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“La ciencia siempre vale la pena porque sus descubrimientos, tarde o temprano, siempre
se aplican”.

Severo Ochoa

“Science is always worth it because its discoveries, sooner or later, are always applied”.

Severo Ochoa
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Abstract

Ultrasound has been used since the 1990s for the treatment of multiple pathologies thanks
to its non-invasive and non-ionising nature, from localised cancer treatment to neuro-
logical therapies. The focusing of these pressure waves and beam shaping has been a
problem that has been tackled from various perspectives, with the use of focusing lenses,
focused transducers and the more sophisticated phased-array systems composed of multi-
ple transducers with electronic amplitude and phase control. These systems have several
drawbacks, such as the poor beam control offered by focused transducers, with a fixed
focus and no control of possible field distortions introduced by the medium, or the high
cost due to the complex electronics of phased-array systems, although they provide better
focus control and aberration compensation.

The revolutionary idea of acoustic holograms as passive 3D printed elements came as a
low-cost alternative to these previous systems. They were first described to be used in
homogeneous media to generate a wide range of acoustic images, but their feasibility for
focusing ultrasound beams inside the brain was soon studied and proved to be very useful
in correcting the aberrations that the skull introduces into the wavefront. Holographic
lenses are capable of encoding both the field to be generated and the phase distortions
that may be introduced by the medium in which the ultrasound propagates.

This thesis studies the design of acoustic holograms and their application in the biomed-
ical field. The thesis can be divided into three main parts: a first one in which new
methods for the design of holographic lenses are described, a second one in which ultra-
sonic holograms are used for hyperthermia generation, and a third one in which their use
for transcranial therapies is studied.
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The first part of the thesis investigates the design of holographic lenses for transducers
with spherical geometry as an alternative to the previously described flat lenses. In addi-
tion, a new method is studied to encode the acoustic field in the lenses in order to improve
the image produced by them, adjusting it more closely to the desired image.

The second part studies the thermal pattern generated by the acoustic field produced by
a holographic lens when it is applied to an absorbing material and how thermal diffusion
affects it. This diffusion has the effect that the thermal pattern over time does not resem-
ble the acoustic pattern, and lenses must take this process into account in their design for
thermal applications, especially if uniform regions of heating are desired. The method is
tested on multiple tumour spheroids, and results show that ultrasound-mediated hyper-
thermia is shown to be more damaging to tumour cell spheroids than traditional hyper-
thermia.

The third part demonstrates the feasibility of ultrasonic holograms for neural treatments,
applied from the temporal window to reduce the bone heating that occurs. In addition,
the acoustic field produced by holographic lenses through a macaque skull is studied in
ex-vivo experiments, applying holographic projection techniques to obtain even more
information from these experiments. A system is designed to apply these holograms
in in-vivo experiments with macaques to test the feasibility of opening the blood-brain
barrier in a localized manner.

This thesis focuses on a better design and understanding of the emerging holographic
lenses, as well as on studying their validity in biomedical applications of great interest
such as hyperthermia, neuromodulation and the opening of the blood-brain barrier for
drug delivery to the brain.

viii



Resumen

Los ultrasonidos se han empleado desde los afos 90 para el tratamiento de multiples
patologias gracias a su cardcter no invasivo y no ionizante, desde el tratamiento local-
izado del céncer hasta terapias neuroldgicas. La focalizacién de estas ondas de presion
y la conformacién del haz ha sido un problema que desde varias perspectivas se ha in-
tentado abordar, con el uso de lentes focalizadoras, transductores focalizados y los mds
sofisticados sistemas phased-array compuestos por multiples transductores con control
electrénico de amplitud y fase. Estos sistemas presentan varios inconvenientes, como
el escaso control del haz que ofrecen los transductores focalizados, con un foco fijo y
sin control de las posibles distorsiones del campo que puede introducir el medio, o el
elevado coste derivado de la compleja electrénica de los sistemas phased-arrays, aunque
proporcionan un mejor control del foco y compensacién de aberraciones.

La revolucionaria idea de los hologramas actisticos como elementos pasivos impresos
con tecnologia 3D llegd como una alternativa de bajo coste a los previos sistemas. En
primer lugar se describi6 su uso en medios homogéneos para generar las més diversas
imdgenes acusticas, pero pronto se empezd a estudiar su viabilidad para focalizar haces
de ultrasonidos en el interior del cerebro, resultando ser muy ttiles en la correccién de
las aberraciones que el crdneo introduce en el frente de ondas. Las lentes holograficas
son capaces de codificar tanto el campo que se desea generar como las distorsiones de
fase que puede introducir el medio en el que se propagan los ultrasonidos.

En esta tesis se estudia el disefio de hologramas acusticos y su aplicacién en el dmbito
biomédico. La tesis puede ser dividida en tres grandes partes: una primera en la cual se
describen nuevos métodos para el disefio de lentes hologrificas, una segunda en la que
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se emplean los hologramas ultrasénicos para generacién de hipertermia y una tercera en
la que se estudia su uso para terapias transcraneales.

En la primera parte de la tesis se investiga el disefio de lentes holograficas para transduc-
tores con geometria esférica como alternativa a las lentes planas ya descritas previamente.
Ademas, se estudia un nuevo método para codificar el campo actstico en las lentes de
forma que se mejore la imagen producida por ellas, ajustindose mds a la deseada.

En la segunda parte se estudia como es el patrén térmico que genera el campo acus-
tico producido por una lente holografica cuando se aplica sobre un material absorbente y
como afecta la difusion térmica a éste. Esta difusion tiene como efecto que el patrén tér-
mico con el tiempo no se parezca al acustico, y que las lentes deban tener en cuenta este
proceso en su disefio para aplicaciones térmicas, especialmente si se desean regiones uni-
formes de calentamiento. Se demuestra como la hipertermia generada por ultrasonidos
es mds dafiina en esferoides de células tumorales que la hipertermia tradicional.

En la tercera parte se demuestra la viabilidad de los hologramas ultrasénicos para tratamien-
tos neuroldgicos, aplicados desde la ventana temporal para reducir el eventual calen-
tamiento del hueso que se produce. Ademds, se estudia en experimentos ex-vivo el
campo acustico producido por lentes holograficas a través de un crdneo de macaco, apli-
cando técnicas de proyeccién hologréfica para obtener atin mds informacién de estas
medidas y se disefia un sistema para aplicar estos hologramas en experimentos in-vivo
con macacos y comprobar la viabilidad de la apertura de la barrera hematoencefalica de
forma localizada.

Esta tesis se enfoca a un mejor disefio y entendimiento de las emergentes lentes holo-
gréficas, asf como a estudiar su validez en aplicaciones biomédicas de gran interés como
son la hipertermia, la neuromodulacién y la apertura de la barrera hematoencefalica para
la administracion de farmacos en el cerebro.



Resum

Els ultrasons s’han emprat des dels anys 90 per al tractament de maltiples patologies
gracies al seu caracter no invasiu i no ionitzant, des del tractament localitzat del cancer
fins a terapies neurologiques. La focalitzacié d’estes ones de pressi6 i la conformacié del
feix acustic ha sigut un problema que des de diverses perspectives s’ha intentat abordar,
amb 1’ds de lents focalizadores, transductors focalitzats i els més sofisticats sistemes
phased-array compostos per multiples transductors amb control individual d’amplitud i
fase. Estos sistemes presenten diversos inconvenients, com I’escas control del feix que
ofereixen els transductors focalitzats, amb un focus fix i sense control de les possibles
distorsions del camp que pot introduir el medi, o 1’elevat cost derivat de la complexa
electronica dels sistemes phased-array, encara que proporcionen un millor control del
focus i compensaci6 d’aberracions.

La revolucionaria idea dels hologrames acustics com a elements passius impresos amb
tecnologia 3D va arribar com una alternativa de baix cost als previs sistemes. En primer
lloc es va descriure el seu Us en medis homogenis per a generar les més diverses imat-
ges acustiques, perd prompte es va comencar a estudiar la seua viabilitat per a focalitzar
feixos d’ultrasons a I’interior del cervell, resultant ser molt tutils en la correccid de les
aberracions que el crani introduix en el front d’ones. Les lents holografiques sén ca-
paces de codificar tant el camp que es desitja generar com les distorsions de fase que pot
introduir el medi en el qual es propaguen els ultrasons.

En esta tesi s’estudia el disseny d’hologrames acustics i la seua aplicacié en I’ambit
biomedic. La tesi pot ser dividida en tres grans parts: una primera en la qual se descriuen
nous metodes per al disseny de lents holografiques, una segona en la qual s’empren els
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hologrames ultrasonics per a generacié d’hipertérmia i una tercera en la qual s’estudia el
seu Us per a terapies transcranials.

En la primera part de la tesi s’investiga el disseny de lents holografiques per a transduc-
tors amb geometria esfeérica com a alternativa a les lents planes ja descrites préviament.
A més, s’estudia un nou metode per a codificar el camp acustic en les lents de manera
que es millore la imatge produida per elles, ajustant-se més a la desitjada.

En la segona part s’estudia com és el patrd termic que genera el camp actstic produit per
una lent holografica quan s’aplica sobre un material absorbent i com afecta la difusi6 ter-
mica a aquest. Esta difusi6 té com a efecte que el patré termic amb el temps no se semble
a l’acustic, i les lents hagen de tindre en compte aquest procés en el seu disseny per a
aplicacions termiques, especialment si es desitgen regions uniformes de calfament. Es
demostra com la hipertermia generada per ultrasons és més nociva en esferoides tumorals
que la hipertérmia tradicional.

En la tercera part es demostra la viabilitat dels hologrames ultrasonics per a tractaments
neurologics, aplicats des de la finestra temporal per a reduir el calfament de I’os que
es produix. A més, s’estudia en experiments ex-vivo el camp acustic produit per lents
holografiques a través d’un crani de macaco, aplicant tecniques de projeccié holografica
per a obtindre encara més informacié d’estes mesures i es dissenya un sistema per a
aplicar estos hologrames en experiments in-vivo amb macacos i comprovar la viabilitat
de I’obertura de la barrera hematoencefalica de forma localitzada.

Esta tesi s’enfoca a un millor disseny i enteniment de les emergents lents holografiques,
aixi com en I’estudi de la seua validesa en aplicacions biomediques de gran interés com
s6n la hipertermia, la neuromodulaci6 i I’obertura de la barrera hematoencefalica per a
I’administracié de farmacs en el cervell.

Xii



Contents

Abstract \%
Contents xiii
1 Introduction 1
1.1 Brief state-of-the-art. . . . . . . . . . . .. ... 1

1.2 Motivation . . . . . . . . . e e 3

1.3 Thesis ObJeCtiVes. . . . . . v ot e e 7

2 Holograms in curvilinear coordinates 9
2.1 Introduction . . . . . . . . . . . .. e 9
2.2 Materialsand methods . . . . . .. ... .. ... ... 10
221 Lensdesign . . . . ... e e 10

2.2.2 SImulations . . . . . ... e e e e e e e e 13

223 Studies. . . . ... e e e e 14

23 Results . . . . . e e 15
23.1 Singlefocus . . . . ..o 15

xiii



Contents

2.3.2 Transcranial SCENArio . . . . . . . . . ... e e e e

2.4 Chapter conclusions. . . . . . . . . .

3 Field-matching holograms

3.1 Introduction . . . .. .. e
3.2 Single plane fundamentals . . . . . ... ... e
3.3 Field matching fundamentals . . . . ... ... .. ... .. . ... ...
3.4 Critical angle description. . . . . . . .. ... e
3.5 Singlefocus . . ...
3.5.1 Single-plane hologramdesign. . . . . . . . . ... ... ... ..
3.5.2 Field-matching hologram design . . . . . . . . ... ... ... ...
353 Critical angle . . . . . . . ..
3.5.4 Numerical calculations . . . . . . . . .. ..
3.6 Holograms . . . . . . . .
3.6.1 Besselbeams . . . ... ... ...

