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Rober, who supported and helped me during these years of research. To
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Abstract

Treatments for neurological diseases are strongly limited by the ineffi-
cient penetration of therapeutic drugs into the diseased brain due to the
blood-brain barrier (BBB), and therefore no health improvement can be
achieved. In fact, the BBB is a protection mechanism of the human body
to avoid the diffusion of potentially dangerous agents into the central ner-
vous system. Nevertheless, this barrier can be successfully inhibited by
using a worldwide spread technology based on microbubble-enhanced fo-
cused ultrasound. Its main advantage is its non-invasive nature, thus
defining a patient-friendly clinical procedure that allows to disrupt the
BBB in a safe, local and transient manner. Conventionally, the diseased
brain structure has been targeted in its center, with a single focus. How-
ever, Alzheimer’s or Parkinson’s Diseases do require that ultrasound is
delivered to entire, complex-geometry and large-volume structures located
at both hemispheres of the brain. Therefore, current technology presents
several limitations as it does not fulfill these requirements. This doctoral
thesis aims to develop a novel technique based on using focused ultrasound
acoustic holograms to solve the existing limitations to treat neurological
diseases. In this dissertation, we study 3D-printed holographic acoustic
lenses coupled to a single-element transducer that allow to accurately con-
trol the acoustic wavefront to both (1) compensate distortions suffered by
the beam in its path to the brain, and (2) simultaneous focusing in multiple
and complex-geometry structures or acoustic vortex generation, providing
a time- and cost- efficient procedure. Therefore, the research carried out
throughout this thesis opens a promising path in the biomedical field to
improve the treatment for neurological diseases, neurostimulation or tissue
ablation applications.





Resumen

El tratamiento de enfermedades neurológicas está muy limitado por la in-
eficiente penetración de los fármacos en el tejido cerebral dañado debido
a la barrera hematoencefálica (BHE), lo que imposibilita mejorar la salud
del paciente. La BHE es un mecanismo de protección natural para evitar
la difusión de agentes potencialmente peligrosas para el sistema nervioso
central. No obstante, la BHE se puede inhibir mediante ultrasonidos fo-
calizados e inyección de microburbujas de forma segura, localizada y tran-
sitoria, una tecnoloǵıa empleada mundialmente. La principal ventaja es su
carácter no invasivo, siendo aśı muy atractiva y cómoda para el paciente.
Normalmente, la zona cerebral enferma se trata en su parte central em-
pleando un único foco. Sin embargo, enfermedades como el Alzheimer
o el Parkinson requieren un tratamiento sobre estructuras de geometŕıa
compleja y tamaño elevado, situadas en ambos hemisferios cerebrales. Por
tanto, la tecnoloǵıa actual está muy limitada al no cumplir dichos requi-
sitos. Esta tesis doctoral tiene como objetivo el desarrollo de una técnica
novedosa, basada en hologramas acústicos, para resolver las limitaciones
presentes en los tratamientos neurológicos empleando ultrasonidos. Se es-
tudian las lentes acústicas holográficas impresas en 3D, que acopladas a
un transductor mono-elemento, permiten el control preciso del frente de
onda ultrasónico tanto para (1) compensar las distorsiones que sufre el
haz hasta alcanzar el cerebro, como (2) focalizarlo simultáneamente en re-
giones múltiples y de geometŕıa compleja o formando de vórtices acústicos,
proporcionando aśı efectividad en tiempo y coste. Por ello, la investigación
desarrollada en esta tesis abre un camino prometedor en el campo de la
biomedicina que permitirá mejorar los tratamientos neurológicos, además
de aplicaciones en neuroestimulación o ablación térmica del tejido.





Resum

El tractament de malalties neurològiques està molt limitat per la ineficient
penetració del fàrmac en el teixit cerebral danyat a causa de la barrera
hematoencefàlica (BHE), i aix́ı no és possible una millora de salut del
pacient. La BHE és un mecanisme de protecció natural per a evitar la
difusió d’agents potencialment perillosos per al Sistema Nervios Central.
No obstant això, aquesta barrera es pot inhibir mitjancant una tecnolo-
gia emprada mundialment basada en ultrasons focalitzats i injeccio de
microbombolles. El principal avantatge és el seu caràcter no invasiu, sent
aix́ı molt atractiva i còmoda per al pacient, i permet obrir la BHE de man-
era segura, localitzada i transitòria. Normalment, la zona cerebral malalta
es tracta en la seua part central, emprant un unic focus. No obstant això,
malalties com l’Alzheimer o el Parkinson requereixen un tractament al
llarg d’estructures de geometria complexa i grandària elevada, situades en
tots dos hemisferis cerebrals. Per tant, la tecnologia actual està fortament
limitada al no complir amb aquests requeriments. Aquesta tesi doctoral
està enfocada a investigar i desenvolupar una tècnica nova, basada en
hologrames acústics, per a solucionar les limitacions presents en els trac-
taments neurològics. Una lent acústica holograca de baix cost impresa en
3D acoblada a un transductor d’element simple permet el control precs
del front d’ona ultrasònic punt per a (1) compensar les distorsions que
pateix el feix en el seu camı́ cap al cervell, i (2) focalització simultània del
feix en regions multiples i de geometria complexa, proporcionant aix un
tractament efectiu en temps i cost. Per això, la investigació desenvolupada
en aquesta tesi demostra la possibilitat de realitzar qualsevol tractament
neurològic, a més d’aplicacions en la neuroestimulació o l’ablació tèrmica
dins del camp biomèdic.
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Chapter 1

Introduction
The brain, which controls most of the activities of the body, is sus-

ceptible to diseases, damage, or malignant tumors. Unluckily, conven-
tional treatments are limited by the skull and the blood-brain barrier
(BBB). The skull is an impediment to physically access the diseased
brain, and the BBB prevents the passage of most therapeutic drugs.
Microbubble-enhanced focused ultrasound (FUS) has been the most pow-
erful approach to open the BBB in a non-invasive, safe, local and transient
manner. Recently, FUS acoustic holograms have demonstrated to improve
existing FUS procedures. By using low-cost 3D-printed lenses, a highly lo-
calized BBB opening allows to target large-volume and complex-geometry
brain structures, such as hippocampus for Alzheimer’s Disease, and this
technology is easy to implement in any medical center worldwide. In this
first chapter, I introduce the subject, review the current literature and
recent advances, and provide the motivation and goals of the thesis.
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Chapter 1. Introduction

1.1 Brain diseases

What makes human beings unique species is their brain. Humans have
the cognitive capacity of processing information by means of memory, at-
tention, perception, creativity, abstract or analogical thought. The human
nervous system is subdivided into two parts: the central nervous system
(CNS), defined by the brain and spinal cord, and the peripheral nervous
system (PNS), defined by the cranial and spinal nerves. The largest CNS
belongs to human primates [1, 2]. On the one hand, rodents, such as
mice, have about 71 [3] million neurons, and non-human primates, such as
chimpanzee and macaque, have about 7.4 [4] and 1.7 [3] billion neurons,
respectively, within the cerebral neocortex (brain structure which enables
a higher cognitive function in mammals [5]), compared to approximately
16.3 [6] billion neurons of the human brain. However, the ratio between
the size of the brain and the mental ability is weak for human primates
among mammals [1].

The brain is the control center of our body, protected by the skull;
however, it can suffer from many diseases: mental disorders such as de-
pression, post-traumatic stress disorder (PTSD), or schizophrenia; brain
injuries such as hematomas, blood clots, or strokes; malignant brain tu-
mors; and neurodegenerative diseases (dementia). Such an essential part
of our body should be better understood in healthy and disease conditions
where debilitating cognitive and motor impairment, including death, may
occur. Three of the most studied brain-related diseases, for the ones many
clinical procedures have been developed and approved by the Food and
Drug Administration (FDA), are essential tremor (ET), Alzheimer’s dis-
ease (AD) and Parkinson’s disease (PD).

ET is the most common tremor disorder globally, affecting 3 % of
the population [7–10], characterized by kinetic tremor of the upper limbs.
People older than 40 years old are more susceptible to ET [11]. ET is
a tremor that intensifies when an action or voluntary movement is done,
i.e. eating or writing, unlike PD, characterized by a resting tremor, not
correlated with movement [12]. ET can also manifest in the neck, jaw, or
vocal apparatus [13]. Besides this kinetic tremor, other symptoms such
as mild ataxia and a variety of non-motor cognitive and psychiatric signs
can be relevant [14–16]. Traditional treatments for this progressive disease

2
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showed poor efficiency, but current technologies using focused ultrasound
allow a high-efficient and effective treatment [17–19].

Parkinson’s disease (PD) is the second most common neurodegenera-
tive movement disorder, affecting about 3 % of the worldwide population
older or equal to 65 years old [20]. Experienced effects are resting tremor,
rigidity, postural instability, bradykinesia/akinesia, and other motor and
non-motor symptoms [21]. Traditional treatments allow good control of
motor symptoms but cannot slow down or stop the progression of neu-
rodegeneration, the increasing disability, and, therefore, the evolution of
the disease [22]. The current treatment basis is similar to treatment for
ET.

Alzheimer’s disease (AD) is the most common neurodegenerative dis-
ease, affecting about 4 % of the worldwide population older or equal to 65
years old (a 70 % of AD dementia within 35.6 million people affected by
all-type dementia) [23, 24]. AD is characterized by early impairment in
learning and memory, impairments in complex attention, executive func-
tion, language, behavior and/or social comportment [25]. The cognitive
function progressively decays as the individuals continue to age [26, 27],
and therefore, aging is the most important risk factor related to AD [28].
In addition to aging, other factors such as family history of dementia, ge-
netics, or being female, are risk circumstances in AD [23]. Conventional
and current drug-based treatments are limited in terms of perfusion of the
drug into the diseased tissue, however, novel technologies using focused
ultrasound allow a more effective and efficient manner of distributing the
therapeutic drugs into the desired CNS region [29, 30].

1.2 The blood-brain barrier (BBB)

Historical review [31] reveals that the first work showing the existence of
this particular barrier was reported by Ehrlich more than a century ago
[32], where laboratory animals were injected by a chemical substance which
penetrated all organs in the body except the CNS. Nowadays, treatments
for related-brain diseases are limited by the blood-brain barrier (BBB)
[33] because therapeutic drugs cannot penetrate it and reach the diseased
brain tissue. Thus, the resulting efficacy and efficiency of the treatment
are highly reduced.

3
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Aside from the skull as a protection element to the brain and taking a
closer look at a cellular level, the BBB is a specialized membrane formed
by the endothelial cells lining the cerebral microvessels and interconnected
with the tight junctions (as sketched in Fig. 1.1), covering the blood cap-
illaries distributed through the brain tissue, whose function is to prevent
the passage of substances or molecules potentially dangerous from the
bloodstream to the CNS tissue [35–37]. Only 2 % of all small- and none
of the large-size molecules cross the BBB [38, 39]. Because of this, and in
addition to the few solutions provided by the industry to the BBB prob-
lem [40], most CNS disorders are difficult to treat. However, they could
be highly benefited by improving the drug therapy. For the therapeutic
small-size drugs to efficiently pass through the BBB, the molecules must
have both a molecular mass < 400− 500 Da and high lipid solubility [41].

Figure 1.1: The blood-brain barrier, formed by endothelial cells joined
by the tight-junctions, separates the brain tissue from the bloodstream
as a protection mechanism to maintain the brain healthy from external
pathogens which could be harmful for the CNS. Adapted from [34].

4



Chapter 1. Introduction

1.3 Methods to open the BBB

Several approaches have been investigated and developed to administrate
therapeutic drugs into the CNS, generally classified into invasive and
non-invasive [34].

1.3.1 Invasive approaches

Intrathecal administration is an invasive method to ensure drug concentra-
tion in the brain by direct administration using an intracerebroventricular
port implanted under the scalp or into the lumbosacral subarachnoid space
of the spinal cord [42].

Convention-enhanced delivery requires a minimally invasive exposure
of the brain, followed by the placement of several micro-infusion pumps,
so that drugs can consistently concentrate at the target tissue [43].

Interstitial wafers and polymeric implants, placed through the resec-
tion cavity in the treatment of glioblastoma [44], show poor drug penetra-
tion and limited dosage, in addition to be a method associated with high
intracranial pressures and local toxicity causing therefore brain trauma
and infections [45].

Furthermore, these invasive approaches, which are more adequate for
the treatment of brain tumors as these implants are inserted during a
tumor resection through the skull, do require a high cost of maintenance
and the necessity of follow-ups, a high capacity of resources is needed, and
consequently, they are not adequate to treat brain diseases associated with
a long period of treatment such as AD or PD. Generally, the development
of non-invasive strategies is key to warrant the success of the treatments
for brain diseases.

1.3.2 Non-invasive approaches

One approach is to perform a chemical modification of drugs, increasing
their lipidization so that the BBB permeability increases and the drug
can cross it more efficiently [46]. However, a higher lipidization leads to
faster elimination of the molecule from the circulatory system, therefore
reducing the drug distribution. Also, if molecules are not target-specific,

5



Chapter 1. Introduction

there will be a systemic delivery of drugs, with potential limitations due
to dosing and adverse effects.

Another approach is to deliver therapeutic drugs via viral vectors be-
cause of their natural ability to infect cells at a high efficiency [47]. How-
ever, there is a possible risk of oncogenesis and lethality [48].

Intranasal administration is a method that uses the olfactory and
trigeminal nerves in the nasal mucosa to deliver drugs to the brain [49].
However, the administration is generally not performed by a medically
trained professional, as well as the degradation of drugs by mucosal en-
zyme, a short retention time in the nasal cavity, and restrictions deter-
mined by the nasal anatomy, which together result in low therapeutic
concentrations at the CNS [50, 51].

Figure 1.2: Non-invasive, local, transient and safe BBB opening by us-
ing microbubble-enhanced FUS. Therapeutic drugs engineered to treat
brain-related diseases can easily pass through the BBB. Modified from
[34].
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Aside from the previous non-invasive approaches, which show poor
localization of the delivered drug, there is one which presents the best
trade-off between drug distribution/localization effectiveness and safeness
for the CNS. The most powerful and used among all non-invasive ap-
proaches, proved pre- and clinically in treatments for several brain dis-
eases and showing great potential is microbubble-enhanced focused ultra-
sound [52], which combines the use of focused ultrasound (FUS) beams
with the injection of microbubbles into the bloodstream. This is a non-
invasive method that uses the medium-intensity vibration of ultrasound
waves (mechanical waves) to excite the microbubbles circulating through
the brain capillaries, to mechanically separate the tight junctions forming
the BBB in a transient, local and safe manner, thus allowing the drug to
cross the BBB (as sketched in Fig. 1.2). This technique allows the delivery
of therapeutic molecules greater than 400 Da [38].

1.3.3 Focused ultrasound as the promising approach for
CNS drug delivery

One implantable (invasive) and three extracranial (non-invasive) devices
have been clinically tested to open the BBB (see Fig. 1.3). On the one
hand, the Sonocloud-1® and Sonocloud-9® are implantable ultrasound
devices developed by CarThera (Paris, France) [54, 55]. These devices
are introduced inside the cranial cavity through a craniotomy right after
a surgical procedure for a biopsy or a tumor resection [56]. The working
frequency is 1.05 MHz. Large and superficial brain structures are good
targets for implantable devices as it’s an unfocused technology. However,
small isolated structures can not be targeted locally. On the other hand,
a single-element, extracranial and focused-ultrasound device guided using
neuronavigation technology is being developed by Columbia University
[57], working at 0.25 MHz for AD. For the treatment of CNS tumors there
are other works using a single-element, extracranial, focused-ultrasound
device showing feasibility in animal models [58–60]. An advantage com-
pared to implantable devices is that superficial and deep brain structures
can be locally targeted. The focal size is medium compared to implantable
devices, but the advantage is that the energy is focused on the desired tar-
get and not on adjacent ones. However, this extracranial device has to deal
with the aberration effects generated by the complex skull bone, leading to
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(a) (b)

(c) (d)

Figure 1.3: Ultrasound devices to disrupt the BBB in clinical procedures.
(a) Implantable and unfocused single-element device (SonoCloud-1®). (b)
Implantable and unfocused nine-element device (SonoCloud-9®). (c) Ex-
tracranial single-element focused device. (d) Extracranial hemispherical
focused multi-element (ExAblate®, NaviFUS®). Modified from [53].

ultrasound distortions and attenuation. Furthermore, another extracra-
nial and focused-ultrasound technology to locally target CNS structures
is the multi-element device ExAblate® [61], developed by InSightec (In-
Sightec, Tirat Carmel, Israel). It is a hemispherical ultrasound helmet
containing 1024 transducers working at 220 kHz guided using MRI. The
skull aberrations can be corrected with this multi-element device. How-
ever, it is complicated to target wide volumes, e.g., a cancer brain tu-
mor, as the focus size is reduced, and electronic steering of the focus has
to be performed to cover large structures, in addition to the real-time
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MRI monitoring, leading to very complex, high- and time-cost clinical
procedures. Another external, multichannel hemispherical phased-array
ultrasound system is the NaviFUS® System [62], designed by NaviFUS
(NaviFUS, Taiwan), which recently was used clinically in humans for CNS
tumors [63].

1.4 Thesis motivation

Nowadays, treatments for neurodegenerative diseases such as Parkinson’s
Disease are still limited. On the one hand, existing technologies to open
the BBB are not efficient enough to perform a fast and accurate procedure.
On the other hand, existing therapeutic drugs still need to be further
investigated to provide an effective treatment for the diseased brain tissue.
Thereby, the first step to take is improving the technique to open the BBB.

Microbubble-enhanced FUS is the best current technique to achieve
a local, transient, safe and highly non-invasive disruption of the BBB,
thus allowing the treatment of brain diseases by enabling drugs to ac-
cess the CNS. Several clinical trials have been FDA-approved based on
microbubble-enhanced FUS. However, the treatment for neurological dis-
eases, such as Alzheimer’s or Parkinson’s, remains limited because the
complex ultrasound focusing required is not completely achieved by exist-
ing FUS technologies. For these treatments, the diseased brain structures
have a complex and large-size morphology; however, both single-element
and multi-element devices cannot provide an entire distribution of the ul-
trasound beam through the whole diseased brain structure. On the one
hand, the single-element device would have to be displaced mechanically,
which implies having an accurate control of the transducer with respect to
the patient’s head in each position, and as well several microbubble-injections
would be required for the entire treatment. Another limitation is the
aberration of the focus and beam attenuation that will vary during the
scanning with the different incidence angles and the heterogeneity of the
skull bone. On the other hand, the multi-element system allows to cover
the whole brain structure by steering the beam electronically. However,
this device provides a smaller focus size and, therefore, a higher number
of sonications are required, which implies a constant MRI monitoring for
each position of the focus, leading to an excessive increase in the cost of
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this treatment.

1.4.1 Objectives

The objective of this thesis is to develop a novel technology based on
acoustic holograms with three principles: first, to provide a high-quality
treatment by increasing the overlapped volume and at the same time re-
ducing the clinical resources required; second, to be simple by using a
single-element device which provides a fast pre-clinical planning and an
easy treatment procedure; and third, to be low-cost so that it can be af-
fordable to every clinical center all over the world, and therefore easily and
widely used. The proposed strategy using acoustic holograms is ambitious
in terms of its potential to overcome the limitations and lacks of existing
BBB opening techniques based on using FUS and microbubbles, as well as
other biomedical applications such as clot manipulation, trapping of kid-
ney stone fragments, imaging, or guiding of drug-delivery carriers, where
Bessel and vortex beams define a promising path. Thereby, using low-cost
3D-printed acoustic holographic lenses coupled to a single-element trans-
ducer, the ultrasonic beam can be accurately controlled compared to any
of the conventional approaches.

This dissertation is structured in seven chapters. This first chapter
provided an overview of brain diseases and their impact worldwide, tak-
ing special interest in developed treatments using FUS. From chapter 2
to 6, it is demonstrated the feasibility and capability of the proposed
novel technology, based on acoustic holograms, to considerably improve
the current state-of-the-art FUS methods to treat brain diseases, through
several biomedical applications: chapter 2 deals with the development
of a technique based on acoustic holographic lenses which coupled to
a single-element transducer allow the generation of acoustic holograms
through the human skull; in chapter 3 it is experimentally demonstrated
for the first time the feasibility and capability of acoustic holograms in
mice in-vivo to produce a simultaneous bilateral BBB opening; chapter 4
is oriented towards another biomedical application such as chemotherapy,
where acoustic holograms can increase the total treated volume by pro-
ducing sharp acoustic images in the brain; chapter 5 turns around the use
of acoustic holograms for the generation of acoustic vortices, which are
beams useful for some biomedical applications such as particle trapping
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and manipulation, showing here the capability of accurate twisting a FUS
beam through the human skull; in chapter 6 it is explored another appli-
cation on acoustic holograms to reconstruct ideal Bessel beams of zeroth
and higher-order, where the axial distribution is constant, that can be
useful for some biomedical procedures. Finally, the last chapter contains
a general discussion and conclusions of the development of this doctoral
thesis.
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Chapter 2

Holograms to focus
ultrasonic beams through

the human skull
Acoustic holograms are reported to overcome existing limitations in

brain-related procedures. In this second chapter, low-cost 3D-printed
acoustic holograms form acoustic images inside a human brain while cor-
recting the skull aberrations. The shape of the FUS beams matches that
of target CNS structures. First, the central points of both hippocampi
were selected as targets, resulting an accurate simultaneous double focus.
Second, a curved trajectory was selected as target, achieving a beam bend-
ing accordingly to the path. Finally, a slice of the right hippocampus was
selected as a target volume, resulting a focus overlapping accurately with
it. These results open alternative paths to spread incoming biomedical
ultrasound applications, including BBB opening or neuromodulation.
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2.1 Introduction

Holography was invented by Dennis Gabor [1], a Hungarian-British elec-
trical engineer and physicist who received the 1971 Nobel Prize in Physics.
Holographic plates are surfaces that when illuminated by a wave, typically
light, modify the phase of the transmitted or reflected wavefront in such a
manner that a complex image can be formed [2–4]. In recent years, sub-
wavelength thickness holographic metasurfaces have been designed using
structured materials with subwavelength resonances, namely metamate-
rials [5, 6]. Analogously, in acoustics, a broad range of locally-resonant
structures have been proposed to obtain precise control of the wavefront
at a subwavelength scale [7, 8], including effective negative mass density
[9] and/or bulk modulus metamaterials [10, 11]. Acoustic metamateri-
als allow accurate control of the reflected [12–16] or transmitted wave-
fronts [17–19]. The use of these structures has been exploited to design
negative-refraction superlenses [20] or hyperbolic dispersion-relation hy-
perlenses [21] that exhibit subwavelength focusing properties in the near
field. Holographic lenses have also been reported in acoustics to gener-
ate complex acoustic fields [22–25]. Multifrequency holograms have also
been reported [26]. Equivalently, using phased-array sources, the genera-
tion of complex beam patterns [27], self-bending and bottle beams [28], or
vortex beams for particle levitation and manipulation has been reported
[29]. Mixed approaches between metamaterials and phased arrays have
also been presented [30].

In these applications, holographic lenses have demonstrated the ability
to manipulate acoustic waves in free media, i.e., without inhomogeneities.
However, when using ultrasound in biomedical-engineering applications,
acoustic beams encounter multiple tissue layers of complex geometry with
non-homogeneous properties in their path. Accurate control of the focused
beam is at the basis of FUS therapy techniques, e.g., as in high-intensity
FUS hyperthermia, thermal ablation or histotripsy, or in extracorporeal
shockwave lithotripsy [31, 32]. Focusing directly into human soft tissues
can efficiently be achieved using conventional systems as ultrasound beam
aberrations are typically small in these media [33]. However, when the tar-
get tissue lays behind high-impedance tissues, e.g., soft tissue surrounded
by bones, the beam experiences strong aberrations due to refraction, reflec-
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tion, and absorption processes [34]. Some applications make use of existing
acoustic windows by targeting tissues from specific locations. However, in
transcranial propagation, skull bones are always present in the path to-
wards the CNS. In this way, the precise control of acoustic focus into the
CNS is mainly limited due to the strong phase aberrations produced by
the refraction and attenuation of the skull [35].

To overcome these limitations, minimally invasive techniques have
been developed in the past to design active focusing systems using the
time-reversal (TR) invariance of the acoustic propagation [36] or phase
conjugation methods [37]. In minimally invasive techniques, a small acous-
tic source is introduced into the skull, together with a biopsy catheter.
When the catheter reaches the target tissue, it radiates a short ultra-
sonic pulse that travels outwards, and it is recorded by a hemispherical
multi-element array surrounding the patient’s head. Then, the elements
of the phased array are set to re-emit the time-reversed recorded wave-
forms (or phase-conjugated harmonic signals). Due to spatial reciprocity
and time-reversal invariance of the acoustic media, the generated wave-
front focuses at the catheter location, i.e., at target tissue [36]. Later,
it was demonstrated that noninvasive versions of these techniques can be
obtained using numerical simulations [38, 39]. In these techniques, a tomo-
graphic image is previously obtained from a patient’s head to extract the
geometry of the skull and its acoustic properties [39]. Using full-wave sim-
ulations, the time-reversed wavefront is calculated by exciting the simula-
tion with a virtual source at the desired focal spot. Then, a physical hemi-
spherical phased array is excited with the synthetic time-reversed wave-
forms [40] or phase-conjugated signals [38], and sharp focusing through
skull-aberration layers is retrieved. Other techniques include the opti-
mization of phase arrays using magnetic resonance imaging (MRI) to
maximize acoustic-radiation-force-induced displacements into the target
focus [41]. However, up-to-date phased-array systems are restricted to a
limited number of channels, e.g., 1024 for the Exablate®Model 4000 (In-
Sightec, Ltd) [42], that are insufficient to fully record the required holo-
graphic information to conform a complex beam pattern. In addition,
high-intensity focused ultrasound (HIFU) systems have a limited steering
capability away from the geometric focus [43], e.g., a valid treatment vol-
ume of 30×30×40 mm3. As each of the piezoelectric elements forming the
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phased-array has a large size, the separation distance between elements is
much greater than half wavelength and, consequently, relevant amplitude
grating lobes appear.

