RAM), taking a total of about 46

h. The physical lens is printed and ready in about 6 h, so

the whole process of treating a specific patient lasts

about 2 d from receipt of the CT image and segmented

therapeutic target to manufacture of the holographic lens

ready for the treatment. Shorter times should be possible

by performing the simulations on high-performance

computers, for example, using GPUs and/or faster indus-

trial 3-D printers.
Acoustic holograms, however, have shown several

drawbacks. On the one hand, when holograms are

designed to generate a wide acoustic image, for example,

bilaterally covering both nuclei, the gain is generally

reduced. In fact, the lens is defocusing the therapeutic

beam, and the acoustic energy is distributed in a higher

area. A reduction of about 40% compared with the

focused source was observed. This effect can be miti-

gated by increasing the amplitude of the source, but

attention must be paid to additional effects outside the

target, for example, heating effects in the skull. Selecting

the temporal window to locate the source will help to

mitigate skull heating as skull bones are thin in this

region, which in fact is one of the main motivations of

this work. The skull heating rate of this region has been

estimated and compared with that of other targeted

regions, the parietal and frontal bones. The total heating

rate of the temporal bone window is approximately half

that of the parietal bone and less than half that of the

frontal bone. On the other hand, note that the acoustic

images retrieved using holographic lenses are diffrac-

tion-limited versions of the target. When deep-brain

nuclei are targeted using a limited-aperture source, such

as the transducer used in this work, the generated acous-

tic image can spread in the axial direction. This effect

increases the out-of-target region of wide holograms.

The out-of-target volume can be mitigated by increasing

the effective f-number of the source, that is, increasing
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the aperture of the transducer. However, in the applica-

tion proposed in this work, the temporal bone window

limits the maximum aperture.

Note that the strategy selected to design the holo-

grams in this work was a direct method, using virtual

sources and time reversal; therefore, the lens was

designed to produce a set of focal spots covering the tar-

get. Optimization techniques applied to transcranial

propagation can help in designing holograms producing

a better match between the diffraction-limited focal spots

and the target (Li et al. 2021) or using multifrequency

approaches (Brown et al. 2017). Other effects, such as

the heating of the lens caused by acoustic absorption,

can be mitigated using a water-coupling system or novel

3-D�printed materials with low absorption coefficients.

In a realistic scenario, the physical location of the

acoustic hologram and the ultrasound source with

respect to the patient's head will exhibit some degree of

misalignment from the design location. The results of

this work indicate that when using a focused transducer

without a hologram, the shape and gain of the acoustic

field produced hardly change when it is rotated around

the center of the thalamus, which is logical because the

incidence is always normal to the skull and the focused

transducer presents a stable acoustic field. However,

rotations with other references can result in uncontrolled

focusing (Legon et al. 2018). On the other hand, when

using acoustic holograms, the retrieved acoustic images

are robust under relatively small misalignment. The deg-

radation of the focal spots in terms of focal gain and tar-

geting volumes was quantified. For the line hologram,

the effect of misalignment is not as relevant as in the

two-focus holograms because of the relative simplicity

of the former compared with the latter. This can be seen

by comparing the spreading of the focus for large rota-

tions (or translations). For the line hologram, the volume

outside the target at the maximum rotation error studied

(17.5˚) is increased 1.5 times compared with the original

location, while for the two-line hologram is increased

4.5 times and for the two points it arrives at 30 times

greater. This means that for this target, the transducer-

lens system becomes less robust as the performed holo-

gram increases in complexity. When the relative position

between the head and the transducer is slightly different

from the design, for example, a rotation of 5˚ or a trans-

lation of 4 mm, the acoustic images are still accurately

reconstructed, even for translations larger than a wave-

length, in all cases studied. The precision required can

be achieved using image-guided systems (see, e.g.,

Pouliopoulos et al. 2020).

Because of the diffraction in the axial direction or

the misallocation of the focus in the lateral dimensions,

adjacent deep brain structures could be sonicated. If

errors are made along the propagation axis of the
transducer (z-direction), structures such as the putamen

and the globus pallidus could be partially sonicated. If

the focus suffers translation in the negative x-axis

(toward the parietal bone), the caudate nucleus can be

affected, while if there is a shift in the positive x-axis

and in both positive and negative z-axes, portions of the

hippocampus and amygdala could be sonicated. All these

structures except the amygdala participate in the coordi-

nation of fine motions and inhibit non-desired move-

ments. Between other functions, the amygdala links such

emotions as fear and aggression to human experiences.

Finally, between both thalamic nuclei, we can find the

third ventricle, which could potentially be sonicated.

This structure is a part of the ventricles, connects both

hemispheres and produces, contains and distributes cere-

brospinal fluid. It is important to note that when transla-

tion and angle errors occur, we have observed that

pressure gain decreases. Therefore, neuromodulatory or

other bio-effects on out-of-target structures will be low

or may not even occur. The higher peak pressure is

observed only at the target and when the lens is at its

design location.
CONCLUSIONS

In this work, acoustic holograms were numerically

studied to target the thalamus through the temporal bone

window using a 65-mm aperture transducer working at

650 kHz, and compared with a focused source with the

same aperture and a curvature such that it can sonicate

the center of both thalamic nuclei. The results indicate

that holograms can enhance the targeting performance of

the focused transducer in terms of treated volume and

focal aberrations because they can improve focus quality

and optimize sonicated volume ratio between brain and

target tissues.

Secondary lobes and aberrations appearing with the

use of single-element focused transducers can be corrected

and focal spots can be adapted to the target even for bilat-

eral sonications. These lenses also exhibit good focusing

performance under relatively small mislocation of the

therapeutic device. Nevertheless, when creating bilateral

focusing, not only sonicated target volume increases, but

out-of-target volume also increases, a consideration that

must be taken into account when deciding what hologram

best suits each therapeutical approach. Simple bilateral-

point holograms minimize out-of-target focusing, while

bifocal-plane holograms, even though while covering a

larger area of the target deep-brain nuclei, may focus

energy on adjacent central nervous system structures,

which seems undesirable for neuromodulation applications

(Legon et al. 2018), as a result of the limited angular spec-

trum of this transtemporal transducer. Enlarging the aper-

ture of the transducer or using optimization methods to
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generate the hologram has the potential to improve the tar-

geting performance of broad holograms, and recent advan-

ces in spatial sound modulators can open new paths to

design reconfigurable holograms and go beyond traditional

phased-array systems (Ma et al. 2020).

The results obtained in this study also indicate that

when a lens designed for one patient is used on a differ-

ent person, the acoustic image cannot be reconstructed

with accuracy because aberrations, even those produced

at the temporal bone window, are strongly dependent on

an individual’s skull anatomy. The particular anatomy of

the patient's head was found to be very relevant during

transtemporal targeting, and patient-specific lenses

should be designed to obtain accurate focusing, that is,

to reconstruct diffraction-limited acoustic images with-

out aberrations. Finally, targeting through the temporal

window offers other practical advantages such as

reduced skull heating and the need to shave only a small

area of the head. These results pave the way for the

design of accurate therapeutic devices for neuromodula-

tion or drug delivery through blood�brain barrier open-

ing in deep-brain structures using a low-cost and patient-

specific approach.
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