3.6.2 Transversal holograms. . . . . . . . . . . ... e

3.7 Chapter conclusions. . . . . .. ... ...

4 Holograms to produce thermal patterns

4.1 Introduction . . .. ... ... ...
4.2 Materialsand methods . . . . ... ... ...
4.2.1 Lensdesign . . . . . ...
4.2.2 Non-linearities. . . . . . . . . . . oo e
4.2.3 Acousticvalidation . . . . . ... L L
4.2.4 Thermal validation. . . . . . . . .. .. ...
43 Results . . ... e
43.1 Number?2 . . ... ... e

4.3.2 Wide hologram . . . . . . .. ..

4.4 Chapter conClUSIONS. . . . . . . ittt e

X1iv

49



Contents

5 Uniform thermal dose using tailored holograms 59
5.1 Introduction . . .. ... ... ... ... 60
5.2 Materialsand Methods . . . . . ... .. ... 61

5.2.1 Holographic ultrasound systemdesign . . . . . . . . ... ... .. .. ... .. 61
5.2.2 Acoustic field validation. . . . . . .. ... Lo Lo 63
5.2.3 Thermal eXposure SyStem . . . . . . . . . . . ... 64
5.2.4 Acoustic and thermal simulations . . . . . . . ... ... . . oo Lo oL 66
5.2.5 Tumour spheroid eXposure . . . . . . . . . . ... e e 67
5.2.6 Size and adenosine triphosphate measurements. . . . . . . . ... ... ... ... .. 68
5.2.7 Statistical analysiS. . . . . . . . .. 69
5.3 Results . .o oo e 69
5.3.1 Transducer Vibration Evaluation . . . . ... ... ... ... ... ... ... ... .... 69
5.3.2 Lens for iso-pressure focal peaks (3-focus) . . . . . . . .. ... oL 70
5.3.3 Lens for iso-thermal dose (7-focus) . . . . . . . . . . . . . ... 72
5.3.4 Spheroid study. . . . . . . .. 73
5.4 DISCUSSION . . . v v vttt e e e e e 75
5.5 Chapter conclusions. . . . . . . ... e 78

6 Ultrasound targeting through the temporal window using holograms 81

6.1 Introduction . . ... ... ... ... ... 82
6.2 Materialsand Methods . . . . . ... .. ... 85
6.3 Results . . . ... ... 89
6.3.1 Focused ultrasound transducer . . . . . .. . ... ... ... ... 89
6.3.2 Holograms for skull aberration correction . . . . . . . .. ... ... ... ... . ... 91
6.3.3 Holograms for bifocal targeting . . . . . . . . ... ... ... 93
6.3.4 Robustness against misalignment . . . . . . . ... ... 95
6.3.5 Skull heatingrate . . . . . . . . . . . L 98
6.3.6 Patient-specificlenses . . . . . . . .. ... L 99
6.4 Discussion . . .. ... ... 99
6.5 Chapter conclusions. . . . . ... ... ... 102

XV



Contents

7 Experimental evaluation of transcranial ultrasonic lenses using acous-

tic holographic projections 105
7.1 Introduction . . ... ... ... 106
7.2 Techniques for field estimation . . . . . ... ... ... ... ... 109

7.2.1 Direct measurements . . . . . . . . . . .. 109
7.2.2 Holographic projection methods . . . . . ... ... ... ... ... .. L ... 109
7.3 Experimental setup . . . . . ... 113
7.3.1 Systemdesign . . . . ... 113
7.3.2 Lens design and manufacturing . . . . . . .. ... Lo Lo 113
733 TeStCases . . . . v v v v vt 113
7.3.4 Experimental procedure . . . . . . . ... e 114
T4 Results . ... ... 116
74.1 Four-focilens . . . . . . . . . 116
7.4.2 Preclinicallens. . . . . .. . ... e 118
7.4.3 Holographic lens characterization. . . . . . . . . . . ... ... 120
7.5 DISCUSSION . . . o oo 122
7.6 Chapter conCluSIiONS. . . . . . . . . it e 124

8 Preclinical holographic ultrasound system for blood-brain barrier open-

ing 127
8.1 Introduction . . ... ... .. ... 127
8.2 Materialsandmethods . . . .. ... ... ... o 129

8.2.1 System specifications and subsystem design . . . . . . ... ... Lo L 129
8.2.2 System COnStraints. . . . . . . . . ... 129
823 Lensdesign . . . . . . . .. 131
8.2.4 Experimental setup . . . . . . . ... ... 132
8.2.5 Experimental protocoldesign . . . . . . . . .. ... L 134
83 Results . . . . .. 135
83.1 Lensperformance . . . . . . . . . . . ... e 135
83.2 Lenscalibration . . . . . . ... ... 137
8.4 Chapter concluSiONS. . . . . . . . .o ot 137

XVi



Contents

9 Conclusions 141
9.1 General discussion and conclusions. . . . . . . ... ... ... 141
9.2 Future Work. . . . . . . . . e 145

Xvii






Chapter 1

Introduction

Medical use of ultrasound started back in the 1927, when it was first
described for therapeutical purposes. Main applications of this technology
were hyperthermia and thermal ablation, studied a lot for cancer treatment,
even into the brain.Since then, several techniques have been developed to
achieve targeting in a desired region from single element focused transduc-
ers to more sophisticated phased-array systems. Nevertheless, these sys-
tems present various drawbacks that need to be addressed, such as their fo-
cus quality specially into heterogeneous media and their cost of production.
Acoustic holographic lenses appear as a compromise solution to solve the
inconveniences encountered in these previous systems. In this first chapter,
a brief introduction on the history of therapeutic ultrasound and methods to
generate a quality focus are reviewed, and the new holographic techniques
based on 3D-printed lenses are presented, to end with the motivation and
objectives of the present thesis.

1.1 Brief state-of-the-art

Ultrasound use for body imaging is widely spread and known. Nevertheless, this is not
the only potential of ultrasound in medicine. The use of these high-frequency waves for
therapy inside the body can be traced back to the year 1927, when Wood and Loomis [1]
reported the physical effects produced by high-intensity ultrasound in solids and liquids
(radiation pressure force, heating, enhancement of chemical processes), and also in bi-
ological systems, reporting the death of bacteria, decomposition of red blood cells, and



Chapter 1. Introduction

even the death of small animals such as fish due to internal heating. Successful studies
on ultrasound effects for cancer treatment date as far as back as 1944, when ultrasound
was used to treat skin cancer [2], but also in the 1950’s it was used to create focal and
controlled lesions in the brain [3] and first reports on blood-brain barrier disruption ap-
peared [4]. After these initial discoveries, a period of less investigation on ultrasound
for therapy occurred due to negative results, specially when applying it to cancer treat-
ment, in which studies reported no effects on cancer growth or even stimulation of it,
leading even into a resolution that clinical use of ultrasound should be stopped [5]. Dur-
ing that period of time, ultrasound was investigated in combination with x-rays [6] and
chemotherapy, reporting an enhancement of their effects due to thermal and mechanical
effects produced by sound waves. At the beginning, ultrasound was applied in a contin-
uous and high intensity manner, but studies dated from the 1970’s started to study high
intensity ultrasound in short pulses and also low-intensity ultrasound. Low-intensity ul-
trasound is defined for waves with intensities ranging from 0,125 to 3 W/cm? while the
high-intensity term is used for waves with intensities higher than 5 W/cm? [7].

Since then, ultrasound for therapy has been extensively studied. There has been a great
interest on applying ultrasound at high intensities for hyperthermia (tissue temperature
increase from 41 to 45 C), specially as a radio- and chemotherapy sensitizer [8, 9, 10]
and thermal ablation, particularly in cancer treatment [11, 12, 13, 14]. Also, the ultra-
sound applied in short but high intensity pulses, which is known as histotrypsy, provides
a new method to ablate tissue without thermal effects [15]. Histotripsy has been demon-
strated to even enhance the immune system [16] .Furthermore, ultrasound has appeared
as a potential technique to perform transcranial therapy in the brain in a non-invasive and
non-ionizing way. In this field of study, ultrasound has been used to perform blood-brain
barrier opening (BBBO) [17, 18], allowing the dosage of specific drugs for neurological
diseases’ treatment such as Parkinson’s disease [19] or Alzheimer’s disease [20], and
even for the dosage of chemotherapy in metastases treatment [21]. Other potential appli-
cation of ultrasound in the brain is generating neuromodulation when applying ultrasonic
waves in a low-intensity manner [22, 23], and precise brain surgery without the need of
removing the scalp at high intensities [24]. Thermal ablation of a region in the thalamus
called the ventral intermediate nucleus (Vim) with ultrasound is an effective treatment of
the essential tremor [25].



1.2 Motivation

1.2 Motivation

In all the above presented applications, and specially in those involving the high impedance
barrier that presents the skull, one main concern is the correct application of the ultra-
sound energy only in an area of interest. In early studies, the way to generate the ultra-
sound waves was with plane transducers made from quartz crystals. These transducers
were arranged in a particular way to obtain an overlap of several transducer beams into
the target [3], or a plastic focusing lens attached to a single element transducer to obtain
a net energy focus [26, 4].

Gruetzmacher was the first to suggest giving a concave curvature to the quartz crystal
[27], whilst Lynn et al [28] were the first to apply this extracorporeal technique into the
brain of five animals to study the biological effects of ultrasound. This same group de-
veloped a system to focus energy into a spot using reflectors which allow them to reduce
side lobes in the focus compared to the other developed techniques, but found it more
difficult to locate the focusing region [29]. In the 1970’s, coinciding with the renewed
interest in ultrasound for therapy, piezo-ceramic materials were discovered such as the
barium titanate (BaTiO3) and the lead zirconate titanate (PZT), facilitating the manufac-
turing of ultrasonic transducers and increasing their output power [30]. Single-element
piezo-ceramic focused transducers have been widely used for ultrasound therapy, e.g. for
cancer treatment [31]. They have also been applied to focus ultrasound beams through
the skull [32, 33, 34]. Even though single-element focused transducers allow focusing
ultrasonic energy in an area of interest, in transcranial applications the skull introduces
great focal distortions and aberrations. This is caused by the uneven refraction, absorp-
tion and scattering phenomena generated by the irregular skull bones. Also, the char-
acteristic focus of each transducer cannot be modified in position, shape or dimensions,
so for some applications like sonicating a whole tumour might require translation and
rotation of the transducer to cover the area of treatment.

To overcome these inconveniences, phased array systems were proposed for therapy,
even though they have already been used for ultrasound imaging [35]. This technology
has been developed for therapy since the 1980’s, studying various distributions of the
elements [36, 37, 38] and optimal phase shifts to obtain the desired ultrasound beam
[39]. In phased-array systems, the elements must be spaced a distance shorter than half
wavelength from centre to centre to obtain a full range of steering angle. However, due to
the poor scalability of the electronics, the total number of elements is limited. In addition,
therapeutic phase arrays require a large surface to generate intense fields. Therefore,
usually the elements of a therapeutic phase array are larger than a wavelength. This
results in a limited steering range due to the emergence of secondary grating lobes and
the narrow directivity of each individual element [40]. To mitigate this problem, sparse
distributions of elements have been proposed [41, 42], but in these systems less area is
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emitting and thus energy at the focus is lost. Other arrangements based on Fresnel spirals
have been studied to overcome both problems [43], and even designed with previous
simulations to maximize the gain at the focus while getting less grating lobes [44].

The main advantage of these systems is that they are able to cover a wide area by scanning
several spots within the target as they allow a fast steering of the focus and the generation
a homogeneous region of hyperthermia with little temperature fluctuation [45], adapting
this region into a volume or a desired shape [46]. Another strength of these systems is
their ability to correct the wavefront aberrations that appear in the propagation of ultra-
sonic waves into heterogeneous media, specially when propagating through the skull. In
this sense, each individual emitted signal can be modified in phase and amplitude to com-
pensate the aberrations introduced by the skull [47]. Phased-array systems can generate
precise thermal ablation inside the brain and blood-brain barrier opening. Examples of
these systems are the Exablate Neuro (TM) (InSightec, Hayfa, Israel) [48] which consists
on 1024/2048 small elements distributed into a helmet-shaped structure, or the NaviFus
system (NaviFus, Taipei City, Taiwan), a hemispherical phased-array [49]. Also, other
clinical systems as the Sonalleve MR-HIFU employ advanced phased-array technology
mainly for hyperthermia in organs located at the abdominal cavity [50]. Despite the
great reception and track record of these systems, their complicated electronics makes
them high-cost devices that can be sometimes unaffordable for certain medical facili-
ties and applications. In addition, although some phased-array systems such as NaviFus
use neuronavigation guidance, others such as Exablate Neuro use a magnetic resonance
imaging (MRI) system due to their therapeutic accuracy requirements, making them even
more expensive in economic and logistical terms.