Only a few theoretical works have tackled the problem of beam fo-
cusing through aberrating layers using metamaterials [44] or phase plates
[45, 46]. In Ref. [44], a two-dimensional (2D) configuration was proposed
theoretically using a metasurface based on membranes. Recently, the use
of phase plates to generate simple, focused sources have been reported
to avoid beam aberrations in transcranial propagation [45]. However, the
technique was limited to focus the beam into a single focal spot at the near
field of the source. Besides, in some nonthermal transcranial ultrasound
applications such as blood-brain-barrier opening [47] or neuromodulation
[48], the ultrasound beam might be set to fully cover a geometrically com-
plex CNS structure rather than focusing over a small focal spot.

In this work, we propose the use of 3D-printed holographic phase plates
to produce ultrasonic fields of arbitrary shape into the human brain. The
holographic lenses designed in this work allow the reconstruction of com-
plex diffraction-limited acoustic images, including the compensation of the
aberrations produced by a skull phantom.

In particular, we theoretically, numerically, and experimentally demon-
strate the generation of several holographic patterns of increasing com-
plexity, all with direct practical application to biomedicine ultrasound: an
arbitrary set of points, an arbitrary curved line, and an arbitrary volume.
First, we provide the conditions to generate a simple holographic pattern,
i.e., a set of diffraction-limited focal points, as sketched in Fig. 2.1 (b).
In particular, we extend the use of holographic lenses to generate bifocal
beams, matching both foci simultaneously to the location of the left and
right human hippocampi. Second, we demonstrate that ultrasonic beams
with a curved trajectory along the internal CNS tissues can also be pro-
duced, as shown in Fig. 2.1 (c). In this way, the acoustic beam can be
bent following arbitrary paths producing a self-bending beam inside the
CNS. Finally, we report the generation of a beam pattern that overlaps
with the volume of a specific CNS structure, as shown in Fig. 2.1 (d); in
particular, we target the right human hippocampus.
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Source

Ultrasonic beam

Holographic plate(a)

Target tissue

(b) Multiple point holographic focusing

(c) Line holographic focusing

(d) Volumetric holographic focusing

Figure 2.1: (a) Scheme of the holographic lens focusing over a target CNS
structure. (b) Focusing on a set of arbitrary points (bifocal holographic
lens). (c) Focusing over an arbitrary line (self-bending holographic lens).
(d) Focusing over an arbitrary volume (volumetric holographic lens).

2.2 Methods

The process of hologram generation is composed of four steps. First, we
extract the geometry and acoustic properties of a human skull from x-ray
CT images, as shown in Fig. 2.2 (a), and then, we identify the target tis-
sue structure, e.g., the right human hippocampus, from MRI tomographic
images, as shown in Fig. 2.2 (b). Second, a back-propagation method is
used to calculate the acoustic wavefront generated from a set of virtual
sources and impinging on a holographic surface located outside the skull
phantom, as shown in Fig. 2.2 (b). Third, the phase-plate lens is gen-
erated using the phase and amplitude of the recorded wavefront at the
holographic surface, as shown in Fig. 2.2 (c). Finally, the lens is excited
with a flat and uniform ultrasonic transducer, and the target acoustic im-
age is reconstructed by either theoretical, numerical forward-propagation,
or experimental methods, as shown in Fig. 2.2 (d).
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Figure 2.2: Hologram generation process. (a) CT+MRI tomographic im-
ages. (b) Selected target (red volume) acting as a virtual acoustic source
and holographic recording surface (blue area). (c) Lens design using the
TR back-propagated field. (d) Forward propagation from the holographic
lens (red area) to the target tissue (blue volume).

2.2.1 Tomographic image acquisition

First, in order to model the skull geometry, we use the CT datasets of
a female human head with an isotropic resolution of 1 mm (interpolated
to 0.22 mm for the numerical simulation) from the National Library of
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Medicine’s Visible Human Project available for general use by the Univer-
sity of Iowa. Experiments are conducted in a 3D-printed skull phantom,
while, in addition, we include full-wave simulations using the acoustical
properties of the skull bones. Thus, for the skull-phantom simulations, we
use homogeneous acoustical parameters matching those of the 3D printing
material. In contrast, for the realistic skull simulations, we use the same
geometry but the inhomogeneous acoustical parameters of the skull are
derived using the same CT data, converting the apparent density tomo-
graphic data in Hounsfield units to density and sound speed distributions
using the linear-piecewise polynomials proposed in Refs. [49] and [50].

After, we use a human atlas made publicly available by the Interna-
tional Consortium for Brain Mapping (ICBM) from the Laboratory of
Neuro Imaging [51]. This atlas provides us T1-weighted MRI data used to
identify the shape and location of the human hippocampus. In particular,
for segmentation, we use ITK-SNAP software [52] to obtain the shape and
location of the left and right hippocampi.

2.2.2 Calculation methods

We use two methods of increasing complexity to estimate the back and for-
ward acoustic fields: a semi-analytical method using the Rayleigh-Sommer-
feld diffraction integral, and a pseudo-spectral time-domain simulation
method.

On the one hand, for theoretical calculations in homogeneous media,
i.e, in water without the skull phantom, the acoustic pressure field given by
p(r) at point r, generated by a moving surface S of arbitrary shape located
at coordinates r0 and vibrating with a complex particle velocity v0(r0)
normal to the surface, is given by the Rayleigh-Sommerfeld diffraction
integral [53]:

p(r, ω) =
iωρ0
2π

∫
S

v0(r0) exp (−ik0 |r− r0|)
|r− r0|

dS, (2.1)

where ω = 2πf ; k0 = ω/c0, c0 and ρ0 are the wavenumber, sound speed
and density of water. Note that in Eq. (2.1), diffraction is captured exactly
as compared with angular spectrum methods [54], so it can be applied to
high-aperture sources.
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On the other hand, for calculations including aberration layers, we use
a pseudospectral simulation method with k-space dispersion correction to
numerically integrate the linearized constitutive relations of acoustics [55,
56]. In an inhomogeneous and absorbing media, the governing equations,
i.e., the continuity equation, the momentum conservation equation, and
the pressure-density relation, can be written as three-coupled first-order
partial differential equations as

∂ρ

∂t
= −ρ0∇ · u− u · ∇ρ0, (2.2)

∂u

∂t
= − 1

ρ0
∇p, (2.3)

p = c20 (ρ+ d · ∇ρ0 − Lρ) , (2.4)

where u is the acoustic particle velocity, d is the acoustic particle displace-
ment, p is the acoustic pressure, ρ is the acoustic density, ρ0 is the ambient
(or equilibrium) density, c0 is the sound speed, and L is a linear operator
introducing the frequency-dependent absorption and dispersion [55]. Tis-
sue absorption following a power law on frequency given by α(ω) = α0ω

γ ,
where α0 is the absorption coefficient and γ is the exponent of the fre-
quency power law, together with its corresponding physical dispersion are
included by the integro-differential operator as

L = τ
∂

∂t

(
−∇2

)(γ/2)−1
+ η

(
−∇2

)[(γ+1)/2]−1
, (2.5)

where τ = −2α0c
γ−1
0 and η = 2α0c

γ
0 tan (πγ/2) are the absorption and

dispersion proportionality coefficients. This operator is solved efficiently
using the fractional Laplacian in the k space. This simulation method
is implemented in the k-Wave toolbox for Matlab. It is selected as it
provides low numerical dispersion compared with finite-differences meth-
ods [57]. We use a numerical grid with a spatial step of ∆x = ∆y =
∆z = 223 µm and a numerical temporal step of ∆t = 19.1 ns, leading
to a Courant–Friedrichs–Lewy number [55] of 0.13 in water and a spatial
sampling of six grid points per wavelength in water for a frequency of
1.112 MHz. These parameters are fixed to all simulations in this chapter.
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2.2.3 Lens design

Under the assumption of reciprocity, time invariance, and linearity of the
system, a time-reversal technique together with a direct method is used to
design the phase-only holographic lens. First, we set some virtual sources
inside the skull phantom, and the back-propagated field is estimated at a
given surface outside the skull phantom. For the bifocal lens, two virtual
sources are set as monopoles with the same phase and amplitude, located
at the center of mass of the two hippocampi (right and left), as sketched
in Fig. 2.1 (b). For the self-bending beam, a set of 50 virtual sources are
located following an arbitrary curve as sketched in Fig. 2.1 (c), each source
compensated by a phase factor of exp(ikzz) accounting for the direction of
arrival of the wavefront. Finally, for the volumetric hologram, as sketched
in Fig. 2.1 (d), a set of virtual sources are spatially distributed with a
separation of λ/6 (to match the numerical grid used) over a sagittal plane
of the right human hippocampus. The recorded field is captured at a given
surface, i.e., at a holographic surface, outside the skull phantom.

Second, the recorded conjugated pressure distribution at the working
frequency is used to design the physical lens. The lens surface is divided
into squared pixels of different height, h(x, y) and uniform width, ∆h, as
shown in Fig. 2.3. We assume each elastic column to vibrate longitudinally
as a Fabry-Perot resonator. For each column, the field at the holographic
plane located at x0 = (x, y, d) is given by the complex transmission coef-
ficient [58]:

T (x0) =
2Ze−ik0[d−h(x0)]

2Z cos [kLh (x0)] + i (Z2 + 1) sin [kLh (x0)]
, (2.6)

where d is the distance from the bottom of the lens (z = 0 mm) to the
holographic surface, the normalized impedance is given by Z = ZL/Z0,
and Z0 = ρ0c0 is the characteristic impedance of water and ZL = ρLcL,
kL = ω/cL, ρL and cL, are the impedance, wavenumber, density, and
sound speed of the lens material. In order to obtain the height of each
pixel of the lens, an analytic inversion of Eq. (2.6) is not possible due to the
trigonometric terms. Instead, we first numerically evaluate the expression
for a broad range of pixel heights ranging from a minimum height that is
set to hmin = 5 mm to guarantee structural consistency, to a given height
that provides a phase of the transmission coefficient 2π greater than for

27



Chapter 2. Holograms to focus ultrasonic beams through the human skull

z
x

y

h(x, y)

¢h

z=d,

z=0,

2a

holographic plane

source plane

Figure 2.3: Geometry of the holographic lens. The lens, of aperture 2a, is
subdivided in pixels of height h(x, y). The source is located at z = 0 mm,
while the holographic plane is located at z = d.

hmin, i.e., d = 15 mm, and using steps of 1 µm, well below the printer
accuracy. Finally, we perform interpolation using a cubic-spline method
to obtain the height of the pixel as a function of the required phase. In
this way, by tuning the height of each Fabry-Perot resonator, the phase
at the output of each pixel can be tailored to that of a target holographic
surface.

A detailed derivation of this expression can be found in Ref. [58]. The
transmission coefficient for two materials as a function of the pixel height
is given in Fig. 2.4(a,b). Perfect agreement is observed between the trans-
mission coefficient obtained using Eq. (2.6) and calculations using the
analytical Transfer Matrix Method (TMM), see, e.g., Ref. [59, Chapter
11]. It can be observed that while both transmitted amplitude and phase
depend on pixel height, the magnitude variations are relatively small due
to the low contrast between the acoustic impedances of the lens and the
surrounding water. For the PLA material, the magnitude of the transmis-
sion coefficient ranges between |T | = [1, 0.95] while for the material used
in stereolithography (SLA) 3D printing, the transmission ranges between
|T | = [1, 0.84].

However, using this kind of lens, the degree of freedom to modify the
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Figure 2.4: (a) Transmitted magnitude and (b) phase as a function of the
pixel length for PLA material (blue) and SLA printing material (red).
Continuous lines were calculated using Eq. (2.6) and Transfer Matrix
Method (TMM) was used to calculate dotted lines.

magnitude of the field at the holographic surface is limited. Iterative meth-
ods have been employed in the past to obtain equivalent lenses only with
phase distributions [22]. In this work, iterative methods are prohibitive:
the 3D simulations including aberration layers involve long calculation
times, e.g., 20 h in an Intel® Xeon® CPU E5-2680 v2 2.80 GHz, 256 GB
RAM, using a CPU parallel implementation of the code. Instead, we use a
direct method to estimate an equivalent holographic lens of uniform field
magnitude [60]. The basis of this direct method is the sequential scan-
ning of the pixels to modify the complex transmission coefficient. The
method works as follows: first, the odd and even rows are scanned from
opposite directions, and a bidirectional error of the diffusion process is
calculated. The magnitude of each visited pixel is forced to be a constant
value while the exact phase value is preserved. The resulting error is dif-
fused to the neighboring pixels. Finally, the result gives a surface with a
modified phase depending on the bidirectional error-diffusion process [60].
The main limitation of this method is that if the pixel width is small, it
appears in areas with isolated long pixels, i.e., columns, that can expe-
rience bending modes. Note that this does not imply that a lens cannot
be designed, but the theory we present here only applies to longitudinal
modes on each pixel. The size of the pixels used in this work, 5/6 times
the wavelength, is thick enough to ensure that the resonance frequency of
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the first bending mode is far away from the first longitudinal Fabry-Perot
resonance frequency.

Third, lenses with an aperture of 2a = 50 mm are manufactured using
3D printing techniques. On the one hand, the bifocal holographic lens
is manufactured by additive 3D printing techniques using Ultimaker 3
Extended (Ultimaker B.V., The Netherlands) with a resolution of 100 µm
in both lateral and axial directions and PLA material [see Fig. 2.5(a,b)].
As, in general, the height profile of the lens is smooth, we set the square
pixel resolution to ∆h = 0.22 mm. The acoustical properties of polylactic
acid material are obtained experimentally using a pulse-echo technique in
a test cylinder, resulting in a measured sound speed of cL = 1818 m/s,
and a density of ρL = 1127 kg/m3, matching with those reported in the
existing literature [61], and the absorption is set to α = 13.72 dB/cm
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Figure 2.5: Back-propagated phase over the holographic surface for (a)
multiple-point hologram and (c) volumetric hologram. (b,d) Photographs
of the corresponding manufactured holographic lens.
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at 1.112 MHz [61]. On the other hand, the self-bending and volumetric
holographic lenses, which needed a more accurate printing technique for
their complex pattern, are 3D printed using Polyjet techniques with an
Objet30 printer (Stratasys, USA), with a resolution of 100 µm and 28 µm
in lateral and axial directions, respectively, and using a photoresistive
polymer (Veroclear®, Stratasys, USA). As a result of the direct method to
obtain the equivalent holographic lens of uniform field magnitude [60], the
height distribution presents high spatial modulations [see Fig. 2.5 (c,d)].
Thus, the pixel resolution is increased to ∆h = 1 mm to ensure each
column vibrates as a longitudinal Fabry-Perot resonator avoiding bending
modes around the working frequency for the volumetric hologram. For this
material we experimentally estimate cL = 2312 m/s and ρL = 1191 kg/m3

and α = 3.06 dB/cm at 1.112 MHz, matching the values reported in the
existing literature [22].

2.2.4 Skull phantom

The geometry of the skull phantom is extracted from the 3D CT images as
described previously. The sound speed and density distributions are first
estimated from the apparent density given by the CT images in Hounsfield
units [49, 50]. Then, as the 3D printing technique results in homogeneous
material, the acoustic properties, including the absorption are considered
uniform along the skullbone volume [62–64]. The skull phantom is manu-
factured by additive 3D printing techniques using Ultimaker 3 Extended
(Ultimaker B.V., The Netherlands) with a resolution of 100 µm in both lat-
eral and axial directions and using PLA material. The acoustic parameters
for the 3D-printed phantom are the same as for the PLA lenses. Finally,
for the simulations using a realistic skull, the acoustical parameters are
derived using the CT data, converting the apparent density in Hounsfield
units to density and sound-speed distributions using the linear-piecewise
polynomials proposed in Refs. [49] and [50]. The density data ranges
between ρ0 = 1000 kg/m3 (water) and ρmax = 2206 kg/m3 (bone), the
sound-speed values range between c0 = 1500 m/s and cmax = 3117 m/s,
matching those reported in the literature [32, 65] and the bone absorption
is set to 12.6 dB/cm at 1.112 MHz [66].

31



Chapter 2. Holograms to focus ultrasonic beams through the human skull

2.2.5 Measurement setup

The experiments are conducted inside a 1 × 0.75 × 0.5 m3 water tank
filled with degassed and distilled water at 26◦C. The ultrasonic transducer
is composed of a single element circular piezoceramic crystal (PZT26,
Ferroperm Piezoceramics, Denmark) mounted in a custom designed stain-
less-steel housing with aperture 2a = 50 mm as shown in Fig. 2.6. The
transducer is driven with a 50-cycle sinusoidal pulse burst at a frequency of
f = 1.112 MHz by a signal generator (14 bits, 100 MS/s, model PXI5412,
National Instruments) and amplified by a linear RF amplifier (ENI 1040L,
400 W, 55 dB, ENI, Rochester, NY). First, vaseline is spread on the back
of the lens, and afterwards, the lens is screwed onto the transducer to fix it.
The 3D-printed skull phantom is accurately positioned using a 3D-printed
holder, specially designed from the simulation data to hold the skull right
in the same position as in simulation. The pressure field is measured

Hologram

Transducer

HydrophoneSkull phantom

z

x

y

3D Micropositioning

System

Digitizer

PXI5620

PXI Controller

NI8176

Function Generator

PXI5412

Amplifier

ENI 1040L

Figure 2.6: Experimental setup showing the block diagram and skull phan-
tom inside the water tank.
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by a needle hydrophone with a 500 µm active diameter (149.6 mV/MPa
sensitivity at 1.112 MHz, Model HNR-500, Onda) calibrated from 1 MHz
to 20 MHz. The source amplitude is set low enough to avoid any nonlinear
effects in the propagation, we measure 1.8 kPa at the focus for the bifocal
lens. The hydrophone signals are digitized at a sampling rate of 64 MHz
by a digitizer (model PXI5620, National Instruments) averaged 100 times
to increase the signal-to-noise ratio.

A 3D micropositioning system (OWIS GmbH) is used to move the hy-
drophone in three orthogonal directions with an accuracy of 10 µm. For
the bifocal lens experiment, scanning an area for the sagittal cross-sections,
p(x, z), covers from -40 to 40 mm in the x-direction and 82 to 143 mm
in the z-direction, using a step of 0.5 mm in both directions; for the
transversal cross-section planes, p(x, y), covers from -40 to 40 mm in the
x-direction and -10 to 10 mm in the y-direction, using a step of 0.3 mm.
For the self-bending lens, the scanned area covers from 20 to 50 mm in
the z-direction, -5 to 5 mm in the x-direction, and -5 to 5 mm in the
y-direction, using the same spatial steps. Finally, for the volumetric holo-
grams, the scanned area covers from 65 to 135 mm in the z-direction, -45
to -5 mm in the x-direction, and -10 to 10 mm in the y-direction, using
the same spatial steps. All the signal generation and acquisition processes
are based on a NI8176 National Instruments PXI-Technology controller,
which also controlled the micropositioning system. Temperature measure-
ments are performed throughout the whole process to ensure temperature
changes below 0.5◦C.

2.3 Multiple-point holograms

We start with the bifocal holographic lens. First, two points located at
the center of mass of both left and right human hippocampi are selected.
Second, we set this pair of points as the location of virtual sources for
the TR method. For the lens designs in free media, i.e., without the
skull, we use the Rayleigh-Sommerfeld diffraction integral (see Sec. 2.2 for
further details). For the lens designs of holographic surfaces, including
the skull-aberration layers, we use low-numerical-dispersion simulations
based on pseudospectral methods [55]. In this way, the simultaneous back
propagation of the fields irradiated by both virtual monopoles can be
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calculated at the holographic surface, which is located at the rear part of
the skull. The phase-plate lens is designed using the conjugated complex
field recorded at the surface. Then, the lens is placed at the location of the
holographic surface, as shown in Fig. 2.7 (a), and a forward-propagation
calculation is carried out to test the quality of the reconstructed acoustic
image.

The field produced by the bifocal lens propagating through a human
occipital-parietal skull phantom, including the compensation for the aber-
rations of the skull is shown in Figs. 2.7 (a-f). First, Figs. 2.7 (a) and
2.7 (b) show the axial-field cross-section, p(x, y = 0, z), using the pseu-
dospectral simulation method and measured experimentally, respectively.
We observe that the reconstructed field accurately matches the target foci,
and the experimental results agree with the simulations. The correspond-
ing transverse-field distributions at z = 105 mm are shown in Figs. 2.7 (c)
and 2.7 (d), where sharp focusing is observed. The focal spots present
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sal pressure-field distributions. Color bar in units normalized to the
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larger dimensions in the axial (z) direction than in transverse ones, as ex-
pected from limited-aperture holographic lenses, where the spatial-spectral
components in axial direction are limited by the finite-aperture source [67].
Axial (measured at x = 25 mm and y = 0 mm) and transversal (measured
at z = 105 mm and y = 0 mm) cross-sections are shown in Figs. 2.7 (e)
and 2.7 (f), respectively. Excellent agreement is observed between sim-
ulation and experiment for the axial-field profile at the focal region. A
small secondary lobe located before the main one appears experimentally.
The transverse profile shows a small lateral shift of ±0.5 mm in both
experimental foci towards the x-axis origin.

Note that, due to diffraction, the geometrical focus of a geometrically
focused source does not correspond to the acoustic focus of the source [67].
In our case, the target location is set to z = 105.5 mm, the acoustical
focus of an equivalent focused source of the same frequency and aperture
in water peaks at z = 99.8 mm and the focus of the lens peaks at z =
100.4 mm and z = 100.1 mm in simulations and experiments including
the skull phantom, respectively. These shifts correspond to errors of 0.6
and 0.3 %, respectively, showing the accuracy of the focusing performance
of the holographic lenses.

2.4 Self-bending beams

The previous results show that holographic phase plates can retain phase
information of multiple foci. Using this idea, we can set more complex tar-
gets following the shape of functional structures found in the CNS. Here,
we set the holographic target pattern to a beam following a curved trajec-
tory as those reported in homogeneous media without aberrating layers
using active sources or metamaterials [18, 28, 68]. As the aberration layers
are present in the real application, known analytical methods to calculate
the phase of the 3D trajectory are, in principle, not available [28]. In-
stead, we use a TR method: a set of virtual sources are placed along
this trajectory, and their back-propagated field is calculated. We set a
factor of (z/zmax) exp(izkz) to compensate for the amplitude and phase
of each source to set the main direction of propagation, being kz the ax-
ial component of the wavevector and zmax the distance to the farthest
virtual source (45 mm in this example). A sketch of the target trajec-
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tory is shown in Fig. 2.8 (a). The axial and transversal cross-sections
of the forward-propagated field in water are shown in Figs. 2.8 (a,b),
respectively. We observe that using the TR method, the self-bending
beams can be obtained, and the beam accurately follows the target tra-
jectory. A similar result is obtained using simulation and a lens made
of elastic material, as shown in Figs. 2.8 (c,d). The experimental tests
show a similar pressure-field distribution in comparison with theory using
the Rayleigh-Sommerfeld integral and simulations using pseudospectral
methods. A lateral shift of the peak pressure location of 0.3 mm in the
x-direction is observed at z = 30 mm and y = 0 mm in the experiments.

Finally, when the aberration layer of the skull phantom is included,
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Figure 2.8: Theoretical (a) axial- and (b) transverse-pressure-field distri-
bution for the self-bending beam in water. Color bar in units normalized
to the peak pressure. Simulated (c) axial and (d) transverse-pressure-field
distribution for the self-bending beam in water. Corresponding experi-
mental results are shown in the insets in (c) and (d). (e),(f) Simulated
axial and transversal pressure field, including the skull phantom. Corre-
sponding experimental results are shown in the insets in (e),(f).
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the corresponding holographic lens also reconstructs the target acoustic
image with a curved trajectory, as shown in Figs. 2.8 (e,f). A similar lat-
eral shift of the peak pressure location in the experiments of 0.25 mm in
the x-direction is observed at z = 30 mm and y = 0 mm. The measured
pressure field inside the skull phantom agrees with the simulation. Note
that the transversal size of the curved beam at z = 30 mm is 1.11, 1.07,
and 1.19 times the wavelength in water for the theoretical calculation,
and for the simulations in water and including the skull phantom, respec-
tively. Both results demonstrate that using TR methods, self-bending
beams following a target curve can be obtained inside the skull phantom
using acoustic holographic lenses.

2.5 Volumetric holograms overlapping CNS struc-
tures

Going further, we design a holographic lens, which produces an acoustic
image that fits the right human hippocampus volume. The holographic
surface is placed near the occipital-parietal bones to adapt the acoustic
image to the elongated geometry of the hippocampus. However, we locate
the lens at the center of the skull symmetry plane in order to demonstrate
the steering capabilities of this holographic lens. The lens generation
process is based on the TR method with multiple virtual sources covering
the target area (see Sec. 2.2 for further details). Figures 2.9 and 2.10
summarize the results for both water and including the aberration layer
of the skull phantom, respectively.

On the one hand, Figs. 2.9 (a-c) show the forward-propagation field
distribution of the holographic lens designed for water obtained using the
theoretical, experimental, and simulation results, respectively. First, we
observe a good agreement between experiments, simulation, and theory in
both axial- [Figs. 2.9 (a-c)] and transversal-field distributions [Figs. 2.9 (f-
h)]. The beam is steered in the correct direction, and a broad focal spot
is generated. The transversal- and axial-field cross-sections are shown in
Figs. 2.9 (d,e). The diffraction-limited image is reconstructed, and the field
is enhanced mainly at the target volume. To quantify the performance,
we define the overlapping volume as the overlapping volumes of the target
region and the region of the acoustic pressure field under a threshold
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Figure 2.9: Volumetric hologram results in water. (a)–(c) Theoretical, ex-
perimental, and simulated axial pressure distribution. (d),(e) Transversal
and axial field cross-sections. (f)–(h) Simulated, experimental, and theo-
retical transversal field distribution.

corresponding to the half of the peak amplitude. In particular, using this
lens, we obtain, in water, an overlapping volume of 29.7, 20.1, and 19.0 %
for the theoretical calculation, simulation, and experiment, respectively.

On the other hand, the field distribution produced by acoustic holo-
graphic lenses including the skull phantom is shown in Figs. 2.10 (a-f).
The experimental forward-propagation field distribution overlaps a sim-
ilar volume in comparison with the simulation result. Both holographic
images present the same qualitative performance and provide a similar
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overall covering of the interest zone. In particular, an overlapping volume
of 21.1 and 23.2 % is obtained in simulation and experiment, respectively.
In addition, both axial- [Figs. 2.10 (a,b)] and transversal- [Figs. 2.10 (c,d)]
field distributions are similar to those produced in water without the skull
phantom, showing that, first, limited-diffraction holographic volumes can

39



Chapter 2. Holograms to focus ultrasonic beams through the human skull

be reconstructed and, second, the aberrations produced by the skull phan-
tom on these complex beams can be compensated at the source plane by
the acoustic holographic lenses. Finally, the transversal and axial cross-
sections, shown in Figs. 2.10 (e,f), show that the experimental and simu-
lated acoustic holographic lens produces a field enhancement that matches
the target distribution.