3D printed holographic lenses appeared as an alternative to the previous systems. These
devices were first proposed by Melde et al. for homogeneous media [51] as an analogue
of optical holograms. Computer-generated holograms are able to codify the information
of the wavefront needed to create an acoustic image in a desired region into a mono-
lithic lens, in which each pixel acts as an acoustic source. With these elements, they
have proven that obtaining good quality images is possible. For example, the complex
acoustic images retrieved have been applied for contactless particle trapping and manipu-
lation using a simple device. The main advantages of these lenses are their low-cost and
their ease of production, providing an accurate control over the phase distribution due
to their multiple emitting elements [52]. Nevertheless, they present some drawbacks.
Conventional 3D-printed acoustic holograms are not reconfigurable, i.e. they need to be
made specifically for each application and desired image, and also they are not able to
completely codify both amplitude and phase information. Different groups have been
working on optimizing acoustic holograms to overcome these disadvantages and offer
new solutions. Brown et al. have designed holograms able to codify different images at
the same position for various driving frequencies [53], stackable holograms that can be
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relocated to create different images [54], and also holograms able to codify phase and
amplitude with two lenses [55]. Recently, Melde et al. have shown for the first time the
creation of 3D holographic images using three steered transducers and one lens coupled
to each of them [56] and applied it to matter assembly. Holographic lenses have also been
used in combination with phased-arrays with low number of elements to enhance their
potential as certain electronic steering can be achieved with these systems. Using mul-
tilayer holograms that form a multiplanar diffractive acoustic network, different patterns
can be reconfigured by switching phased-array elements [57].

Applications of holographic lenses are multiple, for both industrial and biomedical fields.
In biomedicine, some discussed applications are cell-patterning [58], the creation of cav-
itation patterns inside bubble-filled phantoms [59], matter assembly [56] or their use for
lithotripsy [60].

Other biomedical application of ultrasonic holograms which is attracting great interest is
their use for brain therapy. In this case, instead of being designed for an homogeneous
or quasi-homogeneous media, holograms should capture all the information of phase
aberrations introduced by the skull and be able to correct them. First, holographic lenses
were described to correct skull aberrations and create a single focus on a location of
interest [61] and their robustness to location misalignment was measured [62]. Later,
more complex aberration-corrected holograms were designed to be focused inside the
skull [63], and were tested ex-vivo to encode acoustic vortices [64]. Acoustic vortices in
the brain allow transferring angular momentum and study neuromodulatory responses,
but also would allow for particle trapping and moving in the event that a blood clot
blocks a cerebral vein. Several studies have been performed in-vivo with small animals
to generate bilateral blood-brain barrier opening (BBBO) [65, 66] or neuromodulation
via lineal momentum transfer[67].

Figure 1.1 is shown to illustrate how holographic lenses correct skull aberrations and
even adapt the focus to a desired area of interest. In Figure 1.1(a) the natural focus of a
500 kHz focused transducer in water is presented. Then, the same transducer is consid-
ered for a transcranial application, and Figure 1.1(b) shows how the focus is aberrated
by the skull. This image exemplifies how the focal quality of a focused ultrasound beam
is decreased when using single-element focused transducers for brain therapies. Finally,
the problem is compensated by using a lens made to correct the specific phase shifts
introduced by the cranial bones (Figure 1.1(c)). Moreover, holographic lenses can go
beyond correcting aberrations and are able to focus the acoustic energy in a desired brain
structure, like the hippocampus presented in Figure 1.1(d).

Throughout the introduction, the strengths and weaknesses of 3D-printed holographic
lenses have been presented. They are used as a low-cost alternative for precise wavefront
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Figure 1.1: (a) Focused transducer focus in water. (b) Focused transducer focus in water after tres-
passing the skull. (c) Acoustic lens used to correct skull aberrations. (d) Aberration-corrected acoustic
hologram adapted to both hippocampus



1.3 Thesis objectives

control to phased-arrays systems. Nevertheless, improvements on their design need to be
implemented to become as competitive as their high-cost analogous.

1.3 Thesis objectives

The objective of this thesis is, on the one hand, to develop new methods to generate
holographic lenses with the aim of better encoding the necessary phase field to create a
desired acoustic image and, on the other hand, to explore further biomedical applications
of them, mainly focused on hyperthermia and transcranial ultrasound.

This dissertation is structured in nine chapters, including this first introductory chapter.
On Chapter 2 a new method to design lenses adapted to focused transducers is presented
and compared to other methods described in previous works, which were based on flat
lenses coupled to the transducer through a bulk of lens material. On Chapter 3, a new
method to create acoustic holograms is explored, based on matching the phase of the
acoustic field of the desired image and the phase of the transmission coefficient of the lens
for each possible lens height. In Chapter 4, it is presented the use of acoustic holograms
to generate controlled thermal patterns and their potential use in hyperthermia applica-
tions, with measurements in ex-vivo tissue and phantoms with an infra-red camera and
using MRI-thermometry. Chapter 5 presents an application of these acoustically-induced
thermal patterns to expose several cancer-cell spheroids to an homogeneous temperature
field and thus to the same thermal dose, and study their response in a 10-day basis. Tran-
scranial applications of acoustic holograms are presented in Chapters 6, 7 and 8. Chapter
6 is a numerical study on how holographic lenses perform when applied through the tem-
poral bone window and their robustness under displacements and rotations of the skull.
In Chapter 7 holography is presented for both designing a lens to focus on a specific
target inside a macaque’s skull and to experimentally evaluate this field. The whole 3D
volume of the acoustic image, its shape and dimensions are retrieved with holographic
projection techniques. Finally, Chapter 8 presents the design and calibration of an ex-
perimental setup to produce in-vivo BBB-opening inside a macaque’s brain in the frame
of a collaboration with HM-CINAC. The final chapter brings all the thesis ideas together
and contains general conclusions and potential future works.






Chapter 2

Holograms in curvilinear
coordinates

Holographic lenses are usually described to be coupled with plane
transducers. To have a good coupling with this geometry, they are designed
as a planar surface on the one side and with pixels on the other side. Never-
theless, holographic lenses can also be coupled with focused transducers,
whose geometry is semi-spherical. This can be accomplished following two
strategies. On the one hand, the curvature of the transducer can be com-
pensated and obtain a flat lens with a bulk of lens material and, on the other
hand, it can be designed a curvilinear hologram that matches the geometry
of the transducer and whose pixels have the shape of truncated pyramids.
In this Chapter we describe the design of both lenses and analyse their
response in terms of focus gain, shape and location.

2.1 Introduction

Acoustic lenses have been used mainly to focus the ultrasonic waves coming from a
planar transducer. These lenses were designed with different geometries, normally with
spherical [3] or elliptical [68] shape, aiming to concentrate all the acoustic energy into
a single focus. Other approaches used annular lenses to produce two foci [69] or lenses
with sectorial design to generate annular focusing [70], inspired in the same spherical
geometry.
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These lenses, despite they had a good performance, were too large for some medical
applications [71]. Several studies were then performed to make focusing lenses with
lower profiles, like using binary lenses with phase-shifting regions [71] and based on
Fresnel zone plates [72], with the possibility to not only focus the ultrasound but also
generating acoustic vortices [73].

Recent works using 3D-printed holographic lenses to adapt a transducer’s focus into a
desired region and even correcting skull aberrations are described for flat transducers,
in the form of thin phase plates [51, 63] or unwrapped phase profiles [61]. There is
not much work about acoustic lenses to tune the focus of a curved transducer. Wu et al.
theoretically described flat lenses to disperse the waves coming from a focused transducer
into several foci to create a volumetric focusing [74] and Lalonde et al. designed a
flat lens coupled to a curved transducer to generate three foci [75]. Recently, Jiménez-
Gambin et al. designed flat lenses that adapted to the curvature of the transducer with a
bulk of the same lens material [64].

In this Chapter we describe a new method to design curvilinear holograms that couple to
focused transducers and compare this method with that described by Jiménez-Gambin et
al. [64] on their work, where a bulk of lens material was used as coupling between the
transducer and a flat lens.

2.2 Materials and methods

2.2.1 Lens design

The first step of the lens design consists in calculating the field radiated by a set of virtual
sources distributed over the target area. The resulting wavefront, P(r), is recorded at
the holographic surface, located at coordinates ro = (g, Yo, 29). The field is complex-
conjugated to produce a time-reversal version of the recorded wavefront at the desired
frequency, P*(ry), and only the phase of the hologram is retained.

When we want to use a focused transducer to produce a hologram we can study different
strategies. One option is to design a flat lens and locate it on the top of the curved
transducer, using the same lens material as the coupling medium, filling the gap between
the transducer and the exit plane of the corresponding flat lens (bulk holograms). Another
option is to create a lens with the same curvature of the transducer that couples directly
to it (curvilinear holograms).

10
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Bulk holograms for focused transducers

The bulk lens need to compensate for the phase profile introduced by the curved trans-
ducer, which is described by:

P, = exp (z‘km/r? ¥ FE) : 2.1)

where k;, = 27 fo/cy o is the wave number at the lens material, with f; the transducer
central frequency and cj, the sound speed in the lens. F}; denotes the radius of curvature
of the transducer and r the coordinates of the points of evaluation. These points of
evaluation are defined as the points of the holographic surface. In this same surface we
record the wavefront produced by the virtual sources, ;. The phase profile codified is
the composition of these two wavefronts considering their propagation direction as

P=P'P;, 2.2)

where the operand (-)* denotes complex conjugation. A schematic of this process can be
seen in Figure 2.1 (a).
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Figure 2.1: (a) Schematic of how bulk holograms are designed, with each pixel’s height calculated
in cartesian coordinates. (b) Schematic of how curvilinear holograms are designed, with each pixel’s
height calculated in spherical coordinates.

Holograms in curvilinear coordinates

On the one hand, for the bulk lens, the surface at the exit plane of the transducer is
divided into square pixels of different height. On the other hand, to design the curved
lens, a uniform cartesian grid is designed and projected on the curved surface. This
simple procedure results in a very uniform pixel distribution for moderately focused
sources. Note that a spherical coordinate grid will produce much smaller pixels at the
centre of the source. A schematic of this process can be seen in Figure 2.1 (b)

11
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(a) / (b)

Figure 2.2: (a) Detail of the curvilinear hologram design. Each pixel is constructed as a truncated
pyramid pointing at the radius of curvature of the transducer, as schematically seen for the red pixel.
(b) Bottom of a curvilinear hologram where the geometry of each pixel is shown.

Lens building

In both cases, we design the lens height profile using the phase information at each pixel
of the holographic surface, located at a distance d from the transducer surface, assuming
that each pixel vibrates longitudinally as an elastic Fabry-Perot resonator. To design the
bulk hologram, the column height is computed in cartesian coordinates h = h(zg, yo),
each column presenting the shape of an orthohedron. For the curvilinear hologram, the
height of each pixel is calculated in spherical coordinates h = h(6g, ¢o). Therefore,
each pixel presents the shape of a truncated pyramid, with the chopped apex located at
the center of curvature of the spherical surface, as can be seen in Figure 2.2 (a). Note
that the top and bottom faces of the pyramidal frustum are non-congruent squares, but in
practice these faces are very similar and pixels resemble orthohedrons because the lens
in thin and located far from the center of curvature of the focused source, R. In this way,
all pixels of the resulting lenses are perpendicular to the radiating surface. Figure 2.2 (b)
shows the shape of the curvilinear hologram at the bottom. Each pixel has a squared base
but with a certain curvature adapting to the transducer surface.

The complex frequency-dependent transmission coefficient of each Fabry-Perot resonator,
measured in a surface parallel to the transducer and at a distance d = zj, in cartesian co-

12



2.2 Materials and methods

ordinates for the bulk hologram case (and would apply for a flat transducer as well), and
d = Ty, in spherical coordinates for the curvilinear hologram, is given by

2Zne—iko (d—h)

T —
27, cos(kph) +i(Z2 + 1)sin(kph)’

(2.3)

where Z,, = Z; /Z, is the normalized impedance, Zy = poco, ko = w/co, ¢o, po and
Z; = prer, kp = w / cr, cr, and py, are the acoustic impedance, wavenumber, sound
speed, and density in water and in the lens material, respectively.

The phase of transmitted acoustic waves can be varied from 0 to 27 tuning the height of
each pixel. As an analytic inversion of Eq. (2.3) is not possible due to the trigonometric
functions, we must use an interpolation method of this expression to estimate the height
of each pixel that fulfils arg (P*) = arg (7). In this way, we obtain the height of all
pixels of the holographic lens that will generate the desired acoustic image. As a result,
each pixel of the hologram acts as a phased-array emitter, enabling a fine control of the
generated phase profile.

(@)

Figure 2.3: 3D models of lenses made for a focused transducer with 100-mm aperture 100 mm and
radius of curvature of R=60 mm to focus at F'=50 mm from the transducer surface. (a) Curvilinear
hologram and (b) bulk hologram.