Note that the spatial bandwidth of the image is limited by the diffrac-
tion limit and the spatial bandwidth of the acoustic holographic lens [22].
In this case, the holographic lens focuses at z ≈ 74.1λ (100 mm), and its
limited aperture is only a = 18.5λ (25 mm). Therefore, the transversal
components of the wave vector are band-limited, and the performance of
the holographic lens at this distance is restricted. Using lenses with a
larger aperture improves the quality of the holographic acoustic image,
and, therefore, the total overlapping volumes.

2.6 Hologram simulation using a realistic skull

It is worth noting here that the impedance of the available 3D printing
material used to manufacture the skull phantom is soft compared with the
skull bone. In this way, the phase aberrations produced by a real skull are
stronger than those observed in the previous experiments. To demonstrate
the focusing performance of the proposed lenses in a realistic situation, a
set of simulations is performed using the acoustical parameters of skull
bones. The parameters are derived using the same CT data and are listed
in Sec. 2.2.4.

Bifocal lens simulation using a realistic skull

The results of the bifocal lens simulation using a realistic skull are sum-
marized in Fig 2.11. First, the sagittal cross-section of the absolute value
of the pressure field at y = 0 mm is shown in Fig. 2.11 (a). We can see
that the lens focuses at two clear spots, almost at the target distance. The
corresponding traversal cross-section is shown in Fig. 2.11 (b) measured
at z = 100 mm. In fact, good agreement is found between the simulations
using a realistic skull and the calculations using the Rayleigh-Sommerfeld
integral considering homogeneous water media. These two focal spots are
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generated together with small amplitude secondary lobes. The amplitude
of the side lobes is -8.86 dB below the peak pressure in theory in water
and -5.16 dB in the simulation including the skull. To quantify the fo-
cusing performance of the lens, we show in Fig. 2.11 (c) the transversal
cross-section at z = 100 mm and y = 0 mm. The lateral shift of the left
focus is -26.3 and -26.0 mm for the theoretical prediction and simulation,
respectively. A relative error of 1.1 % is committed. These small lat-
eral shifts are of the order of the experimental test shown previously with
the 3D-printed phantom. Moreover, the amplitude of the side lobes in the
simulation using a realistic skull is 0.3 times the peak pressure. These side
lobes present higher amplitude in the lateral cross-section joining both foci
[Fig. 2.11 (c)] than in the lateral cross-section measured at x = −26 mm,
as shown in Fig. 2.11 (d). Finally, Fig. 2.11 (e) shows the axial pressure
distribution measured at the location of the right hippocampus. The axial
peak location of the simulation including a realistic skull (z = 99.3 mm)
matches the location of the corresponding peak pressure using the theory
in water (z = 99.8 mm). A relative error of 0.5 % is obtained, showing
that the aberrations of a real skull can be mitigated using holographic
lenses even when the target acoustic field presents a complex structure.

Self-bending beam simulation inside a realistic skull

The results for the self-bending beam simulation inside a realistic skull are
shown in Fig. 2.12. The sagittal cross-section is shown in Fig. 2.12 (a),
measured at y = 0 mm, together with the location of the target marked in
the red dashed line. In this case, the performance of the lens to produce
such a complex beam is reduced as compared with the previous cases, as
can be seen by the presence of secondary lobes. This is mainly caused by
the generation of strong stationary waves between the skull bone and the
lens. However, the peak pressure follows the target trajectory, and the
location of the peak pressure matches the center of the curve. A clearer
picture is given in Fig. 2.12 (b), which shows the transversal-field distri-
bution measured at z = 35 mm. Here, a sharp focal spot is visible, and
the location of the peak pressure almost matches the location of the target
focus. A lateral shift of +0.22 mm, which corresponds to one numerical
grid step in the simulation is found in the x direction. The corresponding
transversal field distributions are shown in Fig. 2.12 (c) for the x-direction
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and in Fig. 2.12 (d) for the y-direction, respectively. Here, the reference
calculations using theoretical methods in a homogeneous medium (water)
are also shown for comparison. The locations of the focal spots observed
in both lateral directions for the simulations including the realistic skull
are in excellent agreement with the corresponding focal spots in water.
The width of the focal spot obtained using both calculation methods also
is in agreement. The main discrepancy is the presence of secondary lobes
in the simulated field, presenting a peak amplitude of 0.36 times the pres-
sure at the focus. The amplitude of these lobes is 1.7 times larger in the
direction in which the beam is bent.

Volumetric hologram using a realistic skull

A holographic lens is designed with the target of producing a volumet-
ric hologram overlapping with the right hippocampus volume, and in this
case, including the acoustic properties of a realistic skull. The resulting
forward-simulated pressure field is shown in Fig. 2.13. First, the sagit-
tal cross section of the magnitude of the pressure field at y = 0 mm is
shown in Fig. 2.13 (a). The produced field focuses around the target vol-
ume, shown in dashed white lines. The beam is steered in the direction
of the right hippocampus while the transducer axis remains normal to
the skull surface. The transversal cross-section at z = 95 mm is shown
in Fig. 2.13 (b). While the acoustic field is focused on the target vol-
ume, there exist areas not covered by the beam, mainly in the outermost
regions away from the transducer source. To quantify the focusing perfor-
mance, field cross-sections along the corresponding dashed lines are given
in Fig. 2.13 (c-e). The lateral cross-section at z = 95 mm and y = 0 mm
is shown in Fig. 2.13 (c). As a comparison, we also plot the corresponding
cross section of a holographic lens designed to produce the same hologram
in water using the theoretical Rayleigh-Sommerfeld integration. The simu-
lated beam using the realistic skull and the theoretical prediction in water
mostly overlaps, being the energy of the beam concentrated into the target
volume. Small side lobes with an amplitude 5.3 times smaller than the
peak pressure are observed in the simulations including the realistic skull.
Note that the corresponding acoustic intensity of the side lobes is about
30 times smaller than the intensity at the focus. The volume of the beam,
defined as the total volume of the beam under a threshold of 0.5 times
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the peak pressure, roughly overlaps with the target volume. The overlap-
ping volume between the target and the volumetric acoustic hologram is
29.7 % for the theoretical calculation in water and 21.4 % for the simula-
tion including the skull. The transversal cross-section along the y-axis is
given in Fig. 2.13 (d), where excellent agreement is found between the two
configurations. Finally, the axial cross-section along the z-axis is shown in
Fig. 2.13 (e). In this case, the field presents remarkable side lobes before
and after the target region, but its amplitude is lower than half of the
maximum pressure. Note that this direction corresponds to the beam axis
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Figure 2.12: Simulation results for the self-bending holographic beam de-
signed for a realistic skull. (a) Axial cross-section of the pressure distribu-
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and the pressure distribution of the corresponding focused beam presents
an elongated shape due to the limited aperture of the source. In this case,
a good agreement is also found between the axial-pressure distribution of
the simulation, including the realistic skull, and the theoretical prediction
in water.

2.7 Conclusions

We show that using 3D-printed acoustic holograms it is possible to con-
form diffraction-limited ultrasonic fields of arbitrary shape compensating
the aberrations of a human skull. In particular, experimental tests using a
3D-printed skull phantom and numerical simulations using a realistic skull
are performed to accurately generate multi-focal holograms, self-bending
beams, and volumetric holographic fields overlapping a target CNS struc-
ture. The proposed approach using holographic lenses represents a step
forward when compared with the existing solutions using phased arrays,
since it opens alternative venues to develop reliable and cost-reduced ul-
trasonic applications.

The quality of the reconstructed acoustic images is related to the
diffraction limit and the spatial bandwidth of the holographic lens, which
depends on the spatial aperture of the lens, the number of pixels of the
lens, and the frequency of the beam [22]. In this work, we target a human
hippocampus using a single holographic lens of only 50-mm aperture and
operating at a frequency of 1.1 MHz. The reported experimental results
inside a skull phantom are in good agreement with theory and simula-
tions. Only small shifts of the order of one wavelength (1.4 mm in water)
are found between the target location and the field produced by the holo-
graphic lens. These shifts can be caused by experimental reasons that
include small positioning errors between the lens and the curved surface
of the phantom and can be corrected using optimization methods during
lens design. It is worth noting here that the phantom used in the experi-
ments presents a smaller acoustic impedance than a real skull. However,
full-wave simulations performed using the density, sound speed, and at-
tenuation values of the skull bone show that these arbitrary fields can
also be produced in a realistic situation. The generated acoustic fields
inside the skull are in good agreement with those produced in water. This
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shows that the aberrations produced by the skull can be mitigated by
using holographic lenses even when a complex field is required.
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Figure 2.13: Simulation results for the volumetric hologram designed for
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Moreover, using the proposed methodology, diffraction is captured pre-
cisely compared with Fraunhofer or angular spectrum methods, leading to
better accuracy of the generated acoustic fields. In addition, the holo-
graphic lens design is based on resonating slabs, which include not only
the refraction over a curved plate, but the resonating waves inside the lens.
Finally, it is important to remark that the holographic lenses used in this
work capture the complete information of the wave field, both phase and
amplitude are recorded and encoded in the phase-only lens. This approach
allows us to reconstruct considerably complex fields.

Phased arrays are efficient, but their high cost can be prohibitive to
spread out some of the incoming ultrasonic transcranial therapy treat-
ments. Using phased arrays, the ultrasonic beams can be adjusted in
real time and monitored using MRI, obtaining a precise location of the
acoustic focus into the CNS. Nevertheless, the number of elements of the
phased-array systems can be insufficient to produce a complex volumet-
ric ultrasonic field that matches a specific CNS structure. The use of
holographic lenses presents several advantages to produce complex volu-
metric patterns. First, the cost of a 3D-printed lens is low as compared
with phased-array systems. Second, each pixel in a holographic lens acts
as an element of the phased array with fixed phase. Due to the high
number of passive sources in a holographic lens, more than 4000 for the
small lenses considered here, complex patterns can be generated. Note
that the complexity of the produced acoustic images can be improved
using larger aperture lenses, i.e., increasing the angular spectrum of the
recorded holographic information. However, once the lens is designed, its
focal distance and the spatial features of the holographic image remain
fixed, and, in principle, it is not possible to steer the ultrasonic beam
in real-time with accuracy. For this reason, the technique is especially
relevant for the treatment using a single sonification of structures, or a
sonification of large volumes.

The concept shown in this chapter opens alternative doors to optimize
and to disseminate incoming therapy treatments such as ultrasound-assisted
blood-brain barrier opening for drug delivery and neuromodulation, or ul-
trasonic imaging of the central nervous system using low-cost devices.
Considering the emergence of metamaterials and their huge flexibility, we
also advance incoming biomedical applications of active holographic meta-
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surfaces for the generation of complex fields in the central nervous system.
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fusers: Deep-subwavelength sound diffusers,” Scientific Reports, vol. 7, no. 1,
p. 5389, 2017.
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gación focalizada de ultrasonidos”. Revista de Acústica, vol. 50, no. 1-2,
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� N. Jiménez, S. Jiménez-Gamb́ın, J. M. Benlloch, and F. Camarena, “Fo-
cused ultrasound beyond phase-arrays: acoustic holographic lenses enable
transcranial focusing of arbitrary fields at the central nervous system”.
XXXVII Reunión bienal de la Real Sociedad Española de F́ısica, Zaragoza,
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Chapter 3

Validation of acoustic
holograms in small
laboratory animals

Once acoustic holograms worked in simulations, and experiments with
a skull phantom, this third chapter shows a realistic BBB opening sce-
nario. We achieved a simultaneous bilateral BBB opening in anesthetized
mice in vivo. This approach showed three main advantages: simple and
low-cost; aberrations corrected; and a single sonication enabled multiple
BBB opening locations. MRI showed two symmetric BBB opening re-
gions. We report repeatability of bilateral BBB opening in different mice
by designing a unique lens from a unique µCT scan. This work demon-
strates the feasibility of hologram-assisted BBB opening as a time- and
cost-effective technique for multi-target drug delivery into the CNS.
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3.1 Introduction

The current technology for BBB opening using ultrasound relies on small
implantable intracranial transducers, single-element FUS transducers or
phased-array FUS transducers. However, these conventional methods con-
sist of targeting only a single location at a time, not being able to target
a set of locations simultaneously. On the one hand, the existing methods
using a single-element transducer in small animals consist of a reduced
MRI-compatible mechanism that mechanically moves the transducer to
achieve the multi-focal targeting inside the brain of the rodent [1–6]. This
mechanical movement is a limitation because the microbubbles are rapidly
diluted into the bloodstream and filtered out from the lungs and liver.
Therefore, several injections are required to sonicate multiple locations.
Furthermore, a dedicated control MRI-scan is carried out for each target
location to ensure that the ultrasound is focused on the desired brain spot
or structure. Consequently, this is a time- and cost-inefficient approach
for the multi-focal BBB opening in small animals. Besides, using neuron-
avigation systems for the controlled targeting in non-human primates [7]
requires several injections of microbubbles as well, in case of a multi-focal
or large-volume BBB opening procedure, because the mechanical move-
ment of the transducer is a time-limiting factor. On the other hand,
phased-array systems used in clinical trials [8, 9] have shown the ability to
electronically and independently control the magnitude and phase of each
piezoelectric element in order to change the focal spot location, keeping
the transducer fixed in the same position during the whole sonication pro-
cedure. However, these systems have a limited steering capability away
from the geometric focus [10], and do not allow either to sonicate large
volumes with a single injection of microbubbles because their controllers
take time to reach the functional pressure for each target, and by then, the
microbubbles have been filtered out. Moreover, MRI-guided multi-element
transducers are of high cost and not affordable for wide clinical use.

Recently, acoustic holograms have been proposed for transcranial FUS
to overcome these cost- and time-limitations [11]. An acoustic hologram
is a material designed to modulate the phase spatially, and, in some cases,
the magnitude of a transmitted wavefront to synthesize a complex acous-
tic field [12–17], as shown in the previous chapter. These structures allow
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the synthesis of acoustic images, i.e., areas where the acoustic energy is
high, combined with areas where the media is at rest. The technique of
coupling an acoustic holographic lens to a single-element ultrasound trans-
ducer allows the generation of pressure fields of arbitrary shape, from sim-
ple focused beams[18, 19] to multi-focal spots or acoustic images match-
ing the focal volume with the geometry of specific CNS structures [11]
or complex distributions[20–22], self-bending beams [11], acoustic vortex
beams[23, 24] or, recently, complex cavitation patterns [25]. Moreover,
acoustic holographic lenses can be designed to compensate for the strong
phase aberrations of the wavefront produced by the refraction and atten-
uation of the skull [11, 18, 24, 26]. Multi-focal acoustic holograms are a
low-cost alternative to avoid the time-inefficient mechanical movement of
a single-element transducer [7] or single-spot lenses [19].

Acoustic holograms have been tested in water tanks, in phantoms,
or using ex vivo human skulls, but to date, they have not been applied
in vivo to produce a therapeutic effect. In this work, we demonstrate for
the first time the capability of multi-focal acoustic holographic lenses to
perform a bilateral BBB opening in mice (a set of n = 3 mice are tested).
The proposed method consists of a bifocal acoustic hologram coupled to a
single-element tFUS transducer, as sketched in Fig. 3.1, designed to tar-
get both hemispheres in the brain of a mouse simultaneously. A passive
cavitation detector was introduced to monitor the therapy. In addition
to focusing simultaneously at different brain areas, this lens corrects the
aberrations due to the skull, the brain, the coupling system, and the cen-
tral hole for the imaging transducer. Using this low-cost instrumentation,
we demonstrate the capability, feasibility, and efficiency to produce a ther-
apeutic effect in a preclinical animal model.

3.2 Methods

The procedure of BBB opening using a holographic lens is divided into five
steps. First, we extract the geometry and acoustic properties of a separate
mouse skull from X-ray µCT images, and we identify the target locations
using MRI scans. Second, a plastic cone for the water coupling between the
transducer and the head of the rodent is designed and 3D-printed. Third,
a simulation is performed to calculate the acoustic field back-propagated

61



Chapter 3. Validation of acoustic holograms in small laboratory animals

Acoustic 

hologram

Therapeutic beam

Cavitation emmision

Passive cavitation detector

Acoustic images

MRI dataFocused ultrasound transducer

Targeting

water cone

Water coupling

Coupling membrane

Microbubbles (IV) 

Gadolinium (IP)

Bilateral BBB opening
Small animal

3D motorized stage

(a)
(b)

z

y

x

Acoustic 

hologram

OD

ID

h(x0, y0)

F

d

z
y

x

Figure 3.1: (a) Scheme of the preclinical therapeutic device using a bifo-
cal acoustic hologram. Microbubbles were injected intravenously (IV) for
the FUS delivery, while the gadolinium was injected intraperitoneally (IP)
post-FUS delivery for the MRI procedure. (b) Photograph of the holo-
gram manufactured by stereo-lithographic 3D-printing techniques using
translucent resin, and geometrical parameters of the study. The rough-
ness of the hologram is given by the function h(x0, y0).

from the targets to the holographic surface. This simulation includes the
multiple reflections and phase changes due to both the skull bones and
the coupling cone. Fourth, the holographic acoustic lens is designed us-
ing the phase-conjugation of the back-propagated field, manufactured us-
ing stereo-lithographic 3D-printing, and attached to a single-element FUS
transducer, as shown in Fig. 3.1 (a-b). Fifth, microbubbles are injected to
the mouse and, then, ultrasound is delivered to the mouse head. At the
same time, the treatment is monitored by measuring cavitation activity
using a single-element passive-cavitation detector. Finally, MRI scans are
carried out to assess the BBB opening.

3.2.1 Numerical simulation

We use a pseudo-spectral simulation method with k-space dispersion cor-
rection to numerically integrate the linearised constitutive relations of
acoustics, as explained in Chapter 2 [see Sec. 2.2.2]. We use an isotropic
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numerical grid with a spatial step of ∆h = 176 µm, which corresponds
to a spatial sampling of five grid points per wavelength in water for a
frequency of 1.68 MHz, leading to simulations of more than 300-million
grid points. The numerical temporal step ∆t is set to 5.1 ns and 13.7 ns
for the simulations with and without the head of the animal (particularly
skull and brain media), respectively, leading to a Courant-Friedrichs-Lewy
number of 0.2 in both configurations.

3.2.2 Mouse skull acquisition for simulation

The geometry and properties of the skull were acquired by µCT-scans
(R mCT2, Rigaku, Tokyo, Japan) from a single mouse (mass: 24 g, age:
8 weeks, sex: male, C57BL/6, Harlan, Indianapolis, IN, USA) with an
isotropic spatial resolution of 80×80×80 µm, extrapolated to 17 µm
isotropic for the numerical simulation. It is assumed that the holographic
acoustic lens designed from this single µCT-scan can correct the skull aber-
rations of different but similar individuals (n = 3 mice). Thereby, we can
assess the reproducibility of a single lens design for several mice, as well
as speed up the BBB opening procedure for all mice. The heterogeneous
acoustical properties of the skull are derived as described in Chapter 2
[see Sec. 2.2.1]. The absorption of the mouse skull is assumed to be ho-
mogeneous [27–29], and it has been set to 28.3 dB/cm at 1.68 MHz [30]
with a frequency-power law exponent of γ = 1. Afterward, the brain vol-
ume is segmented from the cavity in the µCT-scan using the ITK-SNAP
software [31]. Acoustical properties of the mouse brain are also included
in the simulations, using ρbrain = 1000 kg/m3, cbrain = 1600 m/s and an
absorption coefficient of 0.7 dB/cm at 1.68 MHz [32] with γ = 1.

3.2.3 Lens design

The lens was designed to produce a time-reversed version of the wave-
front diverging from the two target points, following the procedure de-
scribed in Chapter 2, Sec. 2.2.3, for flat transducers, modified here to be
used in a focused ultrasound source. The single-element FUS transducer
used was the Sonic Concepts H-204 (central frequency of 1.68 MHz, aper-
ture of OD = 84.2 mm, internal hole diameter of ID = 43.6 mm, and
radius of curvature of F0 = 61.65 mm). First, the two target regions
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inside the mouse brain were transversely identified following the proce-
dure described in Refs. [33–35], corresponding to two symmetric targets
placed one in each brain hemisphere generally used for small animal mod-
els. The beam covered the hippocampus, thalamus, and hypothalamus
of both hemispheres. Furthermore, to demonstrate the focusing capa-
bilities of the hologram, we selected a focusing depth for the hologram
(F = 100 mm) different than the natural radius of curvature of the source
(F > F0). Then, we located a virtual monopole source in the simulation
method at the center of each target. As we were using a spherically-focused
transducer, the lens had to compensate for the natural curvature of the
wavefront. In addition, the central hole, the passive cavitation detector
(PCD) used for monitoring the cavitation activity, and the plastic coupling
cone would generate reflections that can be compensated by the hologram
[36]. Therefore, the complete holographic information to design the lens
is calculated by

HL(x, y) = H∗
T (x, y)H∗

F (x, y), (3.1)

where H∗
T (x, y) is the complex conjugate of the recorded wavefront at the

holographic surface due to the effects of the two virtual target sources, the
plastic coupling cone, the skull, and the brain, H∗

F (x, y) is the complex
conjugate of the recorded wavefront at the holographic surface generated
by the FUS transducer, including its diffraction at the border and at the
central hole where the PCD is located, (·)∗ denotes complex conjugation,
and x and y are the transversal coordinates along the holographic plane.

Then, a phase-only lens was designed using the phase of the total com-
plex holographic information (as explained in Chapter 2, Sec. 2.2.3. As a
result, we obtained the surface of the hologram for the focused ultrasound
source. Both, the hologram and the coupling cone were 3D-printed using
ClearResin, a photosensitive polymer for stereolithography using a Form
2 printer (FormLabs, Somerville, MA, USA). For this material, we exper-
imentally measured in a cylinder test piece, using pulse-echo techniques,
a sound speed of cL = 2580 m/s, a density of ρL = 1171 kg/m3 and an
absorption of α = 4.6 dB/cm at 1.68 MHz, in agreement with the values
reported in the literature [11, 12].
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3.2.4 Guiding and monitoring system

The FUS transducer and the lens were confocally mounted with the Olym-
pus V312-SU ultrasound imaging transducer (central frequency of 10 MHz,
aperture of OD=6 mm, flat active element), as shown in Fig. 3.1 (a). This
imaging device was used in pulse-echo mode to align the system at the
beginning of the procedure. A metallic grid placed on top of the lam-
boid suture of the skull was used as a reference, the system was aligned
and, then the grid was removed. The imaging transducer was driven by
a pulser-receiver system (Panametrics, Waltham, MA, USA), which was
connected to a digitizer (Gage Applied Technologies, Inc., Lachine, QC,
CAN) integrated into a personal computer (PC, Dell Inc., TX, USA).
The same imaging transducer was used in reception mode as a PCD dur-
ing treatment to detect the cavitation activity of the microbubbles under
the action of the therapeutic ultrasound field. Acoustic cavitation emis-
sions were processed offline in MATLAB© (The MathWorks, Natick, MA,
USA).

Assuming that the PCD presents a linear response between the pres-
sure at its surface, p(t), and the recorded voltage, V (t), the acoustic energy
density, W , detected by the probe is proportional to

W ≈ 1

T

∫ T

0

p2

ρ0c20
dt ∼ 1

T

∫ T

0
V 2dt ≈ 1

T

T∑
t=0

V 2∆t, (3.2)

where V (t) is the voltage measured at each time point in Volts and ∆t
was the sampling period equal to 10 ns [37]. Then, frequency analysis was
conducted to identify the cavitation dose at each sonication [7, 38].

3.2.5 Sonication and post-MRI procedure

For the in vivo experiment, 1 µl/g Definity microbubbles were injected in-
travenously and FUS was applied for a total of 2 minutes using a 1.68-MHz
sinusoidal pulsed-burst of 400 kPa peak-negative pressure (PNP), a pulse
repetition frequency (PRF) of 5 Hz, and a pulse length of 1 ms. Then,
0.2 ml of gadolinium tracer was injected intraperitoneally and post-treat-
ment in vivo BBBO was assessed using T1-weighted MRI. Mice were
transferred to the MRI scanner, anesthetized with 1–2% isoflurane, placed
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in a 3-cm birdcage coil and scanned with a small-animal 9.4T MRI sys-
tem (Bruker, Billerica, MA, USA). A contrast-enhanced T1-weighted 2D
FLASH scan (TR/TE of 230/3.3 ms, flip angle of 70◦, number of exci-
tations of 18, in-plane resolution of 85 µm × 85 µm, slice thickness of
500 µm and receiver bandwidth of 50 kHz) was acquired ∼30-45 min after
FUS exposure, along both axial and coronal planes.

3.2.6 Cavitation signal processing

Time-domain signals recorded by the PCD were used to estimate the en-
ergy and cavitation dose for each pulsed-burst sonication during the entire
procedure. First, a Fast Fourier Transform (FFT) of each recorded wave-
form was performed. Second, three spectral areas were filtered and ana-
lyzed independently. The first region corresponds to the spectra around
the n-th harmonic, given by the frequency bands nfc − ∆f ≤ fh ≤
nfc + ∆f , where fc = 1.68 MHz is the center frequency of the FUS trans-
ducer, n = 2, 3, ..., 10 is the harmonic number, and the narrow bandwidth
around each harmonic component is set to ∆f = 10 kHz. The funda-
mental frequency is ignored due to the superposition of back-scattering
and microbubble emission at this band. The second region corresponds to
the spectra around the n-th ultra-harmonic, given by the frequency bands
(n+ 1/2)fc −∆f ≤ fu ≤ (n+ 1/2)fc + ∆f . Note that the sub-harmonic
(fc/2) was not included in the calculation due to the limited bandwidth
of the PCD. And the third spectral area corresponds to the broadband
regions, given by the frequency band fb, with fh,n + ∆f < fb < fu,n−∆f
and fu,n+∆f < fb < fh,n+1−∆f . Third, cavitation doses were calculated
as described before [7, 38], based on the root-mean-square voltage detected
in the respective spectral areas. Harmonic stable (SCDh), ultraharmonic
stable (SCDu) and inertial (ICD) cavitation doses were defined as

CDi =
1

N − 1

N∑
n=2

√〈
|F(V )|2fi

〉
n
, (3.3)

where the index i indicates harmonic (h), ultra-harmonic (u), and broad-
band regions (b), to estimate SCDh, SCDu, and ICD, respectively, F(V ) is
the fast Fourier transform of the voltage signals V , and 〈·〉 is the average
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over the bands given by fi. N = 10 bands were included. These doses
were calculated for each acoustic pulse for in vivo experiments.