2.2.2 Simulations

Calculations of the acoustic field resulting from the radiation of the virtual source or
sources and transducer are made using a pseudo-spectral time-domain method imple-
mented in the Matlab package k-Wave [76]. This method allows to calculate the pressure
field in a heterogeneous and absorbing media in a faster way than calculations using
finite-difference time-domain (FDTD) methods as it can use a coarse spatiotemporal nu-
merical mesh, e.g. theoretically they can use 2 points per wavelength instead of the 10
points per wavelength required in the FDTD calculations. The three-coupled first-order

13
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partial differential equations solved are the continuity equation, the momentum conser-
vation equation and the pressure-density relation:

ap

o —poV - U — T - Vpy, 2.4
ov 1
= =~ Vp, (2.5)
ot Lo P

p=cp+d-Vp,—Lp), (2.6)

where pg is the equilibrium density, p is the acoustic density, p is the acoustic pres-
sure, ¢g is the medium sound speed, d is the acoustic displacement of the particle, ¥
is the acoustic particle velocity, and L is an integro-differential operator that takes into
account acoustic absorption and scattering and follows an exponential relationship with
frequency, characterized by a(w) = apw” where « is the absorption coefficient and =y
is the exponent of the frequency power law, both characteristics of each material.

Two simulations are performed to evaluate each case. First, a backward simulation is per-
formed, where the virtual source or sources are the origin of spherical pressure waves.
The acoustic wavefront resulting from the interaction of the multiple sources fields is
recorded at the holographic surface. The complex-conjugated phase information of the
wavefront in this surface is used to design the lens. Second, a forward simulation where
the designed lens is considered and the transducer is the emitter of sound waves is per-
formed to check the resulting field.

Each source is set to radiate a sinusoidal continuous wave at the central frequency of the
transducer, which is set to 500 kHz. The used grid have a homogeneous spatial step of
Az = A/6 = 0.491 mm and a temporal step of Az = 71.4 ns. These parameters
are fixed for both backward (when the virtual source radiates) and forward (when the
transducer is the acoustic source) simulations.

2.2.3 Studies

To evaluate and compare the performance of bulk and curvilinear holograms, two studies
have been carried out.

First, a study with different focused transducers with a fixed aperture of 100 mm and a
radius of curvature equivalent to a desired f-number, which were of 0.6, 0.8, 1 and 1.4,
in which the main objective was to focus on its axis at different depths, controlling the
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axial location with both kind of lenses. In this study, only water medium was considered
with sound speed and density of ¢y = 1483 m/s and py = 1000 kg/m?, respectively, and
the 3D-printing lens material (Clear resin, Formlabs), whose acoustic properties were
evaluated at our laboratory and have a value of sound speed and density of c;, = 2600
m/s and p;, = 1186 kg/m?> respectively [77]. Absorption coefficient of water was set
to 0.0013 dB/(cm-MHz") given by the fitted experimetal data of Pinterkon [78] and the
absorption coefficient of the lens to 2.95 dB/(cm-MHz”), with v = 1.1, according to
previously reported values for similar photopolymers [51].

Second, a study considering an ex-vivo skull, cut and empty, and aiming to a bilateral
focusing with both kind of lenses. For this study, transducers with f-numbers of 0.6
and 1.4 were considered. Properties of the skull were obtained from a CT image with a
spatial resolution of 0.33x0.33x1.25 mm?. The skull was interpolated to the resolution
of the simulation grid and the CT values of linear x-ray attenuation in Hounsfield units
were converted into sound speed and density values using empirical linear relationships
[79, 80]. Values of mean and maximum sound speed and density at the skull are the
following: Cpean = 2114 m/S, Crax = 2939 M/S, Prean = 1466 kg/m?, prax =
2072 kg/m®. Acoustic attenuation was set constant in all the skull and with a value of
8.371 dB/(cm-MHz"), according to bibliography [81]. All the medium surrounding the
skull was water.

2.3 Results

2.3.1 Single focus

Results of gain in the focus are shown in Figure 2.4. As shown in this graph, higher
gains are obtained for curvilinear holograms compared with its equivalent bulk holo-
grams when focusing at closer distances to the transducer than its corresponding radius
of curvature (F' < R) for all geometries. The difference in gain is higher as the f-number
is smaller, i.e. for highly focused transducers. For these highly focused transducers and
when the lens focus is far from the transducer focus, the resulting curvilinear holograms
have a strong defocusing geometry. For these unusual cases in which a highly focused
transducer is used to focus on locations further from its radius of curvature, bulk holo-
grams perform better in terms of focus gain and quality. It can be seen that for f-numbers
of 0.6, when focusing closer than 60 mm the optimal hologram in terms of gain and fo-
cus location is the curvilinear one and the same is observed for an f-number of 0.8 when
focusing closer than 80 mm, whilst a bulk hologram should be used when wanting to
focus further. On the other hand, for moderately focused transducers, in general it is
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preferable to use curvilinear holograms due to their higher gain by not having the lens
material filling the curvature of the source.
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Figure 2.4: Gain at the focus location for bulk lenses (continuous line) and curved lenses (dashed line),
for transducer with f-numbers of 0.6 (red line) 0.8 (green line) 1 (blue line) and 1.4 (black line). The
letter R in the graph represents the radius of curvature of each transducer.

In terms of focus location, shown in Figure 2.5, a similar effect is seen. When focusing
near the transducer, all geometries present a similar behaviour. For transducers with
small f-number, focusing location starts to change at the natural focus of the transducer,
when the optimal focusing is achieved, but when using curvilinear holograms these are
not able to get a good quality focus and with a controlled location at further locations.
For very narrowly focussed transducers, this effect is not seen when using curvilinear
holograms. In all cases, bulk holograms present a more constant focusing location, even
though failing to maintain the focus location at far distances. The main difference is that
for curved lenses, they fail to focus further from the natural focus of the transducer, but
for bulk holograms the focus location is constant for all transducers, bringing the focus
closer to the transducer when focusing at longer distances.

In Figure 2.6 fields produced by both kind of lenses in the case of a highly focused
transducer are shown. Figures 2.6 (a) and 2.6 (b) present the acoustic field produced by
a bulk hologram and a curvilinear hologram, respectively, when focusing at a distance
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Figure 2.5: Location of the maximum for bulk lenses (continuous line) and curved lenses (dashed line),
for transducer with f-numbers of 0.6 (red line) 0.8 (green line) 1 (blue line) and 1.4 (black line). The
letter R in the graph represents the radius of curvature of each transducer.

smaller than the radius of curvature of the transducer. It can be seen that the focus gain
and quality is much better in the case of the curvilinear hologram. Figures 2.6 (c) and
2.6 (d) show the same fields but when focusing at a distance further from the transducer.
In this case, the bulk hologram compensates the curvature of the transducer and is able
to focus at the desired distance whilst the curvilinear hologram presents several lobes at
the axis and a last maximum at a distance 80 mm further from the desired distance.

2.3.2 Transcranial scenario

In this case, both extreme cases with f-numbers of 0.6 and 1.4 have been studied. In both
cases, two virtual sources were located inside the ex-vivo skull, at a depth of 107 mm and
separation of 35 mm (17.5 mm from the centre of the skull). When using the transducer
with the small f-number, using the bulk hologram two defined foci appeared at 114 mm
with gains of 3.1 p/py (focus at -17 mm) and 3.3 p/p, (focus at 17 mm) (Figure 2.7 (a)),
whilst for the curved lens these two foci were at an axial distance of 144 mm, with
gains of 3.8 p/py (focus at -21 mm) and 3.9 p/p, (focus at 21 mm) (Figure 2.7 (b)).
When using the transducer with the highest f-number, using the bulk hologram two
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Figure 2.6: Acoustic fields for a transducer with f-number = 0.6. (a) Bulk hologram to focus at
z=50 mm. (b) Curvilinear hologram to focus at z=50 mm. (c) Bulk hologram to focus at z=130 mm.
(d) Curvilinear hologram to focus at z=130 mm.

foci appeared at 115 mm with gains of 5.6 p/p, (focus at -17 mm) and 5.1 p/py (focus
at 17 mm) (Figure 2.7 (c)), whilst for the curved lens these two foci were at an axial
distance of 113 mm, with gains of 5.6 p/p, (focus at -17 mm) and 5.4 p/p, (focus at
17 mm) (Figure 2.7 (d)).

This example shows that for very focused transducers, when using curved lenses they
fail to set the focus at the desired distance, bringing it further from the transducer, as
discussed in the previous section. Bulk lenses bring the focus at the correct place but
present a significant loss in gain mainly due to the important bulk of lens material. For
slightly-focused transducers, both lenses present a similar behaviour, with a higher gain
when using curved lenses.
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Figure 2.7: Simulations for bilateral focusing through an ex-vivo skull in water. (a) Using transducer
with f-number of 0.6 and bulk lens. (b) Using transducer with f-number of 0.6 and curved lens. (c)
Using transducer with f-number of 1.4 and bulk lens. (d) Using transducer with f-number of 1.4 and
curved lens.
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2.4 Chapter conclusions

In this Chapter, we have presented two methods to design holographic lenses for focused
transducers. Two different approaches, curvilinear holograms and bulk holograms, have
been discussed, one designing the lens adapting to the geometry of the transducer, in
which the pixels are perpendicular to the transducer’s surface at each point and are de-
signed as truncated pyramids, and a second designing a bulk lens that fills all the curva-
ture of the transducer. Both strategies have been studied to focus at different locations in
the axis of the transducer, for focused transducers with f-numbers of 0.6, 0.8, 1 and 1.4.
Curvilinear holograms present better gain when focusing near the transducer, specially
for transducers with small f-numbers, which are the more common in these holographic
applications. In the odd case of trying to focus beyond the natural focus of the transducer,
specially for small f-number transducers, these lenses are not able to bring the focus at
the desired place and bulk holograms are preferable despite the loss in gain due to the
absorption of the lens material.

A transcranial propagation scenario has been studied, aiming to create a double focus
inside a skull and correcting the aberrations introduced by the bones. Two extremal
cases have been evaluated: one using a transducer with an f-number of 0.6 and other
with an f-number of 1.4, both using bulk and curvilinear holograms and aiming to target
the same spots. Results show the same trend: when using slightly focused transducers,
curvilinear holograms are preferable due to their better gain at the focus. When aiming
to a distance further than the natural transducer’s focus, specially for highly focused
transducers, bulk holograms are preferable. To give an example of clinical applications,
when focusing on the motor cortex to study neuromodulation effects of ultrasound we
would be, in general, focusing nearer from the transducer than its radius of curvature,
but whilst focusing on deep brain targets, normally for neuromodulation or blood-brain
barrier opening applications, we would be probably focusing further from the radius of
curvature of the transducer. Is important to keep this in mind to use the optimal hologram
for each application depending on the transducer being used.

Along this thesis, when designing lenses for focused transducers, the curvilinear holo-
gram strategy is going to be followed for its better focusing and the lack of absorption in
a bulk of lens material, always considering the region where these lenses present a better
performance.
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Chapter 3

Field-matching holograms

Acoustic holograms are gaining importance due to their multiple
biomedical and industrial applications. Generating holograms with 3D-
printed materials, i.e. with holographic lenses, makes it very economical
and affordable. Nevertheless, the creation of these lenses to accurately cod-
ify the full amplitude and phase information of a desired acoustic image is
challenging and needs of further improvements. In this Chapter, we in-
vestigate a new phase-only holographic lens design technique that aims to
create a perfect match between the field we want to reconstruct and the field
created by the lens in each of its pixels. This is accomplished by recording
the field information and performing the matching with the transmission
coefficient of the lens material in a volume instead of in a plane as done
in previous works. In this way, we capture the full angular spectrum of
the wavefront beyond the thin lens approximation. This technique paves
the way to a better understanding of holographic lenses and provides an
accurate method for designing acoustic holograms.

3.1 Introduction

Acoustic holographic lenses, first described by Melde et al. [51], are based on the coding
of a wave phase profile into the height of pixels in a lens that can be printed afterwards.
This coding is performed in a planar surface in front of the transducer, usually called the
holographic plane, and the lens is designed so that at each pixel location the amount of
lens material provides of the desired phase change at the holographic plane. Several op-
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timization methods are used to calculate the acoustic wavefront at the holographic plane,
like iterative angular spectrum (IASA) [51, 55], the iterative back propagation (IBP)
method [82], or even more sophisticated propagators based on a phase-only, gradient-
descent algorithm with automatic differentiation [83]. Other methods can be used to
calculate the wavefront information, specially when a heterogeneous medium is consid-
ered, like the time-reversal method [63] or the angular spectrum method adapted to these
media [84]. However, one thing is to know the required phase of the wavefront at one
location, and other thing is to find a lens geometry that exactly produces that phase dis-
tribution at that location. Usually, efforts are done on finding the former, but to solve the
latter, an accurate lens topology is needed. Common topologies for 3D printing materials
used in ultrasonics assume a linear (or quasi linear) relation between the phase and the
local lens height [51, 55, 63, 61]. Nevertheless, that relation is only valid in the thin lens
approximation, as we will show here.