3.2.7 BBB opening volume quantification

Quantification was performed on the axial MRI slices for the n = 3 mice.
First, the region of interest (ROI) was defined in the front left part of the
brain to calculate the reference intensity for each mice and hemisphere.
The threshold intensity to define BBB opening was set as the average in-
tensity within the control ROI plus 3 standard deviations. Every axial
slice was loaded sequentially, and a manual ROI was drawn within the en-
tire hemisphere. All pixels with intensity higher than the threshold were
counted to derive the BBB opening surface area in each slice. The total
BBB opening volume (BBBOV, in mm3) per mouse and hemisphere was
calculated by summing the BBB opening surface areas across all hemi-
sphere slices and then multiplying by the slice thickness. Finally, the
contrast enhancement (CE, in %) was calculated by dividing the mean in-
tensity within the BBB opening areas by the mean intensity of the control
ROI. To statistically compare the BBBOV and CE between right and left
brain hemispheres , we used the Wilcoxon rank-sum test [39, 40], where
statistical significance was assumed at p < 0.05. BBBOV and CE results
are presented as mean ± standard deviation, unless otherwise stated.

3.2.8 Acoustic calibration setup

A calibration lens was designed and manufactured to test the splitting
of the single focus into two foci in a water tank, and to assess the in-
put electrical signal parameters needed to reach 400 kPa of peak-negative
pressure (PNP) at the focal spots. The calibration setup is shown in
Fig. 3.2. Acoustic pressure-field measurements were conducted using an
Onda HGL-0200 hydrophone (Sensitivity of 0.19 mV/kPa at 1.68 MHz)
placed at the bottom of a degassed distilled water tank in a fixed po-
sition using a mechanical arm. A custom coupling cone was designed
and 3D-printed to fix the lens to the transducer and to hold the cou-
pling water. The entire system was attached to a computer-controlled,
three-dimensional positioning system (Velmex Inc., Lachine, QC, CAN).
The FUS transducer was driven by a function generator (Agilent, Palo
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3D positioning system

FUS transducer

Holographic acoustic lens

Coupling cone

Coupling water

O-ring

Elastic membrane

Water

tank

Hydrophone

Figure 3.2: Calibration setup for the acoustic pressure-field measurements
using the bifocal acoustic holographic lens in the water tank.

Alto, CA, USA) and a 50-dB power amplifier (325LA, ENI Inc., Rochester,
NY, USA). For the x − y planes, the field was scanned from -5.3 mm to
5.3 mm in the x-direction and -4.85 mm to 4.85 mm in the y-direction using
a resolution of 0.1 mm (9 points per wavelength). For the x−z planes, the
field was measured from -5.3 mm to 5.3 mm in the x-direction and 85 mm
to 110 mm in the z-direction using a resolution of 0.176 mm (5 points per
wavelength).
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3.3 Results

The results of this work are divided in two stages. First, we performed
a calibration of the system designing a bifocal hologram in water. The
pressure-field distribution was experimentally measured and compared to
simulations. In this way, we assessed the accuracy of the method without
biological tissues and we obtained the input electrical signal parameters to
achieve 400 kPa at the two foci in water. Second, we designed a new lens to
compensate for the aberrations due to the coupling cone, skull and brain.
We simulated the sonication through the head of the mouse to assess the
focusing quality and estimate the attenuation of the ultrasound beam.
Thus, by amplifying the input electrical signal accordingly, we proceeded
to the sonication of the anesthetized animal and, finally, the BBB opening
was evaluated using T1-weighted magnetic resonance imaging.

3.3.1 System calibration

A bifocal hologram was firstly designed for calibration in water. This lens
splits the single focus of the FUS transducer into two foci, in addition to
shifting the focal distance from 61 mm to 100 mm. Fig. 3.3 and Fig. 3.4
show the simulated pressure-field distribution compared to the acoustic
measurements in the water tank. The results are shown as PNP normal-
ized to pPNP, the minimum pressure detected around the focal region.
The elements forming the setup, i.e., the FUS transducer, lens, and cou-
pling cone, are shown in Fig. 3.3 (a) as continuous-white line contours.
The energy is concentrated on the focal distance of 100 mm, where two
spots are visible in the simulations and measurements. Experimental axial
pressure-field distribution is in agreement with simulation (see Fig. 3.3 (a),
insets). Experimental transverse patterns, shown in Fig. 3.3 (c), also are
in agreement with numerical predictions, shown in Fig. 3.3 (b).

Taking a closer look at the pressure-field distribution, the cross-section
of the acoustic field measured at x = 0 mm and y = 2.6 mm, i.e., axially
along the right focus, is shown in Fig. 3.4 (a). The maximum of the PNP
is observed at z = 98.8 mm (± 0.3 mm of measurement resolution) in
the experiments, compared to z = 100.2 mm in simulation (± 0.18 mm
of grid resolution). The experimental focal spot shows a depth-of-field of
19.2 mm, about 4 mm longer than the 15 mm of the simulated field. The
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Figure 3.3: Peak-negative pressure-field distribution for the calibration of
the holographic acoustic lens. (a) Simulated axial plane at x = 0 mm
showing in the insets both a zoom of the simulated field and the experi-
mental measurement at the focal region. The contours of the lens and cone
are shown in a continuous-white line. (b,c) Simulated and experimental
transversal planes at z = 100 mm, respectively.

overall amplitude envelope follows the shape of the simulated field, even
far away from the focal spot. Finally, Fig. 3.4 (b) shows the transversal
cross-section at z = 100 mm and x = 0 mm, i.e., transversely to both foci.
The two symmetric focal spots appear at y = −2.6 mm and y = 2.6 mm
(± 0.18 mm numerically, ± 0.1 mm experimentally), respectively, in both
simulation and experimental calibration. The full-width at half-maximum
(FWHM) in the transverse direction is 1.10 mm (± 0.18 mm of grid res-
olution) along both x and y directions for the simulation, compared to
1.1 mm (± 0.1 mm of measurement resolution) along y-direction and
1.6 mm (± 0.1 mm of measurement resolution) along x-direction for the
calibration. In addition, the experimental result shows a slightly higher
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Figure 3.4: Cross-sections of the peak-negative pressure-field distribution
for the calibration of the holographic acoustic lens. (a) Axial cross-section
of the simulated (continuous-black line) and experimental (dotted-black
line) pressure-field at y = 2.6 mm and x = 0 mm. (b) Transver-
sal cross-section of the simulated (continuous-red line) and experimental
(dotted-black line) pressure-field at z = 100 mm and x = 0 mm.

amplitude at secondary lobes, located at y ≈ − 4.5, -1.5, 1.5 and 4.5 mm,
as shown in Fig. 3.4 (b). The experimental lobes show a mean normalized
amplitude of 0.46 (0.38 in simulation) with a root-mean-square error of
εRMSE = 0.087. We observe another secondary lobe at y = 0 mm with
a normalized amplitude of 0.74 in the experiment (0.60 in simulation,
εRMSE = 0.087), emerging due to the mirror symmetry of the hologram.
Overall, the bilateral focal spots and secondary lobes obtained numerically
agree the measured ones, thus proving the high accuracy of the holographic
approach.

Then, the hydrophone was positioned at the center of one focus (x =
0 mm, y = −2.6 mm and z = 98.8 mm), and we performed acoustic
measurements by changing the output voltage of the function generator,
from 20 mV to 280 mV (peak) in steps of 20 mV. Using this data, we
estimated the output voltage amplitude of the function generator needed
to ensure 400 kPa of PNP at the focus in water. To produce a PNP of
400 kPa in water at the center of the foci, we calculated that the output
voltage is 190 mV (± 20 mV). Note that this value was enhanced at the
treatment stage to compensate for the attenuation produced by the head
of the mouse and the efficiency of the transcranial hologram, as explained
below.
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3.3.2 Bilateral BBB opening

Once the lens was successfully calibrated in water, a transcranial simu-
lation was performed to design a new lens that would take into account
the aberrations of the skull and the brain of the mouse, in addition to
the effects due to the coupling cone. This transcranial simulation initially
indicated a pressure loss at the focus of ≈36 % due to the attenuation
of the skull and brain of the mouse, and due to the efficiency of the new
hologram. The output voltage of the function generator was enhanced
accordingly to 297 mV to obtain a 400 kPa-PNP to open the BBB safely
[41–44]. Two test mice were sonicated using these input parameters, and
we detected gadolinium perfusion in T1-MRI images throughout almost
the whole brain. The output voltage of the function generator was then
reduced to 280 mV (≈32 % of water calibration), leading to a sharp bilat-
eral BBB opening, indicating that the initial attenuation value was slightly
overestimated by the simulation, including the rodent tissues, by a factor
of ≈4 %. Three mice were treated at the chosen parameters to investigate
feasibility across multiple animals.

A comparison between the simulated PNP distribution inside the head
of the mouse, and the resulting BBB openings analyzing the post-sonica-
tion T1-MRI acquisitions, is shown in Fig. 3.5 for one of the mice. First,
Fig. 3.5 (a) shows the simulated coronal pressure-field distribution at x =
0 mm where continuous-white lines show the contours of the surface of the
transducer, the hologram, the coupling cone, and the mouse skull. The
pressure-field distribution shown here is normalized to pPNP, representing
the PNP at the focal region inside the brain. A closer view of the coronal
pressure-field distribution at the focal region is shown in Fig. 3.5 (c1),
where the two symmetrical focal spots are marked by the two red arrows.
The transverse (axial) cross-section of the simulated acoustic field at z =
100 mm is shown in Fig. 3.5 (b1), where two clear circular spots are
observed, as indicated by red arrows.

In vivo tests were performed as described in Methods section on n =
3 mice. T1-MRI showed gadolinium extravasation at two symmetric fo-
cal spots in the axial and coronal planes, as shown in Figs. 3.5 (b2,c2),
respectively. A bilateral BBB opening was achieved, as indicated by the
two red arrows.

On the one hand, we can observe that the two experimental BBB
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Figure 3.5: Peak-negative pressure-field distribution simulation compared
to the BBB opening regions. (a) Simulated axial pressure-field distribution
plane at x = 0 mm. The contours of the lens, cone and skull are shown in
a continuous-white line. (b1,c1) Simulated transversal (at z = 100 mm)
and axial (zoom in of (a) at x = 0 mm) pressure-field distribution planes,
respectively, showing the two focused spots by red arrows. (b2,c2) Exper-
imental transversal and axial T1-MRI planes, respectively, showing the
two BBB openings, in light color, by red arrows.

openings are separated 3.2 ± 1.0 mm (n = 3 mice) compared to 5.3 mm
in simulation. The discrepancy is likely due to the differences between the
skull scanned with µCT for manufacturing the lens and the skulls of the
treated mice or small misalignment of the system. Using the µCT scan of
the treated subjects would lead to a better ultrasound location prediction
for each mouse. Furthermore, other effects as imperfect coupling or small
air pockets trapped within the lens surface may have contributed to the
field distortion.

Average BBBOV was significantly different comparing both left and
right hemispheres (p = 0.01, n = 3 mice). The average BBBOV calculated
was 17.7 ± 6.8 mm3 and 34.9 ± 9.6 mm3 for the left and right hemispheres,
respectively. The right hemisphere showed a higher BBBOV, as observed
in Fig. 3.5 (b2,c2), where the two BBB opening spots appear slightly
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displaced to the right hemisphere, observing how the right BBB opening
spot is brighter than the left one. Consequently, off-target regions are
also slightly brighter. This can be caused due to a misalignment of the
transducer with respect to the mouse skull. Nevertheless, in CE, the
average value was marginally different between hemispheres (p = 0.04,
n = 3 mice). The calculated CE was 17.6 ± 3.8 % and 25.3 ± 7.3 % for
the left and right hemispheres, respectively.

On the other hand, acoustic holograms showed a particular advantage
when reconstructing an acoustic image inside the skull: the depth of field,
i.e., the size of the focal spot in the z-direction, can be reduced compared
to a progressive focused beam. This is clearly observed in the numerical
results [see Fig. 3.6 (a)], where the field along the z-direction is shown
for the hologram designed for the mouse and the one designed for wa-
ter. Evaluating the axial cross-section, the depth of field of the focal spot
for the transcranial case [continuous-red line in Fig. 3.6 (a)] is ≈0.5 mm
(the wavelength at 1.68 MHz in brain tissue is 0.95 mm) compared to the
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Figure 3.6: Cross-sections of the simulated peak-negative pressure-field
distribution for calibration and transcranial configurations. (a) Simulated
axial cross-section for the calibration case (dashed-black line) and for the
transcranial case (continuous-red line) at y = 2.6 mm and x = 0 mm. A
spherical Bessel function of the first kind and zero-th order centered at
the focal spot is shown in a continuous-gray line. (b) Simulated transver-
sal cross-section for the calibration case (dashed-black line) and for the
transcranial case (continuous-red line) at z = 100 mm and x = 0 mm. A
spherical Bessel function of the first kind and zero-th order centered at
the two focal spots is shown in a continuous-gray line.
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15 mm for the calibration case [dashed-black line in Fig. 3.6 (a)]. Fur-
thermore, the full-width at half-maximum in the transversal direction is
≈0.6 mm for the transcranial case [continuous-red line in Fig. 3.6 (b)]
compared to ≈1 mm for the calibration [dashed-black line in Fig. 3.6 (b)].
This enhancement of the focusing performance is associated with the abil-
ity of acoustic holograms to encode time-reversed wavefronts including
the multiple reflections produced inside the mouse head, in analogy with
other time-reversal systems [45–47]. Holograms encode waves in multi-
ple directions by generating converging wavefronts to the focal spots and,
simultaneously, secondary waves reflected on the walls of a leaky cavity,
i.e., the skull and the walls of the coupling cone. Therefore, the angu-
lar spectrum of the resulting focused field by the hologram is enhanced
compared to the angular spectrum of a progressive focused beam. In this
way, using holograms for transcranial FUS, the focal spot that typically
presents an elongated shape for a focused transducer converges to a spot
of quasi-spherical shape. As a reference, the limiting case of a spherically
converging wave, given by a spherical Bessel function of the first kind and
zero-th order, j0(kr), where k is the wavenumber in the brain at the source
frequency and r the radial distance centered at the focal spot, is plotted
in Figs. 3.6 (a,b). We can see that the field produced by the hologram in
the simulation is close to the theoretical diffraction limit, with the focal
width being close to the half-wavelength limit. The corresponding focal
spots are also visible in the experiments [see Figs. 3.5 (b2,c2)], corrobo-
rating the bilateral BBB opening and the ability of holograms to improve
the focusing capabilities of conventional transcranial FUS systems. They
present a spherical shape, but as the gadolinium exhibits diffusion through
the brain tissue, the experimental focal spots in the T1-weighted MRI are
slightly bigger, showing a diameter size of 1.0 ± 0.3 mm.

3.3.3 Cavitation analysis

The FFT corresponding to a single therapeutic pulse showing the range
of the harmonics n = 1, 2, .., 8 is shown in Fig. 3.7 (a). The spectrogram
for the whole experiment is represented in Fig. 3.7 (b), showing the sta-
bility on the microbubble emissions during the entire 2-min treatment,
highlighting the prevalence of the harmonic frequencies n = 2, 3, 4. At
the top of Figs. 3.7 (a,b), we indicate the three analyzed spectral regions
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used to assess the cavitation doses. The total energy calculated for each
pulsed-burst during the whole treatment is represented in Fig. 3.7 (c). The
energy shows variations between pulses due to the different acoustic cavi-
tation and the variations of microbubble concentration due to blood flow.
However, the mean energy at the beginning and at the end of the treat-
ment is similar. Harmonic stable (SCDh), ultraharmonic stable (SCDu),
and inertial (ICD) cavitation doses are shown in Fig. 3.7 (d). First, SCDu

remains high and constant during the whole procedure. In contrast, SCDu

and ICD are two orders of magnitude lower than SCDu, as it can also be vi-
sually identified in the spectrogram in Fig. 3.7 (b), confirming the absence
of violent cavitation events which would compromise safety. In addition to
the successful observed BBB opening shown previously, this fact indicates
that cavitation activity was likely occurring during therapy in a stable and
repeatable way.

3.4 Conclusions

In this work, we have demonstrated the first in vivo simultaneous multi-fo-
cal BBB opening in mice using a 3D-printed acoustic hologram. Holo-
graphic lenses were effectively designed using a simulation including the
skull of a mouse obtained from a µCT-scan, from where its heteroge-
neous properties were acquired. The manufactured acoustic hologram
shows the ability to simultaneously focus at two mirrored targets in each
hemisphere, allowing thus a cost- and time-effective procedure to open
the blood-brain barrier of preclinical animal models. Furthermore, only
one sonication and, consequently, one microbubble administration, were
enough to open the BBB simultaneously at different brain regions. In
this way, single-element systems based on acoustic holograms define an
alternative technology to phased-array systems for this application.

Phased-array systems present several advantages, such as real-time
steering. However, therapeutic phased-array systems are limited by the
number of active elements, e.g., up to 2048. Typically, as a wide aperture
is required for therapeutic phased arrays, their active piezoelectric ele-
ments are commonly separated by a distance greater than half-wavelength.
Therefore, their steering capability is limited by the emergence of strong
grating lobes. In contrast, acoustic holograms allow encoding wavefronts
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Figure 3.7: In vivo microbubble emission analysis over sonication time.
(a) Normalized amplitude of the Fast Fourier Transform (FFT) performed
over the cavitation emissions produced by a single pulse. (b) Spectrogram
showing the evolution of the harmonics n = 1, 2, 3, 4, 5, 6, 7. (c) Energy
evolution during the entire treatment (gray) and energy using a 5-second
moving average filter. (d) Stable harmonic (black), stable ultraharmonic
(gray), and inertial (red) cavitation doses.

with a higher spatial resolution, in this work up to 131784 elements, re-
sulting in an enhanced steering capability. In addition, these lenses allow
synthesizing not only the progressive focused waves towards the targets,
but also the multiple-scattered waves inside a leaky cavity of irregular
shape such as the skull. The design process considers the time-reversed (or
phase-conjugated) version of the back-propagated wave traveling from the
target structure, through the aberrating media, towards the holographic
plane [11]. Therefore, in addition to compensating for the phase aberra-
tions introduced by the skull wall and the brain tissue, these acoustic lenses
can replicate the reflections inside the head of the animal. This results in
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an enhancement of the angular spectrum of the synthesized waves, and,
thus, the hologram can ideally reconstruct a sharp acoustic image close to
the diffraction limit [Figs. 3.6 (a,b)]. In practice, the depth-of-field of the
focal spot, typically elongated for a focused ultrasound source, is greatly
reduced in the axial direction. In this study, a quasi-spherical focal spot
was obtained. Since the target structure is always enclosed in the cranial
cavity for the treatment of brain diseases, holographic acoustic lenses show
a great potential to enhance spatial resolution, becoming a safe, low-cost,
and highly localized technique to target brain structures at the CNS in
preclinical animal models.

The proposed approach presents several limitations which must be dis-
cussed and understood to control the technique accurately. On the one
hand, the presented lenses are non-reconfigurable. Therefore, a personal-
ized lens is ideally needed for each patient and treatment target. A new
lens design is recommended to have an accurate beam control for each new
focusing configuration, resulting in a time-inefficiency procedure for the
same patient, due to removing and placing of the lenses for the different
configurations. In this way, reconfigurable holograms, e.g., as those based
on spatial sound modulators [16], are of great interest to transcranial ul-
trasound therapy. However, note that it has been previously proved that
aberrations are still corrected despite a small misalignment, intentionally
or not, in the transducer position [18]. This allows using the same lens
and applying a small displacement to the transducer in order to move the
focal spot, covering even a larger volume while still correcting the skull
aberrations.

On the other hand, note that for clinical BBB opening applications
in humans the central frequency (usually below 650 kHz) is lower than in
preclinical applications (usually above 1 MHz in mice). The thickness of
the hologram, i.e., the height of each pixel, is proportional to the wave-
length in the material of the lens. Therefore, holograms for preclinical
applications require higher resolution 3D-printing techniques, and small
printing errors could be detrimental in the focal shape generation.

This study shows the feasibility, capability, and efficiency of acous-
tic holograms for high resolution multi-focal blood-brain barrier opening.
Moreover, the benefits of this approach can be widely useful in other
applications such as neuromodulation, high-intensity focused ultrasound,
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ultrasound hyperthermia, transcranial imaging, or drug and gene deliv-
ery, defining a promising solution to the complex requirements of these
biomedical ultrasound applications.
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� S. Jiménez-Gamb́ın, A. N. Pouliopoulos, N. Jiménez, J. M. Benlloch,
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� S. Jiménez-Gamb́ın, A. N. Pouliopoulos, N. Jiménez, J. M. Benlloch,
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Chapter 4

Hologram design for
targeted chemotherapy

The delivery of chemotherapeutic drugs using FUS and microbubbles
is of great interest for oncology. Acoustic holograms show a great poten-
tial to target and to open the BBB at large-shape brain tumors. In this
chapter, we numerically assessed the targeting of a pediatric brain tumor
using an acoustic hologram. Several acoustic patterns were studied, and
three quality parameters were evaluated: the covered target volume, the
covered off-target volume, and the focal pressure decay. The best configu-
ration provided 16 % of tumor coverage, more than three times compared
to the 5 % obtained with the conventional single-element FUS transducer.
We report the feasibility of acoustic holograms for chemotherapeutic ap-
plications by highly increasing the covered tumor volume with a single
sonication, thus saving clinical procedure time and resulting in a very
efficient treatment by reducing the number of microbubble injections.
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4.1 Introduction

Pediatric population is the most affected by cancer caused by primary
brain tumors [1]. Diffuse Intrinsic Pontine Glioma (DIPG), recently known
as diffuse midline glioma (DMG) - H3K27M-mutant [2], is the most ag-
gressive primary pediatric brain tumor. This tumor is typically very in-
filtrative, and it is located in the pons within the brainstem. To date,
there is no cure nor effective treatments that provide a long survival pe-
riod, and the median overall survival is less than 1 year with Radiation
Therapy (RT). RT is the only treatment which offers temporary palliative
control. Conversely, conventional treatments are based on maximal surgi-
cal resection followed by adjuvant radiotherapy and chemotherapy. They
are limited in efficacy because of the infiltrative nature of these tumors.
Moreover, it is not possible to perform a total resection because cancer-
ous cells are still infiltrating surrounding healthy tissues. On the other
hand, the BBB prevents most therapeutic drugs from crossing the brain
parenchyma and they can not reach the target cancerous cells [3].

Different approaches have been assessed in previous works to treat
primary brain tumors clinically. Some of them by disrupting the BBB,
such as mannitol administration [4] and the use of the bradykinin agonist
RMP-7 [5], and some others by direct injection of drugs into the brain
[6–8]. However, these techniques have not been widely used due to diffi-
culties related to their routine implementation in the clinic. An alternative
approach is the use of focused ultrasound and microbubbles to safely, lo-
calized, transiently, and reversibly increase the permeability of the BBB,
which has been successfully demonstrated in small and large animals and
preclinical glioma models. However, the ultrasound beam propagation
through the skull is complex and difficult to control accurately. The skull
is the most relevant obstacle in ultrasound treatments for Alzheimer’s,
Parkinson’s, amyotrophic lateral sclerosis, and even neuro-oncology. This
irregular and thick bone layer distorts and attenuates the focused beam
leading to undesired effects [9]. Conventional FUS systems show advan-
tages and drawbacks, but none of them completely accomplishes this type
of clinical procedure requirements in a time- and cost-efficient manner.
The ideal approach would consist of a non-invasive and localized BBB
disruption throughout the entire brain tumor, which usually spreads over
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large brain regions. A novel technology using acoustic holograms coupled
to a single-element FUS transducer can solve these limitations.

In this chapter, we study the feasibility and capabilities of using acous-
tic holographic lenses [10], coupled to a 250 kHz single-element FUS trans-
ducer [11], a new non-invasive approach to increase the targeted volume
of a pediatric cancer tumor in the brain while reducing the off-target FUS
delivery. These lenses allow to compensate and correct the non-desired ef-
fects generated by the skull, such as focus deviation and deformation, and
to generate a focal shape matching the geometry of the tumor, thus im-
proving the efficiency and the performance of the treatment in comparison
with the procedure using the conventional single-element FUS transducer.
Different lens designs were studied, and the results indicated that the
larger tumor covering with a reduced off-target dispersion was obtained
with the curved-slice-hologram configuration, where the single-element
FUS transducer had an outer diameter aperture of 132 mm, a radius
of curvature of 110 mm, and no central hole, providing coverage of the
15.9 % of the target tumor.

4.2 Materials and methods

The developed numerical procedure consisted of four steps. First, we
acquired the 3D geometry and acoustical properties of a pediatric skull
from X-ray CT images, and we identified the target tumor structure
(DMG - H3K27M-mutant) from MRI. Second, an FDA-approved single-el-
ement FUS transducer, working at a central frequency of 250 kHz, was cho-
sen for this study. Third, the transducer was positioned pointing towards
the tumor through the occipital/parietal skull area. Lastly, an acoustic
lens was numerically designed from the phase information recorded at the
holographic surface. Afterward, it was coupled to the transducer surface to
finally simulate the pressure-field distribution inside the pediatric human
head.

4.2.1 Numerical simulation

We selected a pseudo-spectral simulation method with k-space dispersion
correction to numerically integrate the linearised constitutive relations of
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acoustics [see Sec. 2.2.2 as explained in Chapter 2]. We used a numerical
grid with a spatial step of ∆x = ∆y = ∆z = 1 mm and a numerical tem-
poral step of ∆t = 57.7 ns, leading to a Courant-Friedrichs-Lewy number
of 0.2 and a spatial sampling of 6 grid points per wavelength in water for
a frequency of 250 kHz. These parameters were fixed in all simulations in
this chapter.

4.2.2 CT and MRI acquisition

First, in order to model the skull geometry, we used a CT-scan from a
human pediatric head with a slice thickness of 2 mm and in-slice pixel
spacing of 1×1 mm (interpolated to 1 mm isotropic for the numerical
simulation, 6 points per smallest wavelength at 250 kHz) from Columbia
University. We defined the heterogeneous sound speed and density maps
of the skull using the procedure described in Chapter 2 [see Sec. 2.2.1]
but working at 250 kHz. The absorption of the pediatric skull was set to
1.5 dB/cm [12]. After, a specialized neurosurgeon segmented the tumor
from the MRI using the ITK-SNAP software [13], with an original resolu-
tion of 0.4 × 0.4×4.4 mm interpolated to 1 mm isotropic for the simula-
tion. This tumor represents a 2.7 % of the whole brain (Vtumor = 31.1 cm3

compared to Vbrain = 1132.4 cm3). Acoustical properties of the human
pediatric brain were also included in the simulations to obtain a more
realistic result, using a sound speed of cbrain = 1560 m/s, a density of
ρbrain = 1000 kg/m3, and absorption of 0.10 dB/cm at 250 kHz [12].

4.2.3 Lens design

The distribution of heights along the lens surface was numerically obtained
from the complex pressure-field distribution recorded at the holographic
surface (see Sec. 2.2.3 for more details). A set of virtual sources distributed
along the tumor were used for the back-propagation step. The lens was
made of a 3D-printable resin from the company Formlabs (ClearResin ma-
terial with a sound speed of cL = 2580 m/s, a density of ρL = 1171 kg/m3,
and absorption of α = 0.69 dB/cm at 250 kHz).

Initially, two lens designs were developed for the FDA-approved trans-
ducer. The first configuration allowed to reconstruct a bifocal acoustic
image inside the tumor, and the second configuration allowed to pro-
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duce a slice of the tumor. For these two configurations, the holographic
design surface was a plane in front of the transducer surface (as de-
scribed in Chapter 2, Sec. 2.3 and Sec. 2.5, for flat-bifocal-hologram and
flat-slice-hologram configurations, respectively). However, designing a lens
from a flat holographic surface is not efficient when the transducer has a
curved surface, because, on the one hand, the governing equations of the
Fabry-Perot resonator state that the resonating column has to vibrate
perpendicularly to the source surface. On the other hand, the resulting
geometry of the lens, including its back part, would be too thick, and losses
would increase. Therefore, in this chapter, we included a new lens design
by recording the holographic wavefront at a curved and parallel surface
to the transducer surface, thus facilitating and improving the longitudinal
vibration mode of each column of the lens and as well reducing internal
losses in the lens material. Furthermore, we tested how the acoustic im-
age reconstruction quality improved when increasing the aperture of the
transducer and also when the central hole for the PCD was not included.

4.2.4 Quality parameters evaluation

For each numerical case studied, three quality parameters were obtained
to compare the different approaches. Previous to the quality parame-
ters calculation, we defined the active ultrasound beam volume 3D mask
where the delivered pressure remains in the safe range for BBB opening
of 0.25-0.5 MPa [11, 14]. This volume was defined at the decay of half
the maximum pressure at the focus (from Pmax/2 to Pmax) and was used
to obtain the in-target and off-target volumes covered by the active ultra-
sound beam. On the one hand, we defined Vin as the volume of the tumor
covered by the active beam. The higher Vin is, the higher the coverage of
the tumor is, and the more efficient and localized the treatment is. On the
other hand, we defined Vout as the off-target volume (the volume of the
brain that does not belong to the tumor) covered by the active beam. In
this way, we assessed the pressure delivery, within the safe range for BBB
opening, to the non-desired tumor-adjacent brain tissue. The smaller Vout
is, the less off-target coverage, and the more localized the treatment is.

The third quality parameter is related to the gain of the FUS device.
The gain of a FUS system characterizes, on the one hand, its efficiency in
generating a specific pressure at the focus for a given input signal, and on
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the other hand, how sharp the focus can be generated. In such a way, the
higher the gain, the higher the focal pressure and the sharper the focus
is generated, and vice-versa. Working with a sharp focus is beneficial for
BBB opening FUS treatments, as a sharp and clear difference between
the focal and non-focal pressure values is obtained. The skull attenuation
prediction, which usually presents uncertainties, is relevant as well to esti-
mate the pressure delivered at the target structure. Note that two pressure
regions can be identified for BBB opening applications: the focal region
where the BBB is expected to be opened, i.e., from Pmax/2 to Pmax, and
the non-focal or background region where no BBB opening is expected,
i.e., from zero to Pmax/2. Then, for a low-gain FUS system, the non-sharp
focus would bring the background and focal regions closer to each other,
facilitating that uncertainties in the skull attenuation prediction led to an
excessive off-target BBB opening (overestimated attenuation), or on the
contrary, led to a reduced in-target BBB opening (underestimated attenu-
ation); even a non-existent BBB opening could be obtained if an excessive
underestimation of the attenuation was assumed. On the contrary, for
a high-gain FUS system, the sharp focus generated would allow making
relatively small errors in the attenuation prediction, as the background
region pressure values would still stay sharply away from the focal values.
In this chapter, acoustic holograms allow for spreading the single focus of a
single-element FUS transducer along the tumor, which leads to an implicit
reduction in the focal pressure. Therefore, the gain of the FUS system
(transducer and lens) is reduced even more. Although we can amplify the
external input signal accordingly, this low-gain FUS system will produce
an even less sharp focus, and skull attenuation uncertainties are critical for
a successful BBB opening procedure. For the different approaches for FUS
delivery in a pediatric brain tumor studied in this chapter, it is defined
the quality parameter RAR = Alens/Atransducer (Relative focal Amplitude
Reduction) to assess the reduction of the amplitude (pressure) at the max-
imum of the focus, Alens, obtained transcranially using a lens, compared
to the transcranial focal amplitude provided by the single-element trans-
ducer, Atransducer, both amplitudes obtained for the same amplification
factor of the external input signal. This RAR is partially related to the
losses due to the propagation through the skull. However, it is mainly
related to the active aperture of the transducer and to the spreading of
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the FUS focus along the target tumor. For the transcranial configuration
without lens RAR = 1, and with lens 0 < RAR < 1. Thus, the smaller
RAR is, the more sensible and complicated it is to ensure 0.25-0.5 MPa
at the focal region with the FUS system against existing uncertainties in
the skull attenuation prediction. For this reason, we must consider the
focusing gain of the FUS system to assess the complexity of achieving
successful treatment.

The interest in using an acoustic holographic lens lies in achieving
a higher Vin than the conventional single-element FUS transducer while
keeping a reduced Vout not to spread the focus outside the tumor, finally
ensuring a high RAR for a simple-task and fast clinical procedure.

4.2.5 Optimal holographic wavefront definition

The target image reconstruction quality provided by these lenses, i.e. the
capability of spreading the focus along the pediatric tumor, is limited if
working at such a low frequency (250 kHz) for such a reduced aperture of
the FDA-approved transducer (2a = 110 mm), as shown later in results
in Sec. 4.5 and discussed in Sec. 4.5.1. Due to this limitation, the target
image reconstruction quality provided by these lenses is initially poor. It
could be improved by using an iterative optimizing method to calculate
the holographic plane, but this is prohibitive for 3D heterogeneous simu-
lations of large domains such as a human skull [see Chapter 2, Sec. 2.2.3
for more details]. A second approach could be to increase both the aper-
ture and working frequency of the transducer, to work with higher angular
spectrum. However, if the geometry and working frequency of the trans-
ducer are already FDA-approved, i.e., fixed, there is an alternative that
will allow us to slightly improve the resulting target image reconstruc-
tion quality: to add a constant phase offset to the recorded phase of the
holographic design surface. What makes a holographic lens work prop-
erly is not the specific phase value at the output of each column, but the
phase difference between each column and its neighbors. In other words,
the relative phase differences between columns throughout the entire lens
surface. Therefore, once the holographic surface information is recorded
(using a single back-propagation iteration), we can then add a constant
phase offset to all the columns 0 < φoffset < 2π rad, while the relative
phase differences between neighbor columns remain constant.
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Fig. 4.1 shows an example of this phase offset addition for one of the
designed holographic lenses to create a broad focus targeting the cancer
tumor. Once we do the backward propagation, we obtain the holographic
phase surface shown in Fig. 4.1(a1). Afterward, we create the lens, and
we do the forward propagation resulting in the pressure field distribu-
tion shown in Fig. 4.1(a2), where a broad focus is covering the tumor
(in this particular case, the focus shows a void in its center because we
are working with a small aperture compared to such a low frequency).
Fig. 4.1(b1) shows the holographic phase surface when a phase offset of
φoffset = 2π/3 rad is added. As we can see, the relative phase differ-
ences along the whole holographic surface remain constant, but the sin-
gular phase values of the columns are different. Despite of adding this
phase offset, the new lens still produces a very similar acoustic image, if
we observe the pressure field distribution in Fig. 4.1(b2). Although an
evident different shape of the lens (its contour is shown in continuous
white line) is observed, we can just distinguish a slight difference in the
pressure field distribution. Thus the new modified lens is still working sim-
ilarly. A third example is shown in Fig. 4.1(c1,c2), where a phase offset
of φoffset = 4π/3 rad is added, and the pressure field distribution slightly
changes. In all cases, the shape of the focused beam is almost the same,
but if we take a closer look at the pressure at the edges of the tumor, or in
terms of coverage between focal region and tumor, we can observe a varia-
tion in the tumor coverage (different Vin) as a function of this added phase
offset. Therefore, to assess the overall behavior of adding a phase offset
between the entire range of 0-2π rad (a complete revolution), Fig. 4.1(d,e)
shows the quality parameters Vin, Vout and RAR, respectively, as a func-
tion of the added phase offset. We can see that, as Vin increases, so does
Vout, but there are values of φoffset which provide a lower Vout for a given
Vin. On the contrary, around φoffset = 1.15π rad, where Vin is maximum,
the focal region is covering almost the same volume outside than inside
the tumor. For this study, we choose φoffset by evaluating the minimum
value provided by the optimization function fopt defined as:

fopt = Vout − Vin, (4.1)

where Vout and Vin are the quality parameters representing the off-target
and in-target covered volumes, respectively. The minimum value of this
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Figure 4.1: Holographic phase information and corresponding pressure
field distribution as a function of the added constant phase offset.
(a1,b1,c1) Phase distribution at the holographic plane when the phase
offset is φoffset = 0, 2π/3 and 4π/3 rad, respectively. (a2,b2,c2) Axial
cut of the pressure field distribution at x = 0 mm showing the contours of
the transducer surface, lens and skull (continuous white line) and tumor
(dashed red line) when the phase offset is φoffset = 0, 2π/3 and 4π/3 rad,
respectively. (d) Overlapping quality parameters Vin and Vout, and (e)
gain-related quality parameter RAR as a function of the added phase off-
set.
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optimization function corresponds to the optimal phase offset φoffset,opt
that will provide the highest Vin for the lowest Vout. In this study, the aim
is to cover a considerable and greater amount of tumor volume compared to
the conventional single-element FUS system without a lens. In this way, we
select a minimum value for Vin following the condition Vin ≥ nVin,T , where
Vin,T is the in-target covered volume by only using the single-element FUS
transducer, and n is a positive real number greater than the unity. For the
bifocal lens approach, n = 2, while for the rest holographic approaches,
n = 2.5. Finally, and for all holographic approaches, the pressure-field
distribution shown in the results is obtained with a lens designed by adding
the optimal phase offset φoffset,opt to its initial holographic surface of the
design.

4.3 FDA-approved single-element FUS transducer

The first, most simple and conventional approach to deliver ultrasound to
biological tissue is to use a single-element FUS transducer. The United
States Food and Drug Administration (FDA) recently approved the use
of a 0.25-MHz single-element FUS transducer (a custom-designed device
from Sonic Concepts: an outer diameter of 110 mm, a radius of curvature
of 110 mm, an inner gap of 44 mm in diameter for the insertion of a pas-
sive cavitation detector (PCD) image transducer) for Alzheimer’s treat-
ment in adult humans. As the study in this chapter involves propagating
FUS through a pediatric human skull, we choose the same FDA-approved
transducer to assess its feasibility numerically for targeting a cancer tu-
mor for a clinical trial. As the transducer presents a fixed focal length, we
target the tumor through the skull’s occipital region in order to position
the focus in the center of the tumor. This transducer’s position is fixed in
all studied approaches using a holographic lens.

The pressure-field distribution using the single-element FUS trans-
ducer is shown in Fig. 4.2, where a clear focused beam in the center of
the tumor is observed. The transmission through the skull does not affect
the shape of the focus relevantly. No lateral lobes or secondary foci are
observed, and the resulting focus has good symmetry and is centered with
the transducer. These low aberrations are reasonable working at such
a low frequency as 250 kHz. This case provides Vin = 1.5 cm3, which
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Figure 4.2: Pressure-field distribution using the conventional single-el-
ement FUS transducer. (a) Axial plane at x = 0 mm, showing the
transducer surface and skull boundaries (continuous white) and the tu-
mor boundary (dashed red). (b) Sagittal plane at y = 0 mm. (c) Coronal
plane at z = 132.4 mm. (d) 3D view of the transducer surface (black),
skull (white), brain (gray) and focal volume (red) overlapping with the
tumor (blue).

corresponds to 4.9 % of the total tumor volume, and Vout = 0.2 cm3, rep-
resenting 0.6 % of the total tumor volume. This transducer has a linear
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focal gain of G = 7.4, which means that the pressure at the surface of
the transducer is linearly amplified by a factor of 7.4 in the focus. The
focal volume shown in red in Fig. 4.2 (d) is obtained by thresholding the
resulting pressure field between the maximum pressure value found in the
tumor and the decay at its half. Therefore, if we adjust the input signal
amplitude to get 0.5 MPa at the maximum of the focus, the pressure at
the boundary of the focal volume will correspond to 0.25 MPa. The BBB
is expected to be opened with great accuracy just within this focal region.
Quantitatively, for a gain of G = 7.4, we need 0.07 MPa at the surface of
the transducer to ensure 0.5 MPa at the maximum of the focus.

4.4 Bifocal-hologram approach

Starting from the easiest configuration, we assess the performance of a bi-
focal lens compared to the conventional case. This bifocal lens is firstly de-
signed to create a simple shape of two foci covering the tumor (see Fig. 4.3).
This lens design is calculated from the recorded back-propagated holo-
graphic wavefront at a flat surface in front of the transducer. To achieve
a reduced BBB opening outside the tumor, the holographic information
has been obtained applying the optimization function fopt (as described
in Sec. 4.2.5) with n = 2 to overlap at least twice the tumor volume than
in the conventional case. This bifocal approach provides Vin = 3.5 cm3,
representing 11.3 % of the total tumor volume and 2.3 times greater than
in the conventional case. In Fig. 4.3 (d), we can see the generation of
a third focus in the center of both foci due to constructive interference
of the converging wavefront coming from the lens, due to the symmetry
of the acoustic image reconstruction, and because the two target points
are very close to each other working at such a low frequency. The second
quality parameter is Vout = 1.3 cm3, representing 4.3 % of the total tumor
volume and 7.1 times greater than in the conventional case. However, this
value for Vout represents 0.1 % of the whole brain volume, which is accept-
able from the medical point of view. Finally, RAR = 0.42, therefore we
need 0.16 MPa at the surface of the transducer to ensure 0.5 MPa at the
maximum of the focus. We can see here that the pressure difference be-
tween focal and background regions has been reduced. Thus we have to be
more accurate in the skull attenuation prediction to achieve the safe BBB
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Figure 4.3: Pressure-field distribution, normalized to the maximum pres-
sure p0 at the focus in the conventional case, using the flat-design bi-
focal-hologram configuration. (a) Axial plane at x = 0 mm, showing the
transducer surface, lens and skull boundaries (continuous white) and the
tumor boundary (dashed red). (b) Sagittal plane at y = 10 mm. (c) Coro-
nal plane at z = 132.4 mm. (d) 3D view of the transducer surface (black),
skull (white), brain (gray) and focal volume (red) overlapping with the
tumor (blue).
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opening pressure range of 0.25-0.5 MPa at the focal region. As expected,
RAR decreases because we are splitting the conventional single focus into
two, in addition to the acoustic absorption of the lens material. Also, we
observe how Vin increases the same factor (2.3 times) as the inverse of
RAR. In other words, the amplitude at the focus is reduced by the same
factor that Vin increases.

From the analysis of these quality parameters, we can say that the
flat-design bifocal-hologram strategy allows an estimated 2.3 times (in-
crease of Vin) faster clinical procedure while being 2.3 times (decrease of
RAR) more accurate to ensure the delivery of 0.25-0.5 MPa of pressure
within the focal region.

4.5 Volumetric slice-hologram approach

Stepping towards a more adequate but complex holographic reconstruc-
tion, we assess the performance of a slice-shape lens compared to the
conventional case. This lens is designed from a flat holographic surface
and creates a complex broad focus along a slice of the tumor (see Fig. 4.4),
although the reduced angular spectrum working at 250 kHz does not allow
to completely reconstructing the slice, resulting in a void in its center at
y = 0 mm [see Fig. 4.4 (a,c)]. As in the previous bifocal approach, to
achieve reduced BBB opening outside the tumor, the holographic infor-
mation was obtained applying the optimization function fopt with n = 2.5
(see Sec. 4.2.5). This approach provides a Vin = 4.0 cm3, representing
12.9 % of the total tumor volume and 2.6 times greater than in the con-
ventional case. The second quality parameter is Vout = 1.3 cm3, the same
as in the bifocal approach. We can clearly see how Vin has increased while
keeping the same Vout, so this slice-shape lens approach performs better.
Finally, RAR = 0.40, slightly smaller than the bifocal approach, therefore
we need 0.18 MPa at the surface of the transducer to ensure 0.5 MPa at
the maximum of the focus, and we can see here that the pressure difference
between focal and background regions has been reduced a bit more. As
expected, RAR keeps decreasing because we are splitting the conventional
single focus into a broad slice of the tumor, in addition to the acoustic
absorption of the lens material. Moreover, we observe how Vin increases
more (2.6 times) than the inverse of RAR (2.5), which means that the
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Figure 4.4: Pressure-field distribution, normalized to the maximum pres-
sure p0 at the focus in the conventional case, using the flat-design
slice-hologram configuration. (a) Axial plane at x = 0 mm, showing the
transducer surface, lens and skull boundaries (continuous white) and the
tumor boundary (dashed red). (b) Sagittal plane at y = 10 mm. (c) Coro-
nal plane at z = 132.4 mm. (d) 3D view of the transducer surface (black),
skull (white), brain (gray) and focal volume (red) overlapping with the
tumor (blue).
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amplitude is higher than expected, as it does not decrease according to
RAR. The pressure distributes efficiently and optimally along the slice of
the tumor. This approach shows a better performance than the bifocal
approach.

From the analysis of these quality parameters, we can say that the
flat-design slice-hologram strategy allows 2.6 times (increase of Vin) faster
clinical procedure while being 2.5 times (decrease of RAR) more accurate
to ensure the delivery of 0.25-0.5 MPa of pressure within the focal region.

4.5.1 Alternative slice-hologram approach

Starting from the flat-design slice hologram, a new approach has been
developed by recording the back-propagated holographic wavefront at a
curved and parallel surface to the surface of the transducer, unlike done for
the flat-design of the previous bifocal- and slice-hologram configurations.
Then, we assess the performance of a curved-design slice-hologram com-
pared to the conventional single-element FUS transducer approach. As
well as the previous flat-design slice-hologram, this new design provides a
complex, broad focus along the tumor (see Fig. 4.5), and this time, the
reconstructed acoustic image shows a better homogeneity and the void
in its center at y = 0 mm has almost disappeared [see Fig. 4.5 (a,c)].
Again, to achieve a reduced BBB opening outside the tumor, the holo-
graphic information was obtained applying the optimization function fopt
with n = 2.5 (see Sec. 4.2.5). This approach provides a Vin = 3.9 cm3,
representing 12.4 % of the total tumor volume and 2.5 times greater than
in the conventional case. The second quality parameter is Vout = 1.9 cm3,
representing 6.2 % of the total tumor volume, ≈10 times greater than in
the conventional case and ≈1.5 times greater than in any of the previous
holographic approaches, showing thus a poorer performance by covering
quite more volume outside the tumor. However, this value for Vout is still
small compared to the size of the whole brain (0.17 % of it). Finally,
RAR = 0.42, the same as in the bifocal case. It is slightly higher than
in the flat-design slice-hologram approach. Therefore, there is more am-
plitude at the tumor because this new lens design allows a thinner layer
of lens material between transducer and holographic surfaces. Thus the
ultrasound absorption is lower. Again, the amplitude at the tumor does
not decrease according to RAR, and it is higher than expected, but Vout
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Figure 4.5: Pressure-field distribution, normalized to the maximum pres-
sure p0 at the focus in the conventional case, using the curved-design
slice-hologram configuration. (a) Axial plane at x = 0 mm, showing the
transducer surface, lens and skull boundaries (continuous white) and the
tumor boundary (dashed red). (b) Sagittal plane at y = 10 mm. (c) Coro-
nal plane at z = 132.4 mm. (d) 3D view of the transducer surface (black),
skull (white), brain (gray) and focal volume (red) overlapping with the
tumor (blue).
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increases unnecessarily. There is no clear trend towards the better ap-
proach, because we are strongly limited by the transducer aperture at
such a low frequency, but both flat- and curved-design slice-hologram ap-
proaches show a good performance.

From the analysis of these quality parameters, we can say that a
curved-design slice-hologram allows 2.5 times (increase of Vin) faster clin-
ical procedure while being 2.4 times (decrease of RAR) more accurate to
ensure the delivery of 0.25-0.5 MPa of pressure within the focal region.

4.5.2 Higher aperture feasibility approach

As seen previously, the reduced aperture of the transducer, for such a low
frequency, is a limiting factor for the design of the lens, as the results
showed a good but not enough uniform distribution of the ultrasound
beam along the tumor. The overall results showed a Vin of ≈3 times more
using a holographic lens than the conventional transducer. However, Vout
was ≈7 times higher. Moreover, the delivered pressure at the tumor was
reduced by a factor of ≈3, which implied that a very accurate prediction of
the skull attenuation was required to ensure 0.25-0.5 MPa within the focal
region. Therefore, another approach was studied using a higher aperture
transducer, keeping its central hole for the PCD and its radius of cur-
vature. Although this new transducer is not FDA-approved, it is chosen
to show the relevant improvements when the active aperture increases.
As the aperture is higher, if the lens is designed from a flat holographic
surface, as done in Sec. 4.5, the back part of the lens would be thicker,
which would consequently increase the ultrasound absorption. For this
approach, the lens has been designed from a curved holographic surface,
as explained in Sec. 4.5.1, in order to avoid the undesired absorption in-
crease inside the lens. The aperture of this transducer has been increased
from 2a = 110 mm (FDA-approved transducer) to 2a = 132 mm, a total of
22 mm in outer diameter. As well as the previous flat- and curved-design
slice-holograms, this new lens is designed to create a complex broad fo-
cus along the tumor (as shown in Fig. 4.6). The result shows a uniform
pressure distribution and a sharp focus [see Fig. 4.6 (a,c)]. We observe
how the ultrasound covers the entire slice of the tumor with great ac-
curateness while reducing the off-target coverage. Again, to achieve a
reduced Vout, the holographic information has been obtained applying the
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Figure 4.6: Pressure-field distribution, normalized to the maximum pres-
sure p0 at the focus in the conventional (2a = 110 mm) case, using a
high-aperture curved-design slice-hologram configuration. (a) Axial plane
at x = 0 mm, showing the transducer surface, lens and skull boundaries
(continuous white) and the tumor boundary (dashed red). (b) Sagittal
plane at y = 0 mm. (c) Coronal plane at z = 132.4 mm. (d) 3D view of
the transducer surface (black), skull (white), brain (gray) and focal vol-
ume (red) overlapping with the tumor (blue).
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optimization function fopt with n = 2.5 (see Sec. 4.2.5). This approach
provides a Vin = 3.9 cm3, similar to previous cases. The second quality
parameter is Vout = 0.8 cm3, ≈4 times greater than in the conventional
case and about a half lower than in any previous holographic approaches.
This approach provides the same tumor coverage as previous cases, but
considerably reduces the off-target coverage, showing a relevant improve-
ment. Finally, RAR = 0.54, again improving any previous cases by a
factor of ≈1.3. Thereby, this curved-design slice-hologram coupled to a
high-aperture FUS transducer (2a = 132 mm) shows a great performance.

From the analysis of these quality parameters, we can say that the
curved-design slice-hologram strategy with a higher aperture of 132 mm in
outer diameter allows 2.6 times (increase of Vin) faster clinical procedure
while being 1.9 times (decrease of RAR) more accurate to ensure the
delivery of 0.25-0.5 MPa of pressure within the focal region.

4.5.3 Higher and complete active aperture feasibility ap-
proach

Stepping even further, and assuming that the PCD could be non-confocally
positioned and outside the spherical section of the FUS therapy trans-
ducer, the extra surface of the FUS transducer available in its center could
be used to increase the active aperture. Therefore, the transducer for this
approach has a complete semi-spherical active surface without the cen-
tral hole. Again, to avoid the higher absorption of the back part of the
lens, it has been designed from a curved holographic surface, as explained
in Sec. 4.5.1. As well as in the previous case where we had a higher
aperture while keeping the central hole, for this new approach we use a
transducer with the same aperture of 2a = 132 mm, but with no hole.
The result shows a high-quality complex broad focus along the slice of
the tumor (see Fig. 4.7). As we can observe, the focus shows an excellent
in-target pressure homogeneity and a sharp difference between focal and
background pressure regions in the three dimensions [see Fig. 4.7 (a,b,c)].
The ultrasound covers the entire slice of the tumor, while providing a
reduced off-target delivery. Again, to achieve a reduced Vout, the holo-
graphic information was obtained applying the optimization function fopt
with n = 2.5 (see Sec. 4.2.5). This approach provides Vin = 4.9 cm3,
representing 15.9 % of the total tumor volume. This covered in-target
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Figure 4.7: Pressure-field distribution, normalized to the maximum pres-
sure p0 at the focus in the conventional (2a = 110 mm) case, using the
high- and complete-aperture curved-design slice-hologram configuration.
(a) Axial plane at x = 0 mm, showing the transducer surface, lens and
skull boundaries (continuous white) and the tumor boundary (dashed red).
(b) Sagittal plane at y = 0 mm. (c) Coronal plane at z = 132.4 mm. (d)
3D view of the transducer surface (black), skull (white), brain (gray) and
focal volume (red) overlapping with the tumor (blue).
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volume is 3.3 times higher than in the reference case, i.e., the conven-
tional FDA-approved single-element transducer with 2a = 110 mm and
no lens, and 26 % higher than in the previous approach with the cen-
tral hole for the PCD. The second quality parameter is Vout = 0.7 cm3,
≈3.7 times greater than in the reference case and ≈13 % lower than in
the previous case with the central hole. Therefore, the result provided by
this approach is improved, as Vin is increased by a factor higher than the
decreasing factor of Vout, i.e., increased tumor coverage while decreased
off-tumor coverage. In addition, RAR = 0.64, which implies a consider-
able improvement of any previous holographic approaches. Thereby, this
curved-design slice-hologram coupled to a FUS transducer with a higher
(2a = 132 mm) and complete (no hole) active aperture shows excellent
performance.