In this Chapter we describe a new method, that we are going to call field-matching holo-
grams, to encode phase information for 3D holographic lenses design, based on recording
the phase in a holographic volume instead of just in a plane and match this information
with the phase given by the transmission coefficient of the lens material for every possi-
ble lens height.

We are going to study the advantages and limitations of field-matching holograms and
their performance and characteristics when using them to focus on a single location and
when using them to codify more complex fields (holograms). The study in this Chapter
will be carried out for 50-mm aperture flat transducer and central frequency of 1.1 MHz.
The performance of these new lenses will be compared to that of classical holographic
lenses, referred to as single-plane holograms.

3.2 Single plane fundamentals

Holographic lenses described so far are designed considering each pixel vibrates as a
Fabry-Perot resonator, as described in section 2.2.1 (single-plane holograms). These
lenses are designed so that at each pixel location, the height of the lens and surrounding
medium introduces a phase in the wave that matches the recorded phase at the holo-
graphic surface, at a fixed distance (see Figure 3.1 (a)). The wavefront coming from the
virtual sources distributed over the target area, Pg, is recorded in a single plane at a fixed
distance d. The lens is designed so that at the distance d the equation

arg [P5] = arg [PL], (€RY
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3.3 Field matching fundamentals

is met, where P;, is the field at the exit plane of the lens. This procedure is equivalent
to that explained in section 2.2.1. Assuming one-dimensional propagation in a lens of
homogeneous material and perfect impedance matching, the phase at the exit of the lens
at height d is given by

arg [PL] = —]CLZ — ko(d — Z), (32)

where z is the axial coordinate and kg = w/cy and k;, = w/cy, are the wavenumbers
at frequency w in the medium of sound speed ¢, and in the lens of sound speed cy,
respectively. From the equation 3.1, calling ¢, = arg [PZ], and with the expression for
the phase at the end of the lens,

¢s = —kpz —ko(d — 2), (3.3)
we arrive at a unique expression for the lens height
s 1 d 1
z = ¢ + (3.4)

;1/60—‘—1/61/ ;01/60+1/CL’

which agrees with the expression derived by Maimbourg et al. in their work [61]. In
the case of single-plane lenses, for each point of the holographic surface the lens height
is unambiguously known. These lenses are ideal in the thin-lens approximation. Never-
theless, for ultrasound wavelengths and the properties of the materials available for 3D-
printing, the refraction index is moderate and this approximation is not fulfilled. Also,
this approach assumes that each pixel is going to produce a wave that only propagates in
the axial direction, which is not true.

3.3 Field matching fundamentals

To take account of this effect, a new strategy is defined. In this case the wavefront coming
from the virtual sources, Ps(z), is recorded in a holographic volume, i.e. in successive
planes from the transducer location up to a desired distance. The height of the lens in each
pixel would be the one whose transmission coefficient phase calculated as in Eq. (2.3),
arg(Pr(z)), matches the recorded phase coming from the virtual sources (see Figure
3.1 (b)). To account for multiple phase jumps, the transmission coefficient is expressed
as arg(Pr(z)) + 2mn, where n is the entire number of 27 changes desired. For some
pixels there would exist several points of height z that meet the equality condition. The
height of each pixel would be evaluated as the z that fulfils the identity

arg(Ps(z)) = arg(Pr(z)) + 27n, (3.5)
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(a) (b)
Single-plane hologram Field-matching hologram
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Figure 3.1: (a) Single-plane hologram. The wavefront coming from the virtual sources is recorded in
a holographic surface located at a distance d from the transducer and the lens is designed to match that
recorded field conjugated phase. (b) Field-matching hologram. The wavefront coming from the virtual
sources is recorded in a holographic volume and the lens is designed so that its transmission coefficient
phase matches locally the conjugated phase of the wavefront coming from the virtual sources. Red dots
denote the regions where the phase of the conjugated field coming from the virtual sources matches the
phase of the transmission coefficient.

with n the lower value for which the equality is satisfied. In this case the phase at the
exit plane of the lens is not dependent of d, only of the height

arg [Pr] = —kpz. (3.6)

In the volume of calculation, for each point in the z-y plane we must evaluate the equa-
tion

¢s(2) = —kpz + 2mn. (3.7)

In this case, there is no unique solution for the lens height as it depends on the distance
z at which the phase of the wave coming from the virtual sources is equal to the phase
introduced by the lens (see Figure 3.2 (a)). In fact, for some points in the volume of
evaluation it can exist several z that meet the condition in Eq. (3.7), so their profile is not
limited by their 27 phase change as the single-plane hologram, but it can grow provided
there exists solutions. If the lens is desired to have a maximum length, there will exist
some points where the solution (i.e. the point where the phase introduced by the lens
equals the phase of the incoming wave) is not found (see Figure 3.2 (b)), even though it
could exist for larger heights.
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Figure 3.2: Lens height and profile for a field-matching hologram designed to focus at a distance of
50 mm from the transducer and on its axis. (a) Phase-matching principle for the pixel signalized in the
lens profile. The point where the phase of the field generated by the virtual sources and the phase of the
lens transmission coefficient (considering any possible 27 change) are equal denotes the lens height for
that pixel. (b) Phase-matching principle for the pixel signalized in the lens profile, in which no solution
for the lens height is found for a predefined maximum lens height.

3.4 Ciritical angle description

Despite all the commented before, for this hologram topology, there will exist some
points for which there will not be any solution to the identity in Eq. (3.7) for any 27
change and any lens height (see Figure 3.3 (b)). These points meet the condition for
which the axial component of the wavenumber in the lens material is equal to the one in
the medium (k,;, = k.o). This condition is accomplished when the waves coming from
the virtual source come in a specific direction determined by the critical angle.

¢, = sin~ ' (ky /ko). (3.8)

To illustrate this, we can codify a plane wave coming to the transducer with an angle
matching the critical one. The angular spectrum of this wave is a brilliant point with a
radial component of the wavevector given by k. = kg sin(p.). In this extreme case,
the field matching algorithm is not able to find any solution as the wave is coming with
the critical angle direction (see Figure 3.3 (a) and (b)). In this case both the phase of
the virtual sources wavefront and the phase of the transmission coefficient of the lens
grow parallel one to the other and no solution is possible. If the wave comes in a higher
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angle, there always exist a solution providing the lens is allowed to have any length
(Figure 3.3 (c)).

@ (b) 4 "
—— Transmission coeficient (phase)
2 — Virtual sources wavefront (phase) | 4
)
* go
T 3
o7 22
% a
_ / 4
. / P=0,
e -6
(0 5
E 0
[}
[2}
B
s -5
<o,
-10 : - : - : -
Field-matching lens 0 0.5 1 15 2 25 3

z (mm)

Figure 3.3: (a) Schematic of the situation when the critical angle limitation is fulfilled. It can be seen
that any solution of the lens height for the wave direction ¢ from 0 to (. is possible, but angles above
this are impossible to be encoded. (b) Field-matching calculation to encode a plane wave into a lens
when the plane wave is travelling with the critical angle direction. No solution for the lens height is
found as bot phases are parallel. (c) Field-matching calculation to encode a plane wave into a lens when
the plane wave is travelling with an angle smaller than the critical. A solution for the lens height is
found where the two phases’ functions intersect.

This limitation can be surpassed by employing lenses whose material has a lower sound
speed than the medium. For materials with this property, there will never exist a critical
angle, i.e. there is no solution for Eq. 3.8, and thus a lens height will always be found.
Nevertheless, in this case, even the solution is found for any angle, the performance of
the lens is limited by the angle at which the total internal reflection is produced

©r = Sinil(kﬁo/kﬁL). (39)

For the waves coming with this direction or at angles smaller than ¢,., a physical solution
is found for the field-matching lens with ¢, < cg, but the wave is not going to propagate
in that direction. The wave is going to be internally reflected for ¢ < ¢, or is going to
travel along the interface between both mediums for ¢ = ¢,..
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3.5 Single focus

3.5 Single focus

To understand how each of the methods perform, first we aim to focus on a point in

the axis of the transducer and at different distances. The pressure field of a monopole
iwt

propagating in a homogeneous medium, assuming a Fourier convention of e*“*, is given
by
As ; 2 2
Ps(R,z) = R eXP —ikoy/ R? + (z — F)?|, (3.10)

where Ag is the amplitude, R is the radial coordinate, z is the axial coordinate and
ko = w/cy is the wavenumber at frequency w in the medium of sound speed c.

3.5.1 Single-plane hologram design

In the case of the single-plane hologram, the match between the phase shift introduced by
the lens and the phase of the propagating wave is done at the holographic plane, located
at a fixed distance d (Eq. (3.3)). Assuming one-dimensional propagation in a lens of
homogeneous material and perfect impedance matching, the field at the exit of the lens
at height z is given by

Pr(R,z) = Apexp [—ikpz — iko(d — 2)], (3.11)

where A7 is the amplitude of the plane wave, z is the height of the lens and k;, = w/cy,
is the wavenumber at frequency w in the lens of sound speed cy..

In these holograms, the phase of the complex conjugate of the monopole field at a refer-
ence plane z = d is matched with the phase of the plane wave at the reference plane,

arg [Ps(R, 2)*] — ¢o = arg [PL(R, 2)], (3.12)
using ¢y = ko F' as the reference phase at r = 0 and z = 0, we obtain

k0< R2+(d—F)2—F> = —kpz — ko(d — 2). (3.13)

Simplifying

_ VR (@—FP-F+d

3.14
T , (3.14)
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where we define e = ¢y/cr. We can write this expression as the implicit equation of a
hyperbola

(z—a)*> R?
with semi-major and semi-minor axis of values
d—F
=——\ b=d-F. (3.16)
e—1

Therefore, lenses made to focus on a single point following the single-plane strategy
present hyperbolic profiles, regardless of the value of e.

These expressions are adequate for an unwrapped lens, but if we aim to thin lenses, the
phase profile would be wrapped from O to 27. In this case, the profile of the lens can
present multiple solutions. The expression of the profile of the n-th hyperbola would be

\/—__
R? + (d—F)? (F—|-27rn/ko)+d. 3.17)

1—e

These profiles are shown in Figure 3.4 with light-red colour and the corresponding single-
plane hologram in bright-red colour. For both e < 1 (Figure 3.4 (a) and (c)) and e > 1
(Figure 3.4 (b) and (d)) the profiles of the lenses are hyperbolas with their branches
pointing upwards and downwards, respectively.

3.5.2 Field-matching hologram design

In the case of field-matching holograms, in each point of the lens we match the phase
information of the wave coming from the virtual source with the phase produced by a
specific height of lens material, whose field assuming one-dimensional propagation in a
lens of homogeneous material and perfect impedance matching, is

Pp(z) = Apexp [—ikpz] . (3.18)

By performing the same match between both phases as in Eq. 3.12, we arrive to

VR?+(z - F)?
POl Gl D (3.19)

)
€

It can be derived that the previous expression corresponds to a conic section,

(2z—a)® R? B

> ==L (3.20)
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with semi-major and semi-minor axis with values

F 1—e¢
“Tire Vite 3.21)

respectively. Therefore, field-matching holograms designed to focus in a single point
present conic profiles with eccentricity value of e = ¢q/cy, [85]. Note that when e < 1
the profiles are elliptical whereas when e > 1 they are hyperbolic due to the change of
sign of the parameter b of the conic, so depending on the relation between sound speeds
in each material the conic would have a different profile. Note that for e > 1 these
hyperbolic profiles do not have the same shape as the hyperbolic profiles produced by
single-plane holograms, as can be seen in Figures 3.4 (b) and (d). Also, if we were in the
case where e < 1 and wish to focus at the distance F' with only one ellipsoidal profile,

this lens would have a limited aperture of 2b = 2F /(1 —¢e)/(1 + e).

As in the description of single-plane holograms, these expressions are adequate for an
unwrapped lens. If we aim to a wrapped lens, the geometrical parameters of the n-th
conic can be obtained assuming a phase jump of 27n, leading to

F+z,
an: )
1+e

1—e

, (3.22)

where x,, is defined as

Ao

1—¢’

T, ="N

(3.23)

and n is the order of the conic profile.

The diffraction codified by this kind of lenses agrees with the same diffraction produced
by Fresnel lenses in the approximation of thin layer. Each transmitting ring of the Fresnel
lens will appear at a distance from the center equal to [86]

2
Ty, = \/(\/T% + F? + n)\o> — F2, (3.24)

where 7, is the radius of the n-th ring, n = 0,1, 2, ..., and ry an arbitrary number that
defines the radius of the zero-order Fresnel ring. In this case, we can choose 7 as the
value of the radius when n = 1. This radius equals the position of each phase change in
the field-matching hologram.
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Note that this condition is fulfilled for both when the sound speed in the lens material is
higher or lower than the sound speed in the medium. Location of each theoretical Fresnel
ring is represented with a black dot in Figures 3.4 (c) and (d).
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Figure 3.4: Profiles of the field-matching and single-plane holograms designed to focus at 20 mm, with
the profiles of the corresponding elliptic and hyperbolic curves that they adjust to. Black dots indicate
the radius of the corresponding Fresnel rings. (a) Profiles for a lens material whose sound speed is
greater than the surrounding medium (cz, = 2599.3 m/s). (b) Profiles for a lens material whose sound
speed is lower than surrounding medium (cr, = 973.6 m/s). The medium was considered as water (co =
1400 m/s)
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3.5.3 Critical angle

For the case when e < 1, the solution for angles smaller than the critical, given by
Eq. 3.8, will be the ellipsoids described above. At the critical angle there won’t exist
any solution for the Eq. 3.5 for any n value in the corresponding ellipsoid and for angles
greater than the critical the method will find solutions in the opposite ellipsoid, i.e. for
the ellipsoid whose focus is the contrary and thus not physical to build a lens (see Fig-
ure 3.3 (a)). Angles equals or greater than the critical one are specially important when
trying to focus near to the transducer, as most waves would come in this direction. It can
be seen in Figure 3.4 (c), in the field-matching hologram profiles (blue solid line), that
there are some points where it does not physically exist the lens. In the volume where
the Eq. 3.5 was evaluated all the waves came in a direction matching the critical angle
or greater than this, so no solution could be found. For angles greater than the critical,
a solution is found in the opposite side of the ellipsoid, this being a solution with no
physical meaning.

As pointed out before, by using lens materials with lower sound speed than the medium,
the limitation of the critical angle is surpassed. In this case, the eccentricity is greater than
one and field-matching lenses present hyperbolic profiles. Shape of both field-matching
and single-plane holograms and their corresponding hyperbolic profiles are presented in
Figures 3.4 (b) and (d).

3.5.4 Numerical calculations

Performance of both lenses has been firstly studied with numerical calculations using the
Rayleigh-Sommerfeld diffraction integral [87]

iw e—ikR
p(x,w) = 2£0/Svo(x0,w) 7 ds,

with R = |x — X,/ the distance between each source point X and the evaluation point
x, and S the radiating source surface which is moving with an amplitude vy. In these
calculations, each lens profile has been designed and each point of the lens is considered
a source of pressure waves. The field of a focused transducer whose radius of curva-
ture is set to that of the desired focus location has also been calculated. Note that the
focus location of the transducer presents a shift (the focus always appears nearer to the
transducer surface) that is given by

Zsnipt = F (1 - 56 ) : (3.25)
2G + VG2 + T2
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where G = kqr?/2F is the theoretical gain of the transducer, with &, the wavenumber
in the surrounding medium and 7 half the aperture (diameter) of the transducer.

Figure 3.5 summarizes how each of these lenses focuses on the desired location, consid-
ering lenses with higher and lower sound speed than water. For lenses with lower sound
speed, its material properties has been considered those of silicone material, with sound
speed ¢z, = 974 m/s and density p;, = 1063 kg/m?, as described in the bibliography [88].
The material with higher sound speed has been considered a photopolymer measured
in our lab (Clear resin, Formlabs), with sound speed c;, = 2600 m/s and density p; =
1186 kg/m®. The surrounding medium was considered as water, with sound speed ¢y =
1500 m/s and density py = 1000 kg/m?>.
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Figure 3.5: Theoretical curves of focus location for single-plane and field-matching holograms consid-
ering lens material with higher (blue lines) and lower (red lines) sound speed than water.

Field-matching holograms present their pressure maximum closer to the focus of the
equivalent transducer than single-plane holograms. Nevertheless, when the sound speed
of the lens material is higher than water, field-matching holograms can present holes,
which worsen the quality of the focus as this information is lost, as is represented in inset
(a) of Figure 3.5. These holes are the consequence of the critical angle, i.e., at these
locations, wavefront direction is given by (..

This is solved when the lens material has lower sound speed than water, and it can be
seen that these lenses focus on the exact location of the equivalent transducer. Single-
plane holograms for both lens materials present similar behaviour, with oscillations on
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the focus location that are due to the diffraction on phase jumps, which represent a 27
phase change in the lens material (see Figure 3.5 insets (b) and (c)). This method when
cr, > cg allows lenses to have pixels whose length is higher than the length needed to
have a 27 phase change, which is the maximum length in the single-plane holograms.
Note that in the limit where we aim to focus far from the transducer surface all lenses are
almost identical on their profile and thus present similar behaviour. Indeed, in this limit
wavefront curvature is low and the thin lens approximation is fulfilled.

To better model the real behaviour of these lenses, the same study has been performed
with axisymmetric finite-difference time domain (FDTD) simulations. We have used
FDTD in this case because axisymmetric boundary conditions can be more easily imple-
mented than in pseudo-spectral methods, and since the axisymmetric calculations are 2D
numerical grids, the computations can run efficiently on fine grids. For these simulations,
absorption of the lens material has been set to 2.95 dB/cmMHz for both materials. Also,
to better model the behaviour of a plane transducer to which the lens would be attached,
where the ceramic is clamped to the housing at the edge, it has been considered to have
a sigmoid pressure profile, with almost no emission at the edges. In the points where the
field-matching lenses do not have a solution, we have considered that there was no radi-
ating field. Results of the maximum pressure location are summarized in Figure 3.6 (a).
In this study we can see that field-matching holograms (bold lines) focus more simi-
lar to the ideal focused transducer than single-plane holograms (thin lines) do, for both
lens materials. Field-matching holograms with higher sound speed than the surround-
ing medium focus better than the corresponding unwrapped elliptic lens (black line) at
distances closer to the transducer than its aperture, having a similar performance when
focusing at larger distances. This is due to the fact that at distances less than the aperture
of the transducer, the elliptic lens has a semi-minor axis smaller than the aperture, so
it does not cover all the transducer. To model these cases, transducers with apertures
corresponding to the semi-minor axis of each elliptic lens have been considered.

We can also study the pressure gain at the maximum of these lenses. Simulation results
are summarized in Figure 3.6 (b). As shown in this image, for lenses with higher sound
speed than water, field-matching holograms focus with better gain at closer distances to
the transducer, while the gain gets equal to the single-plane holograms at further dis-
tances. For focusing distances below 30 mm field-matching lenses present an average
25% better gain than single-plane holograms. In the case of a lens material with lower
sound speed than water, gain of both lenses is very similar at longer distances while at
closer distances single-plane holograms get in average 18% higher gain. This is due to
the existence of the total internal reflection for this contrast of mediums (c;, < c¢p). If we
calculate the critical angle for internal reflection in this case, we have that ¢,. = 40.5°.
The transducer has a radius of aperture of 25 mm, so, by trigonometry, when trying to
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Figure 3.6: Simulation curves of (a) focus location and (b) focus gain for single-plane and field-
matching holograms considering lens material with higher (blue lines) and lower (red lines) sound
speed than water. Comparison with unwrapped elliptic lens (black line) and the ideal focused trans-
ducer (dashed line)

focus at distances less than 16 mm these lenses will lose performance, as can be seen in
both red lines in Figure 3.6 (b).

What is most considerable in this study is the difference in gain due to the lens mate-
rial. This higher gain at closer distances for the lens material with lower sound speed is
due to the geometry of the lens, where all the lens material is contributing to bring the
acoustic energy into the focus, and also to the better impedance matching of this ma-
terial, whose density and sound speed are closer to water. Nevertheless, for the higher
sound speed material, at closer distances it appears a lot of spectral components whose
wavenumber is equal or greater than the critical wavenumber. This limitation applies
for both field-matching and single-plane holograms. That is the reason why at distances
very close to the transducer both lenses struggle to get the focus in place with enough
energy. Watching at the lenses profiles (Figure 3.4 (c)) this lack of energy at the focus
can also be produced because saw teeth of the lens will impede waves coming for the
neighbouring saw tooth to arrive to the focus. For the unwrapped elliptic lens, its gain
is similar to both single-plane and field-matching holograms at distances higher than the
transducer aperture, when the full ellipsoid is retrieved, while its gain decreases at closer
distances due to the decrease in the transducer aperture.
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3.6 Holograms

3.6.1 Bessel beams

A tilted conical beam with topological charge has been designed for both field-matching
and single-plane holograms with the following pressure distribution:

P.(x0, Y0, 20,0) = exp <—z'k:0 <sin (@) /2% + y3 + sin (B) ;U())) exp (—iM0)

where « is the Bessel beam conical angle, 3 is the tilt angle in the x direction, M
is the topological charge of the Bessel beam and 6 is the polar angle. For this beam,
« has been set to 30°, 8 to 10° and the topological charge to 1. In this way, we try
to design a tilted vortex beam. Note this beam has only pure phase information and
thus no amplitude data is lost when designing the lens. Ideally, a conical wavefront
should generate a Bessel beam of non-constant amplitude [89]. These fields have been
calculated using a pseudo-spectral time-domain method, implemented in the software
k-Wave [76], and retaining all the temporal information at the desired planes. To get
the phase and amplitude information, a fast Fourier transform has been performed to the
temporal signals and the information at the centre frequency of the transducer has been
retained.

The ideal Bessel beam and its phase information at an axial plane at the middle of the
beam (30 mm from the transducer surface) are shown in Figures 3.7 (a) and (b). For
this beam, all its normalized angular spectrum lies within a circle of radius 0.5, as can
be seen in Figure 3.7 (g). Also, all the angular information lies within the critical angle,
represented by a white dashed circle in Figure 3.7.

The pressure field of the field-matching hologram and its phase information at the same
axial plane are summarized in Figures 3.7 (c) and (d). Examining its angular information
(Figure 3.7 (h)), it can be seen that there is a strong contribution of a plane wave coming
from the transducer in the pure z direction, as depicted by the bright spot in the centre of
the angular spectrum, but also the main information of the Bessel beam is retrieved, even
though with less amplitude than in the ideal case. For the single-plane hologram, whose
amplitude and phase information are shown in Figures 3.7 (e) and (f), also the Bessel
vortex beam is retrieved. Looking at its angular spectrum information (Figure 3.7 (i)),
again the contribution of the plane wave coming from the transducer in the z direction
is very important, but it is more noticeable that the main information of the Bessel beam
(n = 1 diffraction order) has lower amplitude than the corresponding n = —1 order
diffraction grating replica.
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k. /k k/k K /K

Figure 3.7: Bessel beam with a = 30°, 5 = 10° and M = 1, with ¢, > ¢o (a) Ideal beam pressure
field. (b) Phase of the ideal beam at 30 mm from the transducer at the beam region. (c) Simulated
field-matching hologram pressure field. (d) Phase generated by the field-matching hologram at 30 mm
from the transducer at the beam region. (e) Simulated single-plane hologram pressure field. (f) Phase
generated by the single-plane hologram at 30 mm from the transducer at the beam region. (g) Angular
spectrum of the ideal beam. (h) Angular spectrum of the field generated by the field-matching holo-
gram. (i) Angular spectrum of the field generated by the single-plane hologram. White-dashed circle
represents the critical wavenumber and white solid circle delimits the real wavenumbers.