From the analysis of these quality parameters, we can say that the
curved-design slice-hologram strategy with a higher aperture of 132 mm in
outer diameter, and without the central hole for the PCD, allows 3.3 times
(increase of Vin) faster clinical procedure, with no significant off-target
ultrasound delivery, while being just 1.6 times (decrease of RAR) more
accurate to ensure the delivery of 0.25-0.5 MPa of pressure within the focal
region.

4.6 Discussion

All studied approaches provide an increase of the tumor volume treated
with ultrasound (Vin �), a consequent increase in the treated off-target
volume (Vout �), and a decrease in the maximum pressure obtained at the
focus, as the focus is spread along the shape of the tumor (RAR << 1).

The quality parameters characterize the feasibility of each studied ap-
proach to improve the BBB opening in a pediatric brain tumor compared
to the FDA-approved approach [see Table(4.1)]. First, Vin is shown in
cm3 and percentage relative to the total volume of the tumor (Vtumor =
31.1 cm3), in order to evaluate the overlapped volume between the focused
ultrasound beam and the tumor. Second, Vout is shown in cm3 to evaluate
the amount of FUS delivered to brain tissues that do not belong to the
tumor (off-target tissues). Finally, the relative focal amplitude reduction
RAR is shown to compare the provided focused beam gain between the
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Vin(cm3) Vout(cm3) RAR

Conventional transducer 1.5 (4.9 %) 0.2 1.00

Flat-design bifocal 3.5 (11.3 %) 1.3 0.42

Flat-design slice 4.0 (12.9 %) 1.3 0.40

Curved-design slice 3.9 (12.4 %) 1.9 0.42

Curved-design slice (2a = 132 mm) 3.9 (12.4 %) 0.8 0.54

Curved-design slice (2a = 132 mm, no hole) 4.9 (15.9 %) 0.7 0.64

Table 4.1: Quality parameters comparison between the reference case
(FDA-approved) and the different approaches using a holographic acoustic
lens. (Row 1) Vin in cm3 and percentage to evaluate the covered volume
inside the tumor. (Row 2) Vout in cm3 to evaluate the covered volume
outside the tumor. (Row 4) Relative focal amplitude reduction RAR to
evaluate the complexity to ensure the delivery of 0.25-0.5 MPa of pressure
within the focal region.

holographic approaches and the reference case. RAR is used to assess the
complexity to ensure accurate delivery of 0.25-0.5 MPa within the focal
region, as skull attenuation uncertainties are always present. Note that
the aperture of the FDA-approved transducer in the conventional case is
2a = 110 mm, compared to the two last studied holographic approaches
where 2a = 132 mm.

The reference FDA-approved case allows a covered volume of 1.5 cm3

in-target and 0.2 cm3 off-target. Thus, just 4.9 % of the tumor, being
required 21 sonications to cover the entire tumor, which would lead to
a considerable effort (both in simulation predictions and experimental
validation) to ensure correct positioning of the transducer for all the 21
different locations with respect to the patient’s head, in addition to the
several intravenously microbubble-injections required as well. The best
approach to achieve a high Vin while keeping a low Vout compared to the
reference case, is the curved-design slice-hologram coupled to a transducer
with a higher aperture and no central hole. The new aperture would be
132 mm in outer diameter instead of 110 mm. The PCD imaging trans-
ducer would be placed non-confocally and outside the complete aperture
of the FUS transducer in order to work with more active radiating sur-
face. This holographic approach allows coverage of 15.9 % of the tumor,
while the reference case would need 4 sonications to achieve the same
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tumor coverage. The performance of the reference case is thus very inef-
ficient, and the clinical treatment would be very long. On the contrary,
the great advantage of using the holographic lens with a higher aperture
and without the central hole, is that just one single sonication and one
single microbubble-injection would be enough to treat about 4 times more
tumor volume.

4.7 Conclusion

The results presented in this chapter showed that any of the approaches
using a holographic acoustic lens coupled to the 250 kHz transducer for
clinical trials could considerably improve the covered tumor volume. Con-
sequently, the covered off-target volume also increased, although the lenses
were thoughtfully designed to ensure a minimum off-target delivery, oth-
erwise the BBB would be opened outside the tumor considerably. Note
that the obtained off-target coverage for all the studied holographic ap-
proaches was much smaller than the in-target coverage. However, the focal
gain was reduced about a half in all the cases, which is a relevant disadvan-
tage as the gain of the conventional transducer with no lens was already
reduced (G = 7.4). Therefore, it would be challenging to accurately de-
liver 0.25-0.5 MPa within the tumor to achieve a controlled BBB opening
due to existing uncertainties in the skull attenuation prediction and the re-
duced gain of the system. Nevertheless, the low ultrasound attenuation of
a pediatric skull, softer than an adult one, and the low working frequency
of 250 kHz, which is excellent for low-aberration purposes, would lead
to overcome the skull attenuation uncertainties and provide a time- and
cost-efficient clinical procedure.

Assuming a controlled FUS delivery within the tumor, the most suit-
able holographic approach to ensure a large tumor coverage with low
off-target dispersion is the curved-design slice-hologram coupled to a trans-
ducer with 132 mm of aperture in outer diameter, 110 mm of radius of
curvature, and no central hole for the PCD imaging transducer, achiev-
ing, therefore, coverage of 15.9 % of the entire tumor by using a single
sonication and a single microbubble-injection.

Acoustic holographic lenses have shown their capabilities to improve
chemotherapy treatments, opening a new path to overcome the difficulties

110



References - Chapter 4

of treating pediatric brain tumors.
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Chapter 5

Transcranial holographic
ultrasonic vortices

Contactless particle manipulation and torque-based biomedical appli-
cations can be accurately accomplished by using acoustic vortex beams.
However, strong phase aberrations when focusing through highly aberrat-
ing layers such as the skull at ultrasonic frequencies, prevent the generation
of sharp acoustic images. In this case, where the wavefront contains phase
dislocations, the skull aberrations can inhibit the focusing of acoustic vor-
tex beams within the brain. In this chapter, we showed that acoustic
holograms can generate a focused vortex beam through an ex-vivo human
skull, while compensating the aberrations. The method was applied for
single-element FUS sources and resulted in a very simple and compact ul-
trasonic system. This work will pave the road to design low-cost particle
trapping applications, clot manipulation, or acoustic-radiation-force and
torque exertion in the brain for biomedical applications.
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5.1 Introduction

Acoustic vortex beams are collimated wavefronts exhibiting phase dislo-
cations, whose phase is proportional to eilφ, with φ the azimuthal angle
and l the topological charge. The field exhibits a phase singularity at the
beam axis and, therefore, it vanishes at this point due to destructive in-
terference. Acoustic vortex beams carry angular orbital momentum [1, 2]
that can be transferred to micro and macroscopic solid objects [3–8] or
fluids [9] and exert mechanical torques to them. In addition, the singular
scattering of vortex beams on small particles produces trapping acoustic
radiation forces, resulting in practical applications for contactless particle
tweezing and manipulation [10–13]. It is worth noting here that acous-
tic vortices can exert mechanical forces several orders of magnitude higher
than those of their optical counterparts, with lower induced thermal effects
[14, 15], and, furthermore, they can propagate deeply through opaque me-
dia such as biological tissues. Acoustic vortices have recently shown their
potential to manipulate individual cells without inducing photothermal
and/or photochemical damages [16], to trap and guide kidney stone frag-
ments [17], or to selectively guide individual drug-delivery carriers based
on microbubbles [18].

As the basis of these techniques is phase dislocations, the wavefront
must be controlled with accuracy. Several methods to synthesize vor-
tex beams have been reported, including active sources or phased ar-
rays [2, 19–21], transducers with helical geometries [19, 22], Archimedean
[23, 24] or Fresnel spiral diffraction gratings [25], systems exploiting the
photoacoustic effect [26], active vibrating surfaces with spiral shape [27], or
metamaterials exhibiting local resonances [28–32]. Acoustic holograms can
generate vortex beams with great accuracy by encoding the full-wavefront
information into the manufactured lens [33] [as it is also studied and
demonstrated in Chapter 6].

However, when focusing into the brain, ultrasound beams experience
strong refraction and attenuation due to the irregular and complex geome-
try of the skull, which introduces strong aberrations that distort the wave-
front, decreasing the focusing performance of conventional single-element
approaches. One strategy to solve this problem is using small invasive ul-
trasound implants located within the skull after partial craniotomy [34, 35]
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by directly bypassing the skull wall. This approach can be applied to en-
hance the delivery of chemotherapeutic agents after open surgery. How-
ever, in other circumstances, the need for craniotomy leads to severe com-
plications. Non-invasive approaches include MRI-guided phased-array sys-
tems, which allow great accuracy in ultrasound focusing, beam steering,
and the aberrations of the skull can be corrected by tuning the phase of
each emitter [36, 37]. However, these systems typically consist of individ-
ual elements separated by a distance much greater than half the wave-
length, presenting strong grating lobes when steering far from its geomet-
rical focus. In addition, these systems are expensive and complex.

To solve this problem, structures showing local resonances, i.e., meta-
materials, were theoretically proposed in 2D to compensate for the aberra-
tions of a layer mimicking the skull [38]. However, its application in a real-
istic situation has not been demonstrated yet. Recently, 3D printed acous-
tic lenses have been proposed to mitigate the aberrations of the skull by
focusing ultrasound beams at one single focal spot [39]. The full potential
of 3D printed lenses for complex wavefront replication can be unleashed
by using acoustic holograms [40]. Therefore, acoustic holograms can ef-
ficiently compensate for skull aberrations and, simultaneously, conform
arbitrary acoustic images matching the geometry of the desired therapeu-
tic target. In addition, as pixel density is much larger than state-of-the-art
phased arrays for therapeutic ultrasound, acoustic holograms allow as well
wide-angle beam steering without grating lobes [40].

In this chapter, we demonstrate that acoustic vortices can be focused
through an ex-vivo human skull by using acoustic holographic lenses. Us-
ing personalized 3D-printed lenses, the phase aberrations produced by the
skull can be compensated, and an acoustic beam containing phase dislo-
cations can be focused through the skull.

5.2 Hologram generation

We design two holographic lenses, one propagating in homogeneous media
(water) and another one propagating through the human skull. Following
the methodology to design these lenses, as shown in previous chapters, we
used the pseudo-spectral simulation method, including a k-space disper-
sion corrector and a time-reversal procedure [see Sec. 2.2 in Chapter 2].
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For this chapter, the system is composed of a FUS piezoelectric trans-
ducer, custom made with a focal length of F0 = 140 mm and an aperture of
2a0 = 100 mm, with a nominal frequency of f0 = 500 kHz, as sketched in
Fig. 5.1 (a). The backward simulation step of the time-reversal approach
is performed by using a set of 30 virtual sources located along a ring of ra-
dius rs = 2.5 mm (0.83 λ) at the plane zs = F = 97.4 mm (33 λ), centered
at x = y = 0 mm, as sketched in Fig. 5.1 (a). Each source was set to emit
a sinusoidal signal with a complex amplitude proportional to exp(ilθ).
As we design a lens to be coupled to a spherically-focused transducer to
obtain the holographic plane, we use the same method as explained in
Sec. 3.2.3 in Chapter 3. So, the acoustic interference pattern produced by
the virtual target sources, H∗

T (x, y), was recorded at the holographic plane

located at the exit plane of the transducer, given by z0F0−
√
F 2
0 − a20, re-

sulting in the phase distribution shown in Fig. 5.1 (b). To compensate for
the geometrical focusing of the bowl source (note F 6= F0), we set an
additional simulation for the focused transducer in the absence of skull,
and we measured the field H∗

T (x, y) at the exit plane z0. The retrieved
phase distribution is shown in Fig. 5.1 (c), presenting the characteristic
Fresnel rings. The final hologram is designed by using

HL(x, y) = H∗
T (x, y)H∗

F (x, y), (5.1)

where H∗
T (x, y) is the complex conjugate of the recorded wavefront at the

holographic surface due to the effects of the virtual target sources and the
skull, (·)∗ denotes complex conjugation, and x and y are the transversal
coordinates along the holographic plane. The resulting phase distribution
is shown in Fig. 5.1 (d), where it can be visually identified the spiraling
pattern due to the focused vortex and the wavy distortions produced by
the aberrations of the skull.

We used a numerical grid with a spatial step of ∆x = ∆y = ∆z =
0.5 mm and a numerical temporal step of ∆t = 33.2 ns, leading to a
Courant–Friedrichs–Lewy number of 0.10 in water and spatial sampling of
six grid points per wavelength in water at 0.5 MHz. The lens surface is di-
vided into squared pixels of 0.5×0.5 mm2 of area. Therefore, the designed
holographic acoustic lenses, with the central hole, have 31084 elements
each, allowing accurate control of the holographic wavefront. Holographic
acoustic lenses are first numerically designed, and afterward, manufac-
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Figure 5.1: (a) Scheme of the setup. (b) Backward simulated field at the
holographic plane, H∗

T (x, y). (c) Field of the focused source, H∗
T (x, y).

(d) Phase-conjugated holographic field, HL(x, y). (e) 3D-printed acoustic
hologram for the geometrically focused transducer.

tured using a 3D-printing stereo-lithographic technique (SLA) employing
a Form 2 printer (Formlabs, USA), with a resolution of 50 µm and 100 µm
in lateral and axial directions respectively, and using a photosensitive resin
(Standard Clear, Formlabs, USA). The acoustical properties of the mate-
rial were obtained experimentally using a pulse-echo technique in a test
cylinder, resulting in a measured sound speed of cL = 2580 m/s, density of
ρL = 1171 kg/m3 and absorption of α = 1.38 dB/cm at 0.5 MHz, match-
ing the reported values of similar polymers [41, 42]. The final 3D-printed
lens for the transcranial configuration is shown in Fig. 5.1(e).

For the skull acquisition, we scanned an ex-vivo human skull using
x-ray CT with an original resolution of 0.33× 0.33× 1.25 mm3, after the
scalp was removed whole with a scalpel. This resolution was later inter-
polated using a cubic interpolation method to an isotropic grid of 0.5 mm
(λ/6) for the simulations. Finally, these volumetric Hounsfield data were
converted to bone density and sound speed values using empirical rela-
tions [43, 44]. The sound speed ranges from c0 to cmax = 2958 m/s,
with an average of cmean = 2149 m/s, the density ranges from ρ0 to
ρmax = 2086 kg/m3, with an average of ρmean = 1494 kg/m3, match-
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ing those reported in literature [45, 46]. The absorption of the skull is set
to a value of αskull = 5.21 dB/cm at 0.5 MHz [47].

5.3 Results

After the two lenses are designed and manufactured, their performance is
assessed in free media (first lens) and through the skull (second lens) by
estimating the acoustic field using both a forward simulation and experi-
mental measurements in a water tank.

5.3.1 Vortices in homogeneous media

The experimental setup for this homogeneous media validation is sketched
in Fig. 5.4, but without placing the skull and using the lens designed for
only-water propagation. The acoustic pressure field generated by the holo-
graphic acoustic lens for homogeneous media is shown in Fig. 5.2. The

-10 0 10

x (mm)

-10

0

10

0

0.5

1

-10 0 10

x (mm)

-10

0

10

-1

1 

-60 -40 -20 0 20 40

x (mm)

0

20

40

60

80

100

z
 (

m
m

)

0

0.5

1

-10 0 10
70

80

90

100

110

-10 0 10

x (mm)

-10

0

10

y
 (

m
m

)

-10 0 10

x (mm)

-10

0

10

y
 (

m
m

)

(a)

(b) (c) (d)

(e) (f)

exp.sim.
exp.sim.

exp.sim.

water

lens

Figure 5.2: Axial and transversal planes showing the acoustic field of the
vortex hologram (l = 1) designed for homogeneous media. (a) Simulated
and (b) experimental normalized sagittal planes at y = 0 mm. (c,d)
Magnitude and (e,f) phase of a transversal plane of the field obtained at
z = F .
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magnitude of the sagittal field (|p(x, 0, z)|/pmax) is shown in Fig. 5.2 (a)
for the simulation and experiment. We can identify that the designed
hologram generates a void beam whose pressure peaks around the focal
distance (z = 96.9 mm for the simulation and z = 97.0 mm for the exper-
iment). Note that the geometrical focal of the source was F0 = 140 mm.
The transverse field profiles, measured at z = F , are given in Fig. 5.2 (c-f).
The magnitude of the simulated and experimental field [Figs. 5.2 (c,d)]
shows a ring-shaped distribution, and at its center, the field vanishes.
The phase singularity at the focal spot causes a null, which is clearly
visible in Figs. 5.2 (e,f) for the simulation and experiment, respectively.
In addition, we can identify that the phase singularity is the result of a
screw dislocation produced by the counter-clockwise rotation of the phase,
marked by the red arrows.

In Fig. 5.3 (a) the magnitude of the field is shown in detail for a trans-
verse cut. Experimental and simulated fields agree, and the beam presents
a width of 1.5 times the wavelength at the nominal frequency. Finally, the
phase along the azimuthal angle at a radial distance of 2.21 mm, corre-
sponding to the beam width, is shown in Fig. 5.3 (b). The generated
transversal field shows a levorotatory phase distribution whose phase ro-
tates as a function of the azimuthal angle at a rate given by the topological
charge, l = 1. Therefore, the phase rotates 2π radians along a complete
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Figure 5.3: Transversal lines of the acoustic field of the vortex hologram
(l = 1) designed for free media (water). (a) Normalized magnitude of the
field at z = F and y = 0 mm. (b) Normalized phase of the field along the
azimuthal angle.
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azimuthal turn, showing that the proposed lenses for moderately focused
sources can conform acoustic vortices with great accuracy.

5.3.2 Vortex synthesis in transcranial propagation

For the experimental validation with the skull, the setup is sketched in
Fig. 5.4.

The results of the lens designed for the transcranial propagation are
summarized in Fig. 5.5. Figure 5.5 (a) shows the experimental setup,
where the skull was immersed in a water tank, and the acoustic field
was scanned in several planes using a hydrophone. A skull holder was
3D-printed to grant the correct positioning of the lens with respect to
the surface of the skull. The irregular shape of the skull ensures that the
holder can only be correctly located at the design position. The retrieved
acoustic field is shown in Fig. 5.5 (b,c) for the simulation and experiment,
respectively. The phase-only hologram can encode the time-reversed field
with great accuracy. It compensates for the aberrations of the skull while,
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Figure 5.4: Scheme of the experimental setup.
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simultaneously, it modifies the wavefront to generate a focused vortex by
introducing quasi-parabolic phase profile with rotational profile. In ad-
dition, simulation and experimental results are in good agreement. The
pressure peaks at z = 96.9 mm for the simulation and z = 97.5 mm for the
experiment. The transversal planes at z = F are shown in Figs. 5.5 (d-g).
The transversal field magnitude [Figs. 5.5 (d,e)] shows a ring-shaped dis-
tribution similar to the one obtained for homogeneous media. The magni-
tude of the field vanishes at the center for both experimental and simulated
results. The corresponding phase distribution is shown in Fig. 5.5 (f,g).
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Figure 5.5: Field of the vortex hologram (l = 1) designed for transcranial
propagation media. (a) Scheme of the experimental setup. (b) Simulated
and (c) experimental normalized sagittal field plane at y = 0 mm. (d,e)
Magnitude and (f,g) phase of a transversal plane of the field obtained at
z = F .
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The counter-clockwise rotation is achieved at the focal plane, and a phase
singularity is visible at the location of the null.

Note that in the absence of the skull, the simulated peak pressure is
7.7 p0, where p0 is the pressure at the surface of the transducer. When
introducing the skull, the simulated peak pressure decreased to 4.0 p0. In
this way, the amplitude of the vortex decreases by a factor of 1.9 (5.6 dB)
when introducing the skull.
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field line measured at y = 0 mm and x = 2.21 mm.
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A detailed picture is shown in Fig. 5.6. The magnitude of the transver-
sal field line cutting through the center of the null is shown in Fig. 5.6 (a).
Experimental data agree with simulation results for this line. The exper-
imental transversal width of the beam was 5 mm (1.66 λ), of the order
of the value reached for the lens designed for homogeneous media. The
experiment shows some discrepancies with the simulation (already visible
when comparing Figs. 5.5 (d,e)). However, it is worth noting that when
the lens designed for homogeneous media is used for the transcranial con-
figuration [see the gray curve in Fig. 5.6 (a)], the aberrations distort the
wavefront and the null is not observed. The phase of the field along the
azimuthal angle is shown in Fig. 5.6 (b). The phase of the field generated
for the transcranial hologram for both experiment and simulation rotates
2π radians in a whole azimuthal turn. In contrast, the phase retrieved for
the lens designed for homogeneous media does not show a screw disloca-
tion because the skull aberrations distort the wavefront and avoid vortex
generation. Finally, the longitudinal field line along the axial coordinate,
measured at y = 0 mm and x = 2.5 mm (matching the peak pressure
location), is shown in Fig. 5.6 (c). The experimental and simulated data
for the transcranial hologram are also roughly in agreement with the the-
oretical field of a focused source in free media [48] given by

|p(z̃)| = 2p0

∣∣∣∣sin [G(1− z̃)/(2z̃)]
1− z̃

∣∣∣∣ , (5.2)

where z̃ = z/F and G = ka2/2F . The focusing performance of the lens is
limited by the natural diffraction of waves, as occurs in any finite-aperture
focused acoustic source. In contrast, using the lens designed for homoge-
neous media in the transcranial configuration, the aberrations produced
by the skull distort the wavefront leading to a decrease in the focusing
performance of the ultrasonic system.

5.3.3 High-order topological charge transcranial vortex syn-
thesis

A more complex vortex-hologram is numerically designed to demonstrate
the feasibility of this method to generate higher topological charge acoustic
vortices. In particular, a topological charge of l = 2 is chosen. For the
backward simulation step of the time-reversal approach, a set of 44 virtual
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sources were located along a ring of radius rs = 4.1 mm (1.39 λ) at the
plane zs = F = 97.4 mm (33 λ), centered at x = y = 0 mm. Each source
was set to emit a sinusoidal signal with a complex amplitude proportional
to exp(ilθ) with l = 2.

A comparison of the simulated acoustic fields generated by the lenses
for both homogeneous and aberrating media is shown in Fig. 5.7. The
magnitude of the acoustic pressure sagittal fields (|p(x, 0, z)|/pmax) for
water-only and transcranial is shown in Fig. 5.7 (a1,a2), respectively. We
can identify that the designed hologram generates a void beam whose
pressure peaks around the focal distance (z = 96.9 mm for water-only
and z = 98.3 mm for transcranial). The transverse field planes, mea-
sured at z = F , are given in Figs. 5.7 (b1,b2,c1,c2). The magnitude
of the water-only and transcranial fields [see Figs. 5.7 (b1,b2)] shows a
ring-shaped distribution, and at its center, the field vanishes. The null
is caused by the phase singularity at the focal spot, clearly visible in
Figs. 5.7 (c1,c2) for the water-only and transcranial, respectively. In addi-
tion, we can identify that the phase singularity is the result of a screw dis-
location produced by the counter-clock wise rotation of the phase, marked
by the red arrows.

In Fig. 5.8 (a), the magnitude of the field is shown in detail for a
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transversal line. Water-only and transcranial results agree, and the beam
presents a width of 7.4 mm (2.5 times the wavelength at the nominal
frequency). The phase along the azimuthal angle at a radial distance
of 3.7 mm, corresponding to half the beam width, is shown in detail in
Fig. 5.8 (b). The generated transversal field shows a levorotatory phase
distribution whose phase rotates as a function of the azimuthal angle at a
rate given by the topological charge, l = 2. Therefore, the phase rotates
2π radians twice along a complete azimuthal turn, and water-only and
transcranial results agree with high accuracy. Finally, the longitudinal
field line along the axial coordinate, measured at y = −3.7 mm and x =

40 60 80 100

z (mm)

0

1

Only-water

Transcranial

-20 0 20

x (mm)

0

1

0 0.5 1
-1

0

1

F

2.5 ̧

-20                      0                      20

1

0

0                     0.5                     1

1

0

-1

(a) (b)

(c)
1

0
40                             60                            80                          100

x (mm)

z (mm)

Only-water

Transcranial
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topological charge l = 2. (a) Normalized magnitude of the field at z = F
and y = 0 mm. (b) Normalized phase of the field along the azimuthal
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0 mm (matching the peak pressure location), is shown in Fig. 5.8 (c), where
both water-only and transcranial results show a very similar focusing.

5.4 Conclusions

Human skull generates strong refraction and attenuation when ultrasonic
waves propagate through it, resulting in aberrations that prevent the fo-
cusing of acoustical vortices at ultrasonic frequencies. As presented in
this chapter, acoustic holograms can physically encode time-reversed fields
containing phase dislocations with great accuracy using very simple and
compact ultrasonic systems. On the one hand, holographic acoustic lenses
allow compensating for the aberrations of the skull while, on the other
hand, they simultaneously replicate the wavefront phase to generate fo-
cused vortex beams by introducing a quasi-parabolic phase with a rota-
tional phase profile. This results in a personalized single-element system
which that can focus a vortex through the human skull.

As the size of the acoustic vortices is limited by the natural diffrac-
tion of acoustic waves, it can be adjusted by changing the aperture and
frequency of the source, i.e., by tuning the angular spectrum of the field
encoded by the lens. In this situation, a personalized lens must be de-
signed and manufactured for each ultrasound source and patient to obtain
better targeting accuracy. In addition, we extended the lens design for
vortices with higher topological charge, demonstrating its feasibility.