A second Bessel beam has been designed for the same [ value but for o = 40°. In
this case, part of the angular information of the beam lies in the critical angle. In the
ideal case (Figures 3.8 (a),(b)), a similar Bessel vortex beam is retrieved, shorter than in
the previous case as expected by the higher value of the parameter «. The ring in the
angular spectrum of the beam (Figure 3.8 (g)) is fully retrieved in the ideal case. The
influence of the critical angle in the lens performance is clearly seen in Figures 3.8 (h)
and (i), where the angular components belonging to the critical angle are missing. These
directions cannot be codified by the field-matching hologram, as we expected, but neither
can be codified by the single-plane hologram even though the lens does not present any
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Figure 3.8: Bessel beam with a = 40°, 8 = 10° and M = 1, with ¢, > ¢o (a) Ideal beam pressure
field. (b) Phase of the ideal beam at 30 mm from the transducer at the beam region. (c) Simulated
field-matching hologram pressure field. (d) Phase generated by the field-matching hologram at 30 mm
from the transducer at the beam region. (e) Simulated single-plane hologram pressure field. (f) Phase
generated by the single-plane hologram at 30 mm from the transducer at the beam region. (g) Angular
spectrum of the ideal beam. (h) Angular spectrum of the field generated by the field-matching holo-
gram. (i) Angular spectrum of the field generated by the single-plane hologram. White-dashed circle
represents the critical wavenumber and white solid circle delimits the real wavenumbers.

hole. This lack of information is reflected in the generated beam. For the field matching
lens, when the field is not coming out of the transducer in the parts where no solution
is found as if air was trapped at these points and the ultrasound wave is not allowed to
propagate, the remaining phase information is focusing where the beam was designed to
be (Figure 3.8 (c)) and even the vortex is created in the desired area (Figure 3.8 (d)). For
the single-plane hologram, all the lens is designed and is contributing to the formation of
the acoustic field. Nevertheless, the created field is noisy, with an important contribution
of waves coming in the opposite direction of the designed Bessel beam, as depicted by
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Figure 3.9: Bessel beam with o = 40°, 8 = 10° and M = 1, with ¢, < ¢p. (a) Ideal beam pressure
field. (b) Phase of the ideal beam at 30 mm from the transducer at the beam region. (c) Simulated
field-matching hologram pressure field. (d) Phase generated by the field-matching hologram at 30 mm
from the transducer at the beam region. (e) Simulated single-plane hologram pressure field. (f) Phase
generated by the single-plane hologram at 30 mm from the transducer at the beam region. (g) Angular
spectrum of the ideal beam. (h) Angular spectrum of the field generated by the field-matching holo-
gram. (i) Angular spectrum of the field generated by the single-plane hologram. White-dashed circle
represents the critical wavenumber and white solid circle delimits the real wavenumbers.

its angular information (Figure 3.8 (e)). Also, this lens is not able to create the vortex
with the same homogeneity as the field matching lens.

The problem of the critical angle is solved by using a lens material with lower sound
speed than water. This same Bessel beam is codified by a field-matching and a single-
plane holograms with this characteristic lower sound speed. Results are summarized in
Figure 3.9. Note that in this case the full angular spectrum information is retrieved, as
no critical angle exists now, and both lenses present a similar performance.
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3.6.2 Transversal holograms

To better represent the performance of field matching lenses compared with single-plane
holograms for both cases when there exists a critical angle and when there it does not,
we have created transversal holograms representing all the numbers from one to nine ex-
tracted from the MNIST dataset [90]. We have studied their performance when focusing
at different distances ranging from 10 to 70 mm in 5-mm steps. The Structural Similarity
Index Method (SSIM) [91] has been employed to compare each generated hologram with
the ideal field. In Figure 3.12 is summarized the mean value of the SSIM index among
the ten different digits for each focusing distance. It can be seen that when focusing near
to the transducer the field-matching lens has a significant better performance when the
lens has a higher sound speed than the surrounding medium (Figure 3.12 (a)), present-
ing the same behaviour when focusing at distances greater than half the aperture of the
transducer (25 mm). When the lens has a lower speed of sound, both lenses are able
to create similar holograms, with the field-matching lens performing slightly better at
closer distances (Figure 3.12 (b)). This behaviour is consistent with previous examples,
seeing that the limiting factor for both field-matching and single-plane holograms is the
existence of the critical angle when they are made of a material with higher sound speed
than the surrounding medium, which are the most common materials in 3D printing.

Figure 3.10 represents the created MNIST numbers holograms at a distance of 15 mm
from the transducer when the lens material has higher sound speed than the surrounding
medium, whilst Figure 3.11 represent the same holograms at the same distance but for a
lens material with lower sound speed.

3.7 Chapter conclusions

In this Chapter we have discussed a new method for designing holographic lenses, based
on creating a match between the holographic field that we want to reconstruct and the
transmission coefficient of the lens material. When focusing in a point in the centre
of the transducer, these lenses present ellipsoidal profiles. It was shown that when the
lens presents a higher sound speed than the surrounding medium, which is the case for
most 3D-printing materials, there exist some wave directions that the lens is not able to
codify. The condition met by these waves is the equality of the axial component of the
wavenumber in the lens material and in the surrounding medium. Also, waves whose
axial component of the wavevector is higher than that cannot be correctly codified. This
is clearly seen for field-matching holograms, where there is no solution for those wave
directions. To avoid this inconvenience, we can use materials with lower sound speed
than water. For these materials the previous condition is never met and the lens capture
all the information correctly and can be designed. Nevertheless, in this case the wave
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Figure 3.10: MNIST images - acoustic images obtained with both field-matching and single-plane
holograms when ¢, > ¢ focusing at 15 mm from the transducer’s surface.
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Figure 3.11: MNIST images - acoustic images obtained with both field-matching and single-plane
holograms when c;, < ¢g (no critical angle) focusing at 15 mm from the transducer’s surface.
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Figure 3.12: Structural Similarity Index for single-plane and field-matching holograms when (a) the
sound speed of the lens material is higher than water (cz. > co) and (b) is lower than water (¢, < co).

transmitting from the lens to the medium can suffer from internal reflection, which is not
captured by the method and affects the lens performance.

When creating complex holograms, for materials with higher sound speed than water,
field-matching holograms perform better than single-plane holograms provided that the
field is blocked, i.e. there is no transmission of the ultrasound, at the parts of the lens
where there exists no solution. For materials with lower sound speed than the surround-
ing medium, both lenses present similar performance. For both materials, when aiming
to focus in a point in the axis of the transducer at a fixed distance, the field-matching
hologram is able to focus nearer to the desired location as it reproduces better the wave
information. This is more critical when using materials with higher sound speed than
water.

Further investigation needs to be done in these lenses’ topology, as they have only been
proposed and studied in a numerical way along this Chapter. Experimental measures
with these 3D printed lenses are needed to confirm that this new technique can overcome
the drawbacks presented by the current single-plane lenses. It’s important to point out
that along next Chapters of the thesis, single-plane lenses are going to be used.
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Chapter 4

Holograms to produce thermal
patterns

Holograms can shape wavefronts to produce arbitrary acoustic im-
ages. In this Chapter, we experimentally demonstrate how acoustic holo-
grams can produce controlled thermal patterns in absorbing media at ul-
trasonic frequencies. Holographic MRI-compatible ultrasound lenses were
designed using time-reversal methods and fabricated using 3D printing.
Several thermal holographic patterns were measured using MRI thermom-
etry and a thermographic camera in gelatin-milk phantoms and in an ex-
vivo liver tissue. The results show that acoustic holograms enable spatially-
controlled heating in arbitrary regions. Rising the temperature using low-
cost and MRI-compatible holographic transducers might be of great in-
terest for many biomedical applications, such as ultrasound hyperthermia,
where the control of specific thermal patterns is needed. This Chapter is
part of a collaboration with Jonathan Vappou at the Strasbourg University.

4.1 Introduction

Optical holograms can modulate light wavefronts to generate visible images [92]. In
the same way, acoustic images can also be synthesized by holograms, shaping the areas
where mechanical waves present a high amplitude, and areas where the matter is at rest.
Holographic acoustic fields can be synthesized by ultrasound phased-array systems [93,
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94], but the small number of active radiating elements, typically up to one thousand,
limits its performance. In addition, the cost associated to these systems in terms of driv-
ing electronics and independent impedance matching makes them unaffordable for many
applications. In recent years, acoustic holograms have been exhaustively studied [51],
mainly triggered by the emergence of 3D printing technologies. Artificially-structured
materials, such as complex phase plates [51, 95] (also known as kinoforms [53]), gratings
[96, 73], or metamaterials [97, 98, 99, 100], have enabled accurate wavefront engineering
for many applications such as particle trapping and manipulation [101, 102], scattering
control and vortex generation [103], fast 3D-printing [104], volumetric displays [105] or
3D imaging [106].

Compared to light, acoustic waves can penetrate much deeper into biological media.
Therefore, acoustic holograms are bursting onto current biomedical applications due to
their capability to shape and focus ultrasound fields inside living tissues. Acoustic holo-
grams can encode complex wavefronts compensating the phase aberrations produced
by stiff layers of tissues, such as skull bones in transcranial propagation, enabling the
creation of single focal spots [61], arbitrary therapeutic patterns in the brain [63, 107],
or even vortex beams [64]. Other recent uses of acoustic holograms in biomedical ap-
plications include cell patterning [58], the control of cavitation patterns, that has been
demonstrated in homogeneous tissue phantoms with embedded microbubbles [59] and
in-vivo inside the head of small animals [65], or burst-wave lithotripsy [60].

Acoustic waves transport energy, and when propagating into biological media a fraction
is irreversibly transformed into heat by viscoelastic and relaxation processes. In ultra-
sound imaging applications the temperature rise is negligible because the total energy of
the wave is moderate [108]. However, at high ultrasound intensities heat deposition can
be elevated and fast enough to create cell necrosis and tissue ablation [109]. Combined
with sharp focusing, high intensity focused ultrasound is currently used in clinics for
therapeutical purposes [110]. Recently, attention has been paid to intermediate regimes,
when ultrasound is used to create a local and mild hyperthermia, which is defined as a
rise in tissue temperature between 39° C and 45° C, typically with long exposure times
[111, 112, 113]. HIFU-mediated hyperthermia is emerging as a highly promising thera-
peutic approach that has been shown to activate the immune system, and/or enhance drug
delivery, in particular for chemotherapeutic drug administration [8, 114]. Usually in mild
hyperthermia applications a wide region of tissue is covered sequentially by multiple fo-
cal spots, by using the electronic steering of the beam of a phased-array transducer, which
is in fact an active research topic [50, 115, 116]. During treatment, the temperature inside
the tissue is monitored using magnetic resonance imaging (MRI) thermometry, resulting
in long treatment duration and expensive MRI-compatible devices.
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In this Chapter, we demonstrate how acoustic holograms can create arbitrary thermal
patterns in ex-vivo biological media and tissue-mimicking phantoms using a low-cost
MRI compatible transducer, resulting in a portable, patient-specific and personalized
therapeutical device. We illustrate the concept using two target holographic patterns.
First, an arbitrary thermal image is produced (in this case we have chosen the shape of
the number “2”), and, second, we enlarge the thermal pattern of an ultrasound device
currently used for hyperthermia applications using a holographic lens. Furthermore, we
study how non-linearities in the acoustic field can affect the produced thermal pattern at
hyperthermia intensity powers.

4.2 Materials and methods

4.2.1 Lens design

Two transducers are used: for the first configuration we use a flat piezoelectric disc
of aperture 2a = 50 mm and central frequency f, = 1.1 MHz, mounted on a 3D-
printed MRI-compatible custom-design housing, shown in Figure 4.4 (a). For the second
configuration, we use a commercial spherically-focused ultrasound transducer of radius
of curvature /' = 100 mm, elliptical aperture of mayor axis 2a = 125 mm and b =
85 mm, and central frequency of f; = 1 MHz (Imasonic, Voray sur I’Ognon, France),
shown in Figure 4.7 (a).

»
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x y h = h(xy) 3 h=h(e,0)

Figure 4.1: (a) Schematic image of the lens used with the flat transducer, corresponding to the ’2’-
shaped pressure profile. (b) Schematic image of the lens used with the focused transducer, correspond-
ing to the ellipsoid-shaped pressure profile.

‘ )

Acoustic holograms were designed using time reversal methods, following the proce-
dure described by [63] using k-space numerical simulations implemented in the soft-
ware k-Wave in Matlab [117]. First, 2993 virtual sources (distance between 2 sources
= 0.22 mm) are distributed in the area corresponding to the shape of the target image,
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e.g., the number "2", within a plane parallel to the transducer surface, at 20 mm distance.
For the second configuration, we located five virtual sources at a depth of 65 mm from
the transducer surface with the aim of obtaining a region of hyperthermia defined as an
ellipse with 15-mm width and 10-mm height dimensions. Each source was set to emit
a 100-cycles sinusoidal tone burst at the transducer working frequency, with the same
amplitude. An additional relative phase term exp(ikz) was introduced for each virtual
source to set the direction of the outgoing wavefront during backward simulations. The
simulated medium was homogeneous with the acoustic and thermal properties matching
those of a liver tissue. Density and sound speed values were set to p, = 1079 kg/m3
and ¢; = 1586 m/s, respectively [118, 119]. Acoustic attenuation follows a frequency
power-law given by a; = o f”, where f is the frequency, and for liver tissue v = 1.1
and o was set to obtain an attenuation of 0.59 dB/(cm-MHz") [120]. The wavefront
generated by the interference of the sound waves coming from each virtual source is
captured in a surface parallel to the transducer surface, the holographic surface. This
surface corresponds to a plane for the first configuration and to a curved surface for the
second configuration regarding each transducer’s geometry. For the flat circular holo-
gram, the surface is divided into square pixels of side 0.25 mm, whereas for the spherical
hologram, a uniform cartesian grid is designed and projected on the curved surface, as
described in Chapter 2. In both cases, phase information is retained in this holographic
surface and we use this data to design the lens height profile, assuming that each pixel
vibrates longitudinally as an elastic Fabry-Perot resonator (Eq. 2.3). By tuning the height
of each column the transmission coefficient can be spatially-modulated. In this way, the
transmitted field was set to mimic a phased-conjugated version of the recorded wavefront
[63]. The physical design of both flat and curved lenses was performed as decribed in
Chapter 2.

We fix a minimal lens thickness of 2.5 mm, which corresponds to 7\ / 4 in liver medium,
for mechanical robustness when 3D-printing. Maximum lens height is 5.45 mm, so
the resulting lens was approximately a flat disc with a roughness of about 3 mm, see
Figure 4.4 (a). Lenses were 3D printed using stereolithographic methods on a photosen-
sitive resin (Clear resin, Formlabs, USA), printed on a 25 pum resolution printer (Form
2, Formlabs, USA). The density and sound-speed values of the lens were experimentally
obtained as p;, = 1171 kg/m?, ¢;, = 2580 m/s, respectively. Attenuation was set to
2.72 dB/(cm-MHz"), according to previously reported values for similar photopolymers
[51]. A schematic of both lenses can be seen in Figure 4.1 (a,b)
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4.2.2 Non-linearities

Acoustic attenuation in soft-tissue media was considered to follow a power-law fre-
quency dependence as oy = « - f7 where f is the ultrasound frequency, «y is the
attenuation constant and v = 1.1 is the power law exponent. As o is frequency depen-
dent, its value was 0.59 dB/(cm-MHz"), 1.32 dB/(cm-MHz") and 1.98 dB/(cm-MHz"),
for the first, second and third harmonic, respectively [119]. The parameter of nonlinearity
in the medium was set to B/A = 7.7, according to existing literature [121]. Regarding
the simulated domain size, the propagation path length was set to 50 mm (37 wave-
lengths at the central frequency) and the domain width to 110 mm (82 wavelengths). A
discretization of 6 points per wavelength for the third harmonic (f = 3.3 MHz) was used,
and the Courant-Friedrichs-Lewy number was set to 0.2. Different acoustic pressures
Do (0.35 MPa, 1.55 MPa and 4.5 MPa) at the transducer surface were modelled to study
the power-dependence of the harmonic generation. Gol’dberg number was obtained to
determine the propagation regime in each case, calculated as follows [122]:
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Where 3 is the coefficient of nonlinearity (3 = 1 + B/2A) and w = 27 f is the
angular frequency. Once the acoustic field is calculated, for both linear and nonlinear
propagation, we obtained the resulting thermal pattern in liver tissue. Heat distribution
was calculated with the Penne’s bio-heat equation [123], given by

oT
ptCt E = V(EVT) — Wbe (T — Tb) + Q, (42)
where p;, T, k and C; are the tissue density, temperature, thermal conductivity and
specific heat capacity, W,,, T;, and C, the blood perfusion rate, temperature and specific
heat capacity, and () the volume rate of heat deposition, defined as

Q =) 2wl 4.3)

where the subindex 7 = 1,2, 3 represents the harmonic number, «; is the medium ab-
sorption coefficient at each harmonic and the intensity /; is given by

2

=P (4.4)
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where p; is the peak acoustic pressure at stationary state for each harmonic. In the case of
linear propagation, peak pressure is calculated as the maximum pressure in steady state
so no harmonic contributions appear. Blood perfusion was set to zero as experiments
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were done with ex-vivo tissues. Specific heat capacity and thermal conductivity were set
to C; = 3540 J/(kg-K) and £ = 0.52 W/(m-K), according to values in the literature
[118].

4.2.3 Acoustic validation

The resulting pressure fields were validated by simulations using a pseudo-spectral time-
domain method [76], and, for the “2”-shaped hologram, also by experimental mea-
surements of the acoustic field, the latter performed in a degassed water tank at 23° C
maintained by a water conditioning unit (WCU-Series, Sonic Concepts, USA). The flat
holographic lens was directly coupled to the custom-made MRI-compatible piezoelec-
tric transducer as shown in Figure 4.4 (a). Acoustic field measurements were performed
using a piezoelectric hydrophone (-225.5 dB re 1 V/uPa at 1 MHz, Model Y-104, Sonic
Concepts, USA), calibrated from 40 kHz to 2 MHz, attached to a 3D positioning system
(5 pm precision, PI Micos GmbH, Germany) in a degassed water tank at 23° C main-
tained by a water conditioning unit (WCU-Series, Sonic Concepts, USA). The transducer
was driven by a 20-cycles sinusoidal pulse burst at a frequency of f = 1.1 MHz us-
ing a signal generator (14 bits, 100 MS/s, model PXI5412, National Instruments, USA)
and amplified by a linear RF amplifier (ENI 1040L, 400 W, 55 dB, ENI, Rochester,
NY, USA). The acoustic signals were recorded scanning a plane at z = 20 mm, from
—22mm < z < 22 mm and —22 mm < y < 22 mm, using steps of 1 mm. Signals
were averaged 20 times at each location to reduce random noise. An schematic of the
experimental setup for acoustic validation is shown if Figure 4.2 (a)
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Figure 4.2: (a) Schematic diagram of the experimental setup for acoustic measurements. (b) Schematic
diagram of the experimental setup for thermal measurements with infra-red camera. (c) Schematic
diagram of the experimental setup for thermal measurements with MR-thermometry.
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4.2.4 Thermal validation

Thermal simulation and experiments were carried out by driving the source with a con-
tinuous sinusoidal signal at its centre frequency (fy = 1.1 MHz). Experimental validation
was performed using two systems. On the one hand, temperature was measured with an
infrared thermal camera (Testo 365, Testo, Germany) at the surface of a 20-mm slice of
degassed cow liver tissue, taking images at a rate of 15 frames per minute. Temperature at
the water tank and at the lateral boundary of the tissue was monitored with two thermo-
couples (SSRTC-GG-K-30-72, Omega Engineering, Norwalk, Connecticut) connected
to a multimeter (MS869s, Brymen, Taiwan) (see Figure 4.2 (b) and Figure 4.4 (b)). On
the other hand, temperature was measured by proton-resonance frequency-shift (PRFS)
MR-thermometry using a 1.5 T Aera MRI (Siemens, Erlangen, Germany). A single-
slice using a 2D gradient-echo (GRE) sequence was used for MR-PRFS thermometry,
obtaining one thermal image every 1.2 seconds ! (see Figure 4.2 (c)).
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Figure 4.3: (a-d) Peak pressure considering the full spectrum and spectral decomposition for 0.3 MPa
at the transducer surface. (e-h) Full spectrum and spectral decomposition for 4.5 MPa at the transducer
surface. Note each figure has its own colour scale.

4.3 Results

4.3.1 Number 2

For the number ’2’ image, the acoustic hologram was first simulated in linear and non-
linear regime to study the possible nonlinear effects at high pressure amplitudes needed
for ultrasound hyperthermia. Three different pressure amplitudes at the surface of the
transducer were considered: 0.3, 1.5 and 4.5 MPa, resulting in peak pressures of 1.2, 7.1

I The parameters for the MRI acquisition were TR/TE = 55/10 ms, 25-deg flip angle, 300 mm x 300 mm X 4 mm
volume, 128 X 128 acquisition matrix using an in-plane pixel size of 2.3 mm, 6/8 Fourier reconstruction and 260-
Hz/px bandwidth.

51



Chapter 4. Holograms to produce thermal patterns

Acoustic field p (kPa)
-20 (c) Simulation

y(mm)

(d) Experiment

y (mm)

Transducer/hologram

/

-20 0 20
X (mm)

Figure 4.4: (a) MRI-compatible transducer and holographic lens. (b) Experimental setup for thermal
measurements (schematic figures of experimental setups can be found in Supplementary Material S2).
(c) Simulated acoustic pressure field. (d) Acoustic pressure field measured in degassed water.

and 29 MPa at the acoustic holographic image plane, which corresponds to mechanical
indexes of 1.1, 4.9 and 12.6, respectively. Gol’dberg number of these three different
regimes was 3.6, 17.9 and 53.7, respectively. As expected, contribution of harmonics to
the acoustic field was significant at higher pressures: for 0.3 MPa source amplitude, only
4% of the total energy is carried by the second harmonic and 0.25% by the third har-
monic, while for the 1.5 MPa case percentages of the total energy carried by the second
and third harmonic were 15.5% and 3%, or for the 4.5 MPa case these same proportions
were of 27% and 18%. Also, higher harmonics contribute to generate a sharper image,
with more resolution, as shown in Figure 4.3.

Experimental evaluation of the acoustic field was done with the system described in
the Materials and Methods section. Peak pressure values in steady state at the image
plane measured by the needle hydrophone are represented in Figure 4.4 (d). Both exper-
imental and acoustic field corresponding to the full-spectrum weakly nonlinear regime
(Figure 4.4 (c)) were compared. In the region of the target image, relative error between
both experimental and simulated fields is much lower than in the outer region, where
random noise increases the error. Relative error was calculated as

6(%) _ pexp/ ma‘X(pexp) - psim/ maX(psim) « 100’ (45)

psim/ max (psim)

where p.,, and ps;,, are the measured and simulated pressure fields respectively. Av-
erage relative error in the region of interest (without considering random noise) is 31%.
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Discrepancies between the two pressure fields might be related to the fact that the holo-
graphic lens was designed for a liver-like medium but measured in water, which exhibits
slightly different properties in terms of acoustic impedance and sound speed.

Thermal holographic pattern generated by the acoustic hologram would also depend on
the contribution of each harmonic with its peak pressure, as the heating source term de-
pends on the quadratic pressure of each harmonic and also on the attenuation, which
increases with the harmonic order. Calculations show that for the higher pressure stud-
ied, nonlinear effects makes a slight difference with the linear pattern, which becomes
more important in the regions of high pressure. The highest difference between linear
and nonlinear thermal pattern is of 18% (relative to the nonlinear field) while average
difference at the region of interest is 8.2%. Nevertheless, for hyperthermia applications,
where maximum desired temperatures are of 45° C, pressure fields are in the weakly
nonlinear regime, where no difference in the thermal pattern is found between linear and
nonlinear propagation (Figure 4.5 (b)). Also, thermal patterns are dominated by heating
diffusion, so the image blurs with time and is not as sharp and stable as the acoustic
hologram.

(a) (b)
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Figure 4.5: (a) Simulated thermal pattern for 0.3 MPa at the transducer surface (white dashed line
represents location of lineal cuts). (b) Lineal cut for linear (dashed line) and nonlinear (solid line)
propagation at 0.3 MPa.

Because IR radiation is strongly absorbed by water, IR-camera measurements were per-
formed at the tissue surface, with the image plane located at the boundary between the
soft-tissue and the air. Note that when using this setup ultrasound waves are strongly
reflected at the boundary, because the impedance mismatch produces a nearly-perfect
Neumann boundary condition for the pressure at the image plane. Even in these condi-
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Figure 4.6: (a) Simulated thermal pattern in liver tissue after 12 seconds heating. (b) Thermal pattern
measured with an infrared camera in liver tissue after 12 seconds heating and (c) measured with MR-
thermometry after 40 seconds heating. The central vertical colour scale applies to (a) and (b).

tions, the target thermal pattern is observed, as Figure 4.6 (b) shows. The pattern matches
the simulated one (Figure 4.6 (a)), with a peak temperature rise of AT = 4.5° C after 12
seconds heating at 20 W. The temperature was measured locally by two thermocouples
located in the water tank and at the lateral boundary of the tissue (see Figure 4.4 (b)), in-
dicating that diffusion transports heat towards the boundary of the tissue in the long term,
and the pattern becomes blurred. The concept was also validated in the bulk of a liver-
mimicking gelatin-milk phantom using MRI-thermometry to minimize the influence of
the previously-mentioned boundary condition. The measured thermal pattern using MRI
at the image plane is presented in Figure 4.6 (c). HIFU heating was performed at 40
W acoustic power, leading to a temperature rise of AT = 15° C after 40 seconds of
heating. Both experiments demonstrate that the desired thermal pattern can be generated
using holograms, showing the robustness of acoustic holograms to generate thermal pat-
terns inside absorbing media. In both cases the thermal pattern is well defined until heat
diffusion dominates and the central part of the hologram is almost uniformly heated, as
it also occurs in simulations.

4.3.2 Wide hologram

For the wide target configuration, acoustic and thermal patterns were computed with
k-space numerical simulations. Experimentally, temperature was measured using MR-
thermometry in a liver-mimicking phantom, driving the source with a 1-MHz continuous