The holographic system described here can manipulate small particles
in-vivo by mechanically steering the transducer+lens system to move the
vortex location. Note that the correction of the skull aberrations can be
maintained to some degree even if the source is moved with respect to the
patient’s head, as demonstrated recently for focused beams [49]. In this
situation, an additional technology should be used to detect and locate
the target, e.g., a clot. Portable ultrasonic methods or other imaging
technologies such as CT or MRI could be applied, complementing the
mechanical steering system and triggering the power-amplifier.

In addition, by focusing acoustic vortices, angular momentum can be
transfer to tissues. Aberration-free holographic acoustic vortices open new
venues to implement biomedical ultrasound applications beyond the trans-
fer of linear momentum, allowing the transfer of angular momentum to the

128



References - Chapter 5

brain. The biological response of CNS tissues to the angular momentum
produced by focused vortices remains unexplored. Other effects as neuro-
modulation or blood-brain barrier opening by trapping a cluster of bubbles
inside the CNS using vortices might be studied in future works thanks to
acoustic holography. In this way, the study described in this chapter will
pave the road to design low-cost particle trapping applications, clot manip-
ulation, torque exertion in the brain, and acoustic-radiation-force-based
biomedical applications, opening the path to explore the biological re-
sponse of the tissues to therapeutic ultrasonic vortex beams.
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Chapter 6

Broad depth-of-field Bessel
beams using acoustic

holograms
While a Bessel function correctly describes the transverse field distri-

bution of Bessel beams generated using traditional passive methods, the
axial distribution is not constant. In this chapter, acoustic holograms
show the generation of zero-th and high-order truncated acoustic Bessel
beams with flat-intensity along their axis. In particular, the results showed
an elongated focal length of about 40 wavelengths, while the transverse
width of the beam remained smaller than 0.7 wavelengths. In addition,
first-order Bessel beams with a phase dislocation along their axis and a
vortex with a single topological charge were also reported. The proposed
method may have potential applications in ultrasonic imaging, biomedical
ultrasound and particle manipulation applications using passive lenses.
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6.1 Introduction

Bessel functions are exact and invariant solutions of the Helmholtz equa-
tion [1, 2], i.e., an ideal Bessel beam does not experience diffraction. These
beams present remarkable properties as self-healing, beam-width close to
the diffraction limit, and excellent depth-of-field. In addition, high-order
Bessel beams present phase dislocations, i.e., they conform vortex beams
and transport orbital angular momentum. First proposed by Durnin in
1987 [1], Bessel beams have been broadly studied in both optics [1–6]
and acoustics [7–9]. In the particular case of acoustics, they have found
practical applications in ultrasound imaging systems [10–14]. Their long
depth-of-field and narrow beam-width allow an accurate scanning of the
transmitted beam, while their self-healing properties grant remarkable ro-
bustness to tissue scattering and its diffraction-free properties offer an
almost constant imaging resolution with depth. Moreover, in recent years
vortex beams and, in particular, Bessel beams have attracted attention
due to their unique properties for particle trapping, manipulation, or ro-
tation applications [15–25] or acoustic radiation force applications in fluids
[26]. Vortex beams have also been proposed for robust acoustic commu-
nications [27, 28].

An ideal Bessel beam is generated by a converging conical wavefront of
infinite extent. When it converges to the axis of symmetry and interferes
with itself, the tilted conical wavefront generates the characteristic Bessel
beam pattern. Thus, Bessel beams in the far-field are characterized by a
single-ring pattern arising from their narrow angular spectrum. However,
to generate ideal Bessel beams, an infinite amount of energy is needed.
In practice, truncated Bessel beams are generated using finite-aperture
sources or lenses, as shown in Fig. 6.1 (a).

In acoustics, there exist many methods to generate zeroth and high-or-
der Bessel beams. While, as mentioned, they cannot be ideally generated
in practice, several methods have been proposed to generate truncated
Bessel beams. A straightforward strategy is to use a circular slit: at the
axis, a Bessel beam pattern is generated, in analogy with optics [2]. How-
ever, the small aperture strongly limits the transmitted energy. Bessel
beams were efficiently generated using arrays of annular active piezoelec-
tric sources [10–12, 22, 29–32]. In these cases, each of the annular active
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elements is set according to a Bessel function in both, phase and ampli-
tude. This process can be mimicked using simple discs by realising the
similarity between the Bessel function and the radial modes of piezoelec-
tric sources, though the radiation efficiency is low [33].

Beyond active arrays of transducers, Bessel beams can also be ob-
tained by coupling a passive lens to a single active source. Examples are
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acoustical axicons [34, 35], in analogy with optical ones [36, 37]. Acoustic
axicons are conical-shaped lenses: when waves are refracted along their
tilted surface, a conical wavefront is generated. Variations of axicons are
fraxicon lenses [38]. Fraxicons, in analogy to Fresnel lenses, are stepped
phase plates able to produce a similar conical wavefront due to the refrac-
tion along its sawtooth-shaped profile. In this way, the thickness of the
lens can be strongly reduced [39].

Instead of using refraction processes, Bessel beams can be obtained by
using the diffraction of waves on axisymmetric gratings [40]. These lenses
produce Bessel beams in a broad range of frequencies with frequency-de-
pendent properties. Other approaches include the combination of a fo-
cused source with a layered structure [41]. The main drawback of these
approaches is that the resulting beams could present aberrations due to
multiple reflections inside the bulk of the lenses. Finally, metasurfaces
have been proposed to generate zeroth-order Bessel beams using the re-
flection of sound waves in the air [42]. However, their performances are
usually limited to a very narrow frequency band based on local resonances.

Acoustic beams can carry phase dislocations producing acoustic vor-
tices [43]. In these conditions the beam carries pseudo-angular momentum
[18], as occurs in the case of high-order Bessel beams. High-order Bessel
beams can be analogously generated using Archimedes’ spiral gratings
where the order of the Bessel beam, i.e., the topological charge of the
beam, is proportional to the number of arms of the spiral [44–48]. Equiva-
lently, active elements with spiral geometries can also generate high-order
Bessel beams [49, 50]. The phase rotation needed to generate high-order
Bessel beams can be generated using phase plates [51, 52]. Developable
helicoidal/conical air-coupled active surfaces with phase dislocations have
been also proposed using curved piezoceramics [53] or flexible ferroelec-
trets [54]. Finally, recently metasurfaces have been proposed to engineer
the phase to generate acoustic vortices [55–58].

While a Bessel function accurately describes the field distribution in
the transverse direction of the beam produced by these passive methods,
all present a common drawback: the axial distribution of the field is not
constant as required by the Bessel beam solution initially proposed by
Durnin. In this way, the field-of-view is limited and these beams present a
focal spot. In particular, using the cited passive methods to generate the
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beam, its intensity grows roughly linear with space. This is a geometric
consequence of the axisymmetric converging wavefront: to maintain con-
stant the field along the axis, the energy contained in all annular regions
of the circular aperture should be constant.

In this work, we present a simple method to generate zeroth and
high-order Bessel beams of flat-intensity along their axis using phase-only
acoustic holograms. This kind of lens has recently been proposed to gener-
ate arbitrary acoustic fields and, simultaneously, correct the strong aberra-
tions during transcranial ultrasound propagation both with phase-and-am-
plitude encoding [59] or only with phase encoding [60, 61]. Other ap-
plications of holographic phase-only lenses include particle manipulation
applications [62], multi-frequency focal generation [63], or photoacous-
tic generation of complex holographic fields [64]. Magnitude-and-phase
lenses based on metamaterials have been proposed to control sound waves
in the air [65]. However, their applicability in biomedical ultrasound is
still minimal mainly due to the deep-subwavelength geometrical features
of the resulting structures. In addition, most of the designs for metama-
terials in air, where the solid phase can be considered perfectly rigid in
most cases, are not directly applicable in biomedical ultrasound because
it must be included the coupling between the solid metamaterial structure
and either water or water-like tissues. Acoustic holograms present a ro-
bust and straightforward approach for these applications. Recently, phase
and amplitude holograms were developed using two phase holograms to
produce in-plane acoustic images [66]. However, in practice, stationary
waves between the two holograms can degrade the image. In this work,
we encode both phase and magnitude information into a single phase-only
holographic lens. Using this approach, we experimentally, numerically,
and theoretically report the generation of zeroth and high-order Bessel
beams with elongated field-of-view (of about 40 wavelengths) in the ultra-
sound regime.
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6.2 Methods

6.2.1 Analytical and numerical field calculations

We employ a semi-analytical method for theoretical calculations using
the Rayleigh-Sommerfeld diffraction integral [see Eq. (2.1) as explained
in Chapter 2]. For numerical calculations, we use a pseudo-spectral sim-
ulation method with k-space dispersion correction to numerically inte-
grate the linearised constitutive relations of acoustics [see Sec. 2.2.2 as
explained in Chapter 2]. We use a numerical grid with a spatial step of
∆x = ∆y = ∆z = 221 µm and a numerical temporal step of ∆t = 18.1 ns,
leading to a Courant-Friedrichs-Lewy number of 0.13 in water and spa-
tial sampling of 6 grid points per wavelength in water for a frequency of
1.112 MHz. These parameters are fixed in all simulations in this chapter.

6.2.2 Flat-intensity Bessel beams design

We consider a truncated Bessel beam where the converging conical wave-
front is tilted an angle β with respect to the normal. If the beam is
generated using a source of aperture 2a, the non-diffracting beam ex-
tends, in an ideal situation, from z = 0 mm to z = F = (a/2) tanβ,
as shown in Fig. 6.1 (a). To generate a particular complex wavefront at
the source plane (z = d), as the one shown in Fig. 6.1 (c), we employ a
holographic phase-plate that can be manufactured using 3D-printing tech-
niques, as shown in Fig. 6.1 (d). These phase plates provide a robust way
to engineer the phase-and-amplitude distribution along the surface of the
plane[59, 62].

Holographic lenses and fraxicons are 3D-printed using stereolithogra-
phy (SLA) techniques with a Form 2 printer (Formlabs, USA), with a
resolution of 50 µm and 100 µm in lateral and axial directions, respec-
tively, and using a photosensitive resin (Standard Grey, Formlabs, USA).
The acoustical properties of the material were obtained experimentally us-
ing a pulse-echo technique in a test cylinder, resulting in a measured sound
speed of cL = 2440.7 m/s and a density of ρL = 1162 kg/m3. The ab-
sorption was set to α = 3.06 dB/cm at 1.112 MHz, matching the reported
values of similar polymers [61, 62].

The lens surface is divided in squared pixels of different height, h(x, y),
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and uniform width, ∆h, as shown in Fig. 6.1 (d). We assume each elastic
column vibrating longitudinally as a Fabry-Perot resonator [for more de-
tails, refer to Sec. 2.2.3 in Chapter 2]. The transmission coefficient is close
to one if low relative impedance materials are used to build the phase
plates, as it is the case of photosensitive polymers used for stereolitho-
graphic 3D-printing. In this case, to tailor the complex holographic field
(with a particular phase and amplitude as shown in Fig. 6.1 (b)) to an
equivalent phase-only field (as shown in Fig. 6.1 (c)), we make use of a
direct conversion method to estimate an equivalent holographic lens of
uniform field magnitude [for more details, refer to Sec. 2.2.3 in Chapter
2]. The width of the pixels used in this chapter, 2/3 times the wavelength,
is thick enough to ensure that the resonance frequency of the first bend-
ing mode is far away from the first longitudinal Fabry-Perot resonance
frequency.

6.2.3 Experimental field measurements

The experiments are conducted inside a 1 × 0.75 × 0.5 m3 water tank
filled with degassed and distilled water at 22◦ C [as shown in Fig. 6.2].
The ultrasonic transducer is composed of a single element circular piezo-
ceramic crystal (PZT26, Ferroperm Piezoceramics, Denmark) mounted in
a custom designed stainless-steel housing with aperture 2a = 50 mm. The
transducer was driven with a 100-cycle sinusoidal burst at a frequency of
f = 1.112 MHz by a signal generator (PXI5412, National Instruments,
USA) and amplified by a linear RF amplifier (ENI 2100, ENI, Rochester,
NY). The pressure field is measured by a calibrated needle hydrophone
with a 500 µm active diameter (HNR-500, Onda). The hydrophone sig-
nals are acquired by a digitizer (PXI5620, National Instruments, USA)
and averaged 100 times to increase the signal-to-noise ratio. A 3D micro-
positioning system (OWIS GmbH) is used to move the hydrophone in three
orthogonal directions with an accuracy of 10 µm. All the signal genera-
tion and acquisition processes are based on a NI8176 National Instruments
PXI-Technology controller, which also controls the micro-positioning sys-
tem. Temperature measurements are performed throughout the whole
process to ensure no temperature changes of ±0.5◦ C. The transverse
maps were acquired in the range (x, y) = ±3 mm using a step of 0.15 mm,
the transverse cross-section lines were acquired in the range x = ±7 mm
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Figure 6.2: Diagram of the experimental set-up and photograph of one
experiment in water tank.

using a step of 0.1 mm, and the axial measurements were acquired from
10 to 45 mm using a step of 1 mm.

6.3 Generating a Bessel beam

The initial conditions corresponding to common approaches to produce
zeroth-order Bessel beams are shown in Fig. 6.3 (a1-c1). First, we show
the Bessel beam produced by a binary-amplitude grating [40], which is
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Figure 6.3: Different theoretical methods to generate a non-flat-axial-int-
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distribution at the source of an axisymmetric diffraction grating (phase
mask type) and (b2) its axial pressure distribution. (c1) Magnitude and
phase distribution at the source of an acoustical fraxicon and (c2) its
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equivalent to a Soret-type Zone Plate lens [67]. This lens comprises alter-
nating axisymmetric opaque and transparent zones separated at a distance
b, as shown in Fig. 6.3 (a1). Due to the continuity of the wave-vector at
the interface, the propagating wavefront presents a phase distribution of

p0 (r) = exp (ikrr) , (6.1)

where kr = sin(β)k0 is the transverse wave-vector, fixed by the lens,
k0 = ω/c0 the wavenumber and β = sin−1(2π/k0b) is the angle of the
tilted wavefront of the Bessel beam. While a Bessel beam is generated
[40] its axial field distribution is not constant, as shown in Fig. 6.3 (a2).
As the total surface of each annular area varies with the radial coordinate,
the intensity radiated by each annulus depends linearly on the distance
to the center. Therefore, the intensity pattern grows linearly with dis-
tance (and proportional with the square root of the axial distance, see
Fig. 6.3 (d)). An analogous situation occurs when the lens is an alter-
nating phase-inversion axisymmetric grating, as shown in Fig. 6.3 (b1).
This can be obtained by using a phase plate where the thicknesses vary
between 2 values, L = [(2m− 1)λ/2,mλ] with m ∈ N. In this case the re-
sulting beam intensity also grows linearly with the axial distance as shown
Fig. 6.3 (b2). Equivalently for axisymmetric gratings, acoustical axicons
(cone-shaped lenses that have been proposed for optics and acoustics) can
also produce a converging conical wavefront due to refraction on its tilted
surface. A variation of conical axicon lenses are fraxicon lenses. Fraxicons,
in analogy to Fresnel lenses, present a wrapped profile able to produce a
similarly tilted wavefront by the refraction along its inclined surface. The
phase profile of a fraxicon varies linearly with the radial coordinated as
p0 (r) = exp (ikrr), as shown in Fig. 6.3 (c1). However, the exterior con-
centric annular areas radiate more energy than the interior ones as they
present more surface, as occurs with the axisymmetric gratings. In this
way, the corresponding axial field distribution is not constant either, as
shown in Fig. 6.3 (d).

In contrast, the field at the source plane of an ideal (truncated) Bessel
beam given by

p0 (r) = Jn (krr) , (6.2)

where Jn is the n-th order Bessel beam, is shown in Fig. 6.4 (a1). The
resulting field distribution is shown in Fig. 6.4 (a2,d), showing an almost
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flat profile. Here, the beam extends from z = 0 mm to z = F , a total
distance of 100λ. The existing ripples are caused by the limited aperture
of the source. Note that the source pattern presents both magnitude and
phase variations, which are of the order of the wavelength. It is worth
noting here that to our knowledge, the source condition corresponding to
Eq. 6.2 has only been reproduced using active methods using a finite set
of concentric rings.

In order to reduce the complexity of the Bessel pattern one can de-
sign an equivalent field distribution using an ideal axicon, i.e., imposing a
compensation for the intensity as a function of the radial coordinate. By
simple geometrical considerations, this results in a source field of

p0 (r) =
1√

max (r, r0))
exp (ikrr) , (6.3)

where r0 is set to a finite value to avoid the singularity, e.g., the pixel size,
as shown in Fig. 6.4 (b1). This field distribution also produces a Bessel
beam of constant amplitude analogously to that of the ideal-truncated
Bessel function, as demonstrated in Fig. 6.4 (b2,d). Note that the ripples
match those of the ideal-truncated Bessel function. However, the source
field for the ideal axicon presents a reduced spatial complexity compared
with the ideal Bessel function. This makes it more suitable to apply a
direct method to obtain an equivalent phase-only lens. Once applying
the direct method [68], the resulting phase-only hologram is shown in
Fig. 6.4 (c1), using a pixel size of λ/8. The field generated by this lens is
shown in Fig. 6.4 (c2,d). We can observe that the field distribution is flat
and the characteristic ripples of the Bessel beam obtained by using the
hologram agree with those of the finite-aperture Bessel beam.

6.4 Performance of holographic Bessel beams

Diffraction effects of any beam are stronger for low frequencies, e.g., when
the ratio a/λ is small. Thus, the capability of any finite-aperture Bessel
beam to concentrate the acoustic energy over the axis will also be limited
by the natural diffraction of the beam. We have designed 100 holograms
for frequencies ranging from 100 kHz to 10 MHz to study the effect of the
frequency in their focusing performance. The aperture of the source and
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the focal length of the lens were maintained constant (a = 25 mm and
F = 50 mm). Figs. 6.5 (a,b) show the axial field distribution for the ideal
truncated Bessel beam and the corresponding Bessel beam generated by
the phase-only hologram. First, we can observe that both calculations
agree, showing that the proposed method can be used in a broad range
of frequencies. In particular, Figs. 6.5 (c,d,e) show the axial distribution
for 0.5 MHz, 2 MHz and 5 MHz. These frequencies correspond to a/λ ≈
(8, 33, 83), respectively. We can observe that the spatial distribution shows
a flatter profile for higher frequencies, and the energy corresponding to
both ideal and holographic Bessel beams is evenly distributed along the
axis. For lower frequencies, e.g., at f = 0.5 MHz, both beams suffer from
stronger diffraction effects and, therefore, the energy of the beam only
extends to a fraction of the focal length (up to z ≈ 0.8F in this particular
case). In addition, at lower frequencies, the amplitude of the ripples is
increased as compared with the ones corresponding to higher frequencies.
Note that this behavior is not a limitation of the method using holograms,
it is caused by the natural diffraction of the wavefront and it will be
observed in any truncated Bessel beam propagating in homogeneous and
linear media.

6.5 Broadband behaviour of fraxicons and phase-
only holograms

In the previous section we have shown how fraxicons and holograms per-
form at the design frequency. In this section, we design a fraxicon and a
hologram for a particular frequency and then evaluate their performance
for other excitation frequencies. We might notice that the field distri-
butions at the source for both fraxicon and ideal Bessel beams present
spatial modulations in the radial direction characterized by the distance
b = 2π/kr, with the transverse wavenumber fixed by kr = k0 sin(β) (see,
e.g., the concentric rings separated at a distance b that appears at the
source distributions shown in Fig. 6.3 and Fig. 6.4). When a wave im-
pinges these lenses, its phase and amplitude are modified according to the
local thickness of the lens. For frequencies much lower than the design fre-
quency (λ > b), a small phase change is produced because the maximum
height of the fraxicon lens is much lower than the wavelength. Therefore,
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the field is transmitted, and the field of a piston-like source is retrieved.
However, for frequencies lower than the design frequency but higher than
λ ≤ b, waves are diffracted due to the spatial modulation of the lens,
even when the transmitted phase modulation is small. In this situation,
fraxicons and holograms act similarly to axisymmetric diffraction gratings
[40].

Due to the conservation of the transverse wavenumber at the boundary,
waves are diffracted at angles given by Eq. 6.4 producing a tilted conical
wavefront for each diffraction order n. In consequence, the extent of the
Bessel beam changes with the excitation frequency.

βn(ω) = sin−1(nλ/b) (6.4)

By simple trigonometric relations we can obtain the focal length for each
diffraction order as

Fn (λ) =
ab

nλ

√
1−

(
nλ

b

)2

, (6.5)

Note that for λ > b the focal distance becomes imaginary for all diffrac-
tion orders. This implies a lower cut-off frequency for the fraxicons and
phase-only holograms, flow, which is fixed by the lens design as

flow =
c0
b

= f0 sin(β) = f0
a√

a2 + F 2
, (6.6)

Below this frequency phase-only holograms and fraxicons whose max-
imum height corresponds to λ cannot produce any Bessel beam. Fig. 6.6
shows the axial field distribution of a zeroth-order Bessel beam as a func-
tion of the frequency for a fraxicon [Fig. 6.6 (a)] and phase-only hologram
[Fig. 6.6 (b)] with the design parameters F = 50 mm, a = 25 mm and
f0 = 1.112 MHz. This results in a b = 3 mm ring distance, which imposes
the lower cut-off frequency of flow = 497.3 kHz. The focus of the n-th
diffraction order, Fn, is shown in dotted-dashed white lines. We can see
that the focal length is extended from z = 0 mm to z = Fn, with n = 1.
Some energy is also transmitted for frequencies below λ > b, correspond-
ing to the zeroth diffraction order. For frequencies around λ ≈ b, the focal
length of the first diffraction order is close to the source (e.g., F1 = 8 mm
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at 522 kHz). Therefore, the field is strongly focused at this distance, as
shown in Fig. 6.6 (e). As the phase-only hologram maintains a similar
spatial modulation with characteristic rings separated at a distance b, a
similar focusing pattern is observed, as shown in Fig. 6.6 (b,e). For higher
frequencies, e.g., at 970 kHz, the focus is extended to F1 = 41.9 mm. Ac-
cordingly, the field distributes up to this distance. On the one hand, the
axial field distribution of the fraxicon is distributed with a square root de-
pendence of the distance (its intensity is linear with the distance). On the
other hand, the hologram produces a uniform field distribution, as shown
in Fig. 6.6 (d). Finally, for higher frequencies, high-order diffraction or-
ders appear, each one presenting a different focal length given by Eq. 6.5.
Each diffraction order produces a new Bessel beam that overlaps with the
preceding one. An example is given in Fig. 6.6 (c) for f = 1.392 MHz. The
field produced by the first diffraction order extends up to F1 = 65.4 mm,
while the focus of the second diffraction order appears at F2 = 24.5 mm.
The coherent sum of the two fields produces an interference pattern with
strong axial variations between z = 0 mm and z = F2. Overall, the
phase-only hologram produces a flatter beam because error-diffusion algo-
rithm smoothes the spatial modulations corresponding to rings separated
at a distance b.

6.6 Pixel quantization

In standard stereolithographic 3D-printing techniques, the lenses are man-
ufactured using layers of finite thickness. In addition, in simulations, the
pixels are represented with a discrete set of heights. In particular, in the
simulations included in this chapter, the pixels are discretized in 221 µm
steps (the grid resolution) and for the experiments in 100 µm steps (the
printer resolution). The corresponding phase distributions of the fraxicons
and holograms are therefore quantized in discrete steps.

To test the impact of the height quantization, we have designed a
set of fraxicons and holograms using different quantization steps (∆d),
ranging from ∆d = 1 µm to ∆d = 1.3 mm, as shown in Figures 6.7 and
6.8. The phase is calculated using the Fabry-Perot equation [Eq. (2.6)]
and the acoustic field is obtained using the Rayleigh-Sommerfeld equation
[Eq. (2.1)]. Several fraxicons are designed using different quantization
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Figure 6.7: (a–e) Transversal cut of the fraxicons using different discretiza-
tion heights. (f) Corresponding theoretical field for the fraxicons using
different discretization heights.

levels, as shown in Fig. 6.7 (a–e). The axial field for each fraxicon is
shown in Fig. 6.7 (f). First, the shape of the pressure distribution for
all the fraxicons roughly agrees with the one corresponding to the lower
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quantitation level. Even when only 6 values are available for the pixel
height (∆d ≈ 663 µm), the steeped lenses produce similar fields. Note
that using only two values for the height corresponds to an axisymmetric
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phase grating, which can also produce a Bessel beam. One remarkable
difference is that when using coarser quantization levels, the amplitude
of the field is reduced. This is caused because energy is diffracted into
higher diffraction orders, causing secondary focal spots near the source.
The quantization level used in the simulations (∆d = 221 µm) produces
a field in excellent agreement with the one corresponding to ∆d = 1 µm,
showing that the accuracy of the simulated (and manufactured) lenses is
enough to produce Bessel beams with flat pressure distributions.

The same study was extended to phase-only holograms using different
quantization levels, as shown in Fig. 6.8 (a–e). The corresponding axial
field for each phase-only hologram is shown in Fig. 6.8 (f). We observe that
phase-only holograms using low quantization levels, e.g., ∆d < 100 µm,
can produce fields in close agreement with the one corresponding to ∆d =
1 µm. Moreover, quantization levels of only ∆d ≈ λ/3 are enough to
produce fields in agreement with the truncated-Bessel beam distributions.
The main difference is that, as observed previously in fraxicons, at lower
quantization levels, energy can be diffracted into higher diffraction orders
and, therefore, the gain of the lens (|pmax|/p0) is reduced.

Finally, it is worth to mention here that the gain of fraxicon lenses is
higher (about 2.74 times) than the gain of phase-only lenses. The reduc-
tion of the gain is caused because holograms produced by the error-diffusion
algorithm mimic the phase-and-magnitude distribution of ideal Bessel
beams, which presents lower amplitude at the external areas of the lens
[see Fig. 6.4 (c1)]. This gain reduction in phase-only lenses is also due to
the energy spreading along the axial direction instead of concentrating the
whole constructive interference at the focal spot as fraxicons do.

6.7 Experimental validation

We performed an experimental test in the ultrasonic regime using a pha-
se-only hologram of aperture 2a = 50 mm and a depth-of-field F = 50 mm
(≈ 40λ) using a source of 1.11 MHz in water. In addition, a full-wave
simulation was performed using a time-domain pseudo-spectral method
with k-space correction. A fraxicon also was manufactured for comparison.
Both zeroth and first-order Bessel beams were considered. The 3D-printed
lenses are shown in Fig. 6.9. Details about the measurement procedures
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Figure 6.9: Manufactured lenses by 3D-printing. (a) Fraxicon for
a zeroth-order Bessel beam (M = 0). (b) Spiral fraxicon for a
first-order Bessel beam (M = 1). (c-d) Phase-only holographic lenses
for flat-intensity Bessel beams corresponding to M = 0 and M = 1 (vor-
tex).

and simulation methods can be found in Sec. 6.2.3.

6.7.1 Zeroth-order Bessel beams

The simulated field distribution of the fraxicon is shown in Fig. 6.10 (a1),
showing a non-flat field distribution as discussed theoretically earlier. The
theoretical, numerical, and experimental magnitude and phase transversal
field distributions are shown in Figs. 6.10 (b1,c1,d1,e1,f1,g1). We can see
that the magnitude of the field shows a good symmetry in the three cases,
while the phase remains radially constant. The simulated and experi-
mental axial field distributions, shown in Fig. 6.10 (h1), agree with that
obtained by theory. While the transversal field distribution measured at
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Figure 6.10: Results for the zeroth-order Bessel beams. Field distribution
in the sagittal plane for the fraxicon lens (a1) and the phase-only hologram
(a2). Field magnitude in the transverse direction (at z = 35 mm) obtained
for the fraxicon using theory (b1), simulations (c1) and experiments (d1),
and obtained for the phase-only hologram using theory (b2), simulations
(c2) and experiments (d2). Corresponding theoretical, numerical and ex-
perimental phase of the field in the transversal direction (at z = 35 mm)
for the fraxicon (e1,f1,g1) and the phase-only hologram (e2,f2,g2). Axial
and transversal (at z = 35 mm) field cross-sections for the fraxicon (h1,i1),
respectively, and for the phase-only hologram (h2,i2).
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z = 35 mm for the fraxicon matches that of a truncated Bessel beam
[see Fig. 6.10 (i1)], the axial field distribution grows proportionally to the
square root of the axial distance. The corresponding simulated field of
the phase-only hologram is shown in Fig. 6.10 (a2). We can observe that
the field distribution is remarkably uniform as compared with the fraxi-
con. The theoretical, numerical, and experimental magnitude and phase
transversal field distributions are shown in Figs. 6.10 (b2,c2,d2,e2,f2,g2).
Again, we can see that the magnitude of the field shows a good symme-
try in the three cases, while the phase remains radially constant. The
axial field distribution is shown in Fig. 6.10 (h2) where, again, simulated
and experimental data are in reasonable agreement with theory. Some
discrepancies are observed due to the finite size of the pixel used, which
is restricted by the 3D-printing technology (the lateral resolution of the
printer is 50 µm).

6.7.2 High-order Bessel beams (vortex beams)

Beyond zeroth-order, Bessel beams of higher order containing phase dislo-
cations can also be generated by the proposed technique. We manufacture
a phase-only hologram for a first-order Bessel beam using a pressure dis-
tribution of

p0 (r, θ) =
1√

max (r, r0))
exp (ikrr) exp (iMθ) , (6.7)

where the topological charge of a first-order Bessel beam corresponds to
M = 1 and θ is the polar angle. A spiral fraxicon, corresponding to a
blazed-vortex axicon, is also manufactured for comparison using a source
profile of

p0 (r, θ) = exp (ikrr) exp (iMθ) , (6.8)

Fig. 6.11 (a1) shows the simulated field for the spiral fraxicon while
Fig. 6.11 (a2) shows the corresponding one for the phase-only hologram.
As occurs with the zeroth-order Bessel beam, our approach results in
a flatter beam profile. The hollow beam is reproduced by all methods
with the characteristic null at the center. This null arises because of the
phase dislocation of the vortex. The theoretical, numerical, and experi-
mental magnitude and phase transversal field distributions are shown in
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Figure 6.11: Results for the first order Bessel beams, i.e., vortex beams.
Field distribution in the sagittal plane for the spiral fraxicon lens (a1)
and the phase-only vortex hologram (a2). Field magnitude in the trans-
verse direction (at z = 35 mm) obtained for the spiral fraxicon using
theory (b1), simulations (c1) and experiments (d1), and obtained for the
phase-only hologram using theory (b2), simulations (c2) and experiments
(d2). Corresponding theoretical, numerical and experimental phase of the
field in the transversal direction (at z = 35 mm) for the spiral fraxicon
(e1,f1,g1) and the phase-only hologram (e2,f2,g2). Axial and transversal
(at z = 35 mm) field cross-sections for the spiral fraxicon (h1,i1), respec-
tively, and for the phase-only hologram (h2,i2).
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Figs. 6.11 (b1,c1,d1,e1,f1,g1) and 6.11 (b2,c2,d2,e2,f2,g2), respectively for
spiral fraxicon and phase-only hologram. We can see that the magnitude
of the field shows a good symmetry in the three cases, while a phase pro-
portional to exp (iMθ) is reproduced. In all cases, the topological charge
of the vortex is the unity (M = 1), while at r = 0, a phase dislocation is
observed. The corresponding axial and lateral cross-sections are given in
Fig. 6.11 (h1,i1,h2,i2), respectively. The measured and simulated pressure
distributions agree with the theoretical ones.

6.8 Conclusions

We have presented a simple method to generate Bessel beams of flat inten-
sity by using acoustic holograms. The magnitude and phase distribution
of an ideal axicon was transformed into an equivalent phase-only holo-
gram applying a direct method and used to manufacture an ultrasonic
lens by using 3D-printing. We demonstrated the approach theoretically,
and validated it by using full-wave simulations and experiments. In par-
ticular, a zeroth-order Bessel beam was first produced in the ultrasonic
regime. The beam evenly distributes the acoustic energy over a flat line
along an axial distance of 50 mm (≈ 40λ) while the width of the beam re-
mained constant at about 1 mm (≈ 0.7λ). Using the proposed approach,
the generated beam patterns match those of an ideal (truncated) Bessel
beam. Note that, in contrast, traditional methods using passive ultrasonic
devices produce non-uniform beam patterns.

Beyond zeroth-order beams, we have demonstrated that higher-order
Bessel beams can also be generated. A first-order Bessel beam was ob-
tained, where the characteristic vortex containing a phase dislocation was
observed experimentally in excellent agreement with theory and full-wave
simulations. It is worth noting here that, in contrast with zeroth-order
Bessel beams, higher-order Bessel beams cannot be generated by using
radially symmetric active systems: active transducers with chiral sym-
metry are required making this approach a robust solution to generate
flat-intensity beams with broad depth-of-field. We remark that in con-
trast to Bessel beams produced by computer-generated holograms in op-
tics [69, 70], the axial intensity of the beam using the present approach is
flat.
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The proposed method opens the pathway to future investigations of
the singular properties of Bessel beams, including their nonlinear propa-
gation features [18, 71, 72], angular momentum transfer [18], and particle
manipulation capabilities [15, 19, 73–77]. These beams may find poten-
tial uses in particle manipulation and acoustic radiation force techniques,
ultrasound imaging, or therapeutic ultrasound applications.
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Chapter 7

General discussion and
conclusions

This thesis is focused on using acoustic holograms, particularly holo-
graphic acoustic lenses coupled to single-element transducers to overcome
the limitations on existing treatments for brain-related diseases. Acoustic
holograms define a novel path to improve drug delivery into the CNS by
disrupting the BBB. Several advantages, drawbacks, and future research
lines are discussed in this last chapter. Finally, a compilation of published
papers, conference awards, and acknowledgments to the funding institu-
tions is listed.
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7.1 Summary and discussion of the proposed ap-
proach

Acoustic holography is proposed as a novel method to open the BBB for
brain-related diseases treatments in a revolutionary manner. Opening the
BBB in several targets simultaneously or in complex-shape and deep-brain
structures has been demonstrated for the first time by using a holographic
acoustic lens coupled to a single-element transducer.

The primary advantage of this approach is its capability to accurately
control the acoustic wavefront (as shown in Chapter 2). This implies that
it is possible to generate an acoustic single- or multi-focus matching the
complex shape of the target diseased tissue, and at the same time, correct
the aberrations and distortions suffered by the beam through the differ-
ent irregular and hard tissues before reaching the brain, such as the skull.
As a consequence of these complex-shape acoustic beams, i.e., arbitrary
acoustic images, the method does not require several positions of the ul-
trasound device but a single one, nor several microbubble-injections but
one, nor several sonications but one, to accomplish an entire treatment,
thus saving time and cost, in addition to the easiness of use for the clinic
technicians. Furthermore, as this acousto-holographic method is based
on time-reversal analysis techniques, it works especially localized when
focusing inside a closed cavity (as shown in Chapter 3). This implies an
excellent control of the wavefront. The reflections and reverberation due
to the enclosed space are accurately controlled, and consequently, high-
aperture sources are not strictly needed. Working with a small-aperture
device with the lens coupled to it and focusing inside the cranial cavity,
is equivalent to working with a higher-aperture device without the lens
in terms of focal spot size. However, the lens is always required to con-
trol the reflections and reverberation inside the enclosed cavity in order to
provide a completely localized treatment, independently of the aperture
of the transducer. In fact, clinical treatments are carried out within the
cranial cavity; thereupon, this approach is excellent for this type of treat-
ments. Another advantage is the easiness and fastness of designing these
lenses by performing a numerical simulation using a PC with the CT-scan
of the patient’s head and the MRI of his/her brain morphology to select
the target tissues. A personalized lens is finally designed in a matter of
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hours. The low-cost technique based on 3D-printing makes this approach
totally affordable for every hospital and clinical center worldwide.

However, a few drawbacks still exist, limiting the proposed approach
and should be tackled in the future. Compared to existing clinical pro-
cedures, the most relevant limitation is the reduced focal gain due to the
generation of a wide and spread focal shape (as discussed in Chapter 4).
This reduction of the focusing capability is implicit as the main role of
these lenses is spreading the focus along the entire target. Although the
required focal pressure can be achieved by amplifying the external signal
accordingly, the problem comes with the constantly existing uncertainties
in the skull attenuation prediction. Then, if the lens cannot provide a
sharp focus to easily differentiate between the focal and background re-
gions, there could be no BBB opening, or on the contrary, a huge BBB
opening including off-target brain regions. In fact, the focal amplitude
is reduced around twice times for a bifocal lens, and factors even greater
(≈ 4) for lenses that generate a more complex acoustic shape, i.e., a slice of
the hippocampus or a vortex. The solution at worst would be to increase
the aperture of the device (transducer and lens) until reaching the same
focal gain as current clinical procedures provide. However and at best,
the solution would be to amplify the signal inputted to the device in order
to reach the required pressure at the focus, but carefully controlling and
ensuring that the pressure values within the valid range of 0.25-0.5 MPa
are only present at the focal region, and not at off-target regions. In ad-
dition, the high ultrasound absorption inside the lens material is another
reason why the focal gain is reduced (as discussed as well in Chapter 4),
and therefore the lens heats up. Also, the acoustical coupling between the
surface of the transducer and the lens should be improved to maximize
the wave transmission. Thereby, new 3D-printable materials should be
investigated and developed to be less absorbent, high-temperature resis-
tant, acoustically optimum for good acoustic impedance matching, as well
as suitable for manufacturing thinner lenses. Moreover, and particularly,
the mechanical coupling method between transducer and lens, based on
spreading vaseline on the back of the lens and then performing a screw
fixing, should be investigated to reduce or eliminate undesirable reflections
between the transducer and the back part of the lens.

Looking towards human trials, there is an important factor to consider:
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ensuring the correct positioning of the device (transducer and coupled lens)
with respect to the skull. Although in the laboratory, it has been shown
that these lenses work well even if their position is not exactly as designed,
in human trials it is crucial that their positioning is precise with respect
to the skull. Laboratory experiments carried out with a 3D-printed holder
worked well (as shown in Chapter 5), but another alignment method, such
as infrared- or neuronavigation-guided systems, should be investigated to
ensure the correct positioning of the FUS device respect to the patient’s
head.

Finally, a revolutionary idea for future lines would be the development
of a lens with dynamic and independent columns so that the height of
each one could be controlled and modified electronically in-situ to generate
the required output wavefront, and, therefore, there would be no need to
3D-print a new lens for each treatment case. This would allow to use a
unique lens to treat all diseases in all patients. For instance, if a lens
is designed and 3D-printed to treat the right hippocampus for a specific
patient, but some unexpected factors appear right at the time of treatment
(i.e., positioning error, discrepancy in estimated acoustic properties and/or
irregularities of the skull), worsening the treatment quality, the technician
would be able to easily and rapidly adjust the general output wavefront
of the lens to perform a high-quality treatment, with no need to remove
the lens and place a new one.

7.2 Chapters summary

The results shown in each chapter of this book are briefly described in
this last chapter to provide a simple and direct view of the achievements
obtained, as well as highlighting relevant collaborations arisen from the
positive impact of the results during one of my research stays.

Chapter 1 showed an overview of the most common brain-related dis-
eases, the blood-brain barrier (BBB) as a relevant protection mechanism of
the Central Nervous System (CNS), and the existing techniques, invasive
and non-invasive, which allow the delivery of therapeutic drugs into the
CNS. Among the non-invasive approaches, focused ultrasound in combina-
tion with microbubble-injection into the bloodstream is the most powerful
one to open the BBB, as it is a transient, local, highly non-invasive and
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safe technique which has shown successful results in clinical trials.

Chapter 2 showed the feasibility of acoustic holograms to focus complex-
shape ultrasound beams transcranially while compensating the strong
aberrations of the skull, with the objective of disrupting the BBB in a
simple, highly-localized, time- and cost-efficient manner for the treatment
of brain-related diseases. Patient-personalized holographic acoustic lenses
were numerically designed from the analysis of the back-propagated wave-
front generated by the target virtual sources, placed along the diseased
CNS structure to be treated, at the holographic surface of design. The k -
Wave Matlab toolbox was used for the simulation design step, and thanks
to the research stay that I carried out at Université du Maine (France) led
by Dr. Noé Jiménez, I learned the basis of phase plates and frequency-
domain signal analysis to numerically design acoustic holograms. For the
personalized design of the lens, it was required the patient’s CT-scan and
MRI-scan to obtain the skull and target CNS structures, respectively.
Then, the lenses were low-cost manufactured by 3D-printing techniques.
This technology was patented by our research team. For the validation,
three configurations, from increasing complexity, were studied numeri-
cally and experimentally using a skull phantom, and just numerically to
demonstrate the feasibility with a realistic skull. First, a bifocal lens to
simultaneously focus at two symmetric spots. Second, a lens to focus the
ultrasound beam along a curved trajectory. And third, a lens to spread
the focus along a slice of the right hippocampus, matching its complex
geometry. The relevancy of these successful results provided by acoustic
holograms opens a new path to solve existing limitations to treat multi-
focal, curved-trajectory and complex-shape CNS structures with a simple
and low-cost technology.

Chapter 3 showed, for the first time in science, a successful BBB open-
ing in anesthetized mice in vivo by using a bifocal acoustic hologram. The
simplest configuration of a bifocal lens was chosen as a proof of concept of
the proposed approach. The bilateral BBB opening was generated simul-
taneously in two symmetric foci placed in each hemisphere of the brain,
using a single injection of microbubbles. In addition, it was demonstrated
another powerful advantage of using an acoustic hologram to focus ultra-
sound beams inside an enclosed cavity, such as the skull, by achieving
a highly-localized BBB opening compared to conventional focused trans-
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ducers. Acoustic holograms are capable of encoding the reverberation
and reflections inside the cranial cavity of the animal to compensate those
effects as well. Therefore, an acoustic hologram allows to work with a
higher angular spectrum than compared to the conventional transducer.
This work was carried out during research stay carried out at Columbia
University, under the mentoring of Prof. Elisa E. Konofagou.

Chapter 4 consisted of a numerical but directly related to clinical tri-
als study, showing the feasibility of acoustic holograms to focus ultrasound
beams following the complex-shape of a pediatric brain tumor. Therefore,
the proposed approach was proved to be beneficial for the delivery of
chemotherapeutic drugs in pediatric brain tumors. The results presented
in this third chapter arose within the framework of a collaboration with
Dr. Cheng-Chia Wu, from Columbia University, who was interested in
my work while I was carrying out my research stay focused on the bilat-
eral BBB opening in mice at the UEIL, Columbia University (USA). Dr.
Cheng-Chia Wu proposed me to collaborate with him towards the devel-
opment and FDA-approval of our technology using acoustic holograms for
the treatment of pediatric brain tumors.

Chapter 5 showed another transcranial application of acoustic holo-
grams by focusing a vortex beam through an ex-vivo human skull for
particle trapping and manipulation within the CNS. Unlike the conven-
tional focused transducer case without any lens, where the ultrasound
beam could still be transcranially focused in spite of the skull aberrations,
for a vortex beam case, the developed low-cost lens allowed to accurately
generate the phase singularity and the ring-shaped amplitude beam by cor-
recting the aberrations of the skull, which otherwise could not be achieved
in a low-cost manner, unless using a high-cost phased array system.

Chapter 6 showed zero-th and high-order (vortex) acoustic Bessel beams
with broad depth-of-field generated using acoustic holograms. The trans-
verse field distribution of Bessel beams generated traditionally with pas-
sive methods is correctly described by a Bessel function, however, the axial
distribution is not constant. In this sixth chapter, we experimentally, nu-
merically and theoretically reported acoustic truncated Bessel beams of
flat-intensity along their axis using acoustic holograms. The proposed
method may have potential applications in biomedical ultrasound and
particle manipulation applications, and ultrasonic imaging, using passive
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lenses.

7.3 Published papers

Most results of this thesis were published in important international jour-
nals, and as well in a Spanish journal thanks to an awarded conference oral
presentation. In addition, I collaborated with Prof. M. Ferri (Department
of Applied Physics at Universitat Politècnica de València), in the results
of another work in parallel to the contents of my thesis.
Results in Chapter 3 were obtained in collaboration with the UEIL (Columbia
University in the city of New York), led by Prof. Elisa E. Konofagou (De-
partments of Biomedical Engineering and Radiology), and thanks to the
funding that I was granted to develop that research stay. In parallel to
this stay and during my last week at the UEIL, Dr. Cheng-Chia Wu (De-
partment of Radiation Oncology at Columbia University Irving Medical
Center, and Herbert Irving Comprehensive Cancer Center in New York),
was interested by the potential of the results that I achieved under Prof.
Elisa E. Konofagou’s mentoring, and opened a new collaboration path for
acoustic holography for the treatment of brain tumors. The numerical
results derived from Dr. Cheng-Chia Wu’s collaboration were reported in
Chapter 4. From these two chapters, two works were developed and they
are in process of manuscript writing as they were carried out in the last
months of the thesis and in addition, SARS-CoV-2 worldwide crisis made
difficult to finish some tests and experiments required to complete both
studies. Then, a list of published papers is included following a chrono-
logical order:

1. S. Jiménez-Gamb́ın, N. Jiménez, J. M. Benlloch, and F. Ca-
marena, “Holograms to focus arbitrary ultrasonic fields through the
skull”. Physical Review Applied, vol. 12, no. 1, p. 014016, 2019.
DOI: https://doi.org/10.1103/PhysRevApplied.12.014016

2. S. Jiménez-Gamb́ın, N. Jiménez, and F. Camarena, “Efecto del
método de definición de las propiedades acústicas de cráneo humano
en la propagación focalizada de ultrasonidos”, Revista de Acústica,
vol. 50, no. 1-2, p. 20-24, 2019.
DOI: http://hdl.handle.net/10251/140248
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3. M. Ferri, J. M. Bravo, J. Redondo, S. Jiménez-Gamb́ın, N. Jiménez,
F. Camarena, and J. V. Sánchez-Pérez, “On the evaluation of the
suitability of the materials used to 3D print holographic acoustic
lenses to correct transcranial focused ultrasound aberrations”, Poly-
mers, vol. 11, no. 9, p. 1521, 2019.
DOI: https://doi.org/10.3390/polym11091521

4. S. Jiménez-Gamb́ın, N. Jiménez, J. M. Benlloch, and F. Ca-
marena, “Generating Bessel beams with broad depth-of-field by us-
ing phase-only acoustic holograms”. Scientific Reports, vol. 9, no. 1,
p. 1-13, 2019.
DOI: https://doi.org/10.1038/s41598-019-56369-z

5. S. Jiménez-Gamb́ın, N. Jiménez, and F. Camarena, “Transcra-
nial focusing of ultrasonic vortices by acoustic holograms”. Physical
Review Applied, vol. 14, no. 5, p. 054070, 2020.
DOI: https://doi.org/10.1103/PhysRevApplied.14.054070

7.4 Unpublished papers

Two additional studies, which have been developed during the last part
of this thesis, and the research carried out in Chapter 3, are in process
of manuscript submission and acceptation. These not yet unpublished
papers are listed below:

1. D. Andrés, S. Jiménez-Gamb́ın, N. Jiménez, and F. Camarena,
“Multifocal acoustic holograms for ultrasound focusing at deep brain
structures”, Revista de Acústica. In press, accepted manuscript.

2. S. Jiménez-Gamb́ın, N. Jiménez, J. M. Benlloch, and F. Ca-
marena, “Cluster of vortices for particle manipulation and pattern-
ing using single-beam acoustic holograms”. In process of manuscript
submission on May, 2021.

3. S. Jiménez-Gamb́ın, N. Jiménez, A. N. Pouliopoulos, J. M. Ben-
lloch, E. E. Konofagou, and F. Camarena, “Acoustic holograms for
bilateral blood-brain barrier opening in a mouse model”. In pro-
cess of manuscript submission on May, 2021.
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7.5 Conference proceedings

� S. Jiménez-Gamb́ın, N. Jiménez, Shih-Ying Wu, E. E. Konofagou,
and F. Camarena, “Study of aberrations at the focus of an ultrasonic
beam due to the propagation across different areas of the skull”. 5th
International Symposium on Focused Ultrasound, Maryland, USA.
August 28 - September 13, 2016.

� S. Jiménez-Gamb́ın, N. Jiménez, M. Company, and F. Camarena,
“Estudio numérico del protocolo de propagación transcraneal de ul-
trasonidos para la apertura de la barrera hematoencefálica en el
hipocampo de humano”. 48◦ Congreso Español de Acústica; En-
cuentro Ibérico de Acústica; European Symposium on Underwater
Acoustics Applications; European Symposium on Sustainable Build-
ing Acoustics; TECNIACUSTICA 2017, A Coruña, Galicia, Spain.
October 4-6, 2017.

� R. Bailén, S. Jiménez-Gamb́ın, M. Company, and F. Camarena,
“Desarrollo de un sistema ultrasónico de potencia para aplicaciones
médicas en animales pequeños”. 48◦ Congreso Español de Acústica;
Encuentro Ibérico de Acústica; European Symposium on Underwater
Acoustics Applications; European Symposium on Sustainable Build-
ing Acoustics; TECNIACUSTICA 2017, A Coruña, Galicia, Spain.
October 4-6, 2017.

� S. Jiménez-Gamb́ın, N. Jiménez, and F. Camarena, “Efectos del
método de obtención de las propiedades acústicas de cráneo humano
en la propagación focalizada de ultrasonidos”. 49◦ Congreso Español
de Acústica; XI Congreso Iberoamericano de Acústica; X Congreso
Ibérico de Acústica; TECNIACUSTICA 2018, Cádiz, Andalućıa,
Spain. October 24-26, 2018. Award: Luis de Camoens UC3M
Prize, award for the best scientific-technical communication
presented by a young researcher.

� F. Camarena, S. Jiménez-Gamb́ın, N. Jiménez, and J. M. Benl-
loch, “Ultrasonic Holograms in the Brain”. VI Mediterranean The-
matic Workshop in Advanced Molecular Imaging: Imaging in im-
munotheray (MEDAMI), Valencia, Comunidad Valenciana, Spain.
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May 15-17, 2019.

� S. Jiménez-Gamb́ın, N. Jiménez, A. Marin, and F. Camarena,
“Optimal Overlapping Protocol and Robustness Assessment of Blood-
Brain Barrier Opening in Humans Using a Single-Element Focused
Ultrasound Transducer”. 19th International Symposium of ISTU,
Barcelona, Cataluña, Spain. June 13-15, 2019.

� S. Jiménez-Gamb́ın, N. Jiménez, J. M. Benlloch, and F. Ca-
marena, “Acoustic Holograms for Transcranial Focusing of Arbitrary
Ultrasonic Fields into the Brain”. 19th International Symposium of
ISTU, Barcelona, Cataluña, Spain. June 13-15, 2019.

� N. Jiménez, S. Jiménez-Gamb́ın, J. M. Benlloch, and F. Ca-
marena, “Focused ultrasound beyond phase-arrays: acoustic holo-
graphic lenses enable transcranial focusing of arbitrary fields at the
central nervous system”. XXXVII Reunión bienal de la Real So-
ciedad Española de F́ısica, Zaragoza, Aragón, Spain. July 15-19,
2019.

� S. Jiménez-Gamb́ın, N. Jiménez, J. M. Benlloch, and F. Ca-
marena, “Transcranial acoustic holograms for arbitrary fields genera-
tion using focused ultrasound into the brain”. International Congress
on Ultrasonics (ICU), Bruges, Belgium. September 3-6, 2019.

� S. Jiménez-Gamb́ın, N. Jiménez, J. M. Benlloch, and F. Ca-
marena, “Transcranial focusing of arbitrary ultrasonic fields using
acoustic holograms”. 23rd International Congress on Acoustics (ICA)
integrating 4th EAA Euroregio, Aachen, Germany. September 9-13,
2019.

� S. Jiménez-Gamb́ın, N. Jiménez, J. M. Benlloch, and F. Ca-
marena, “Acoustic holograms allow the generation of complex fields
inside the central nervous system”. IEEE International Ultrasonics
Symposium (IUS), Glasgow, Scotland, United Kingdom. October
6-9, 2019.
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F. Camarena, E. E. Konofagou, S. Zacharoulis, and Cheng-Chia Wu,
“Modeling of Intensity-Modulated Focused Ultrasound in Pediatric
Brain Tumors Using Acoustic Holograms”. IEEE International Ul-
trasonics Symposium (IUS), virtual symposium. Abstract submitted
for acceptation. September 12-16, 2021.

7.6 Conference awards

The development of this thesis led to the obtention of two important
Spanish awards through the yearly held congress Tecniacústica, and a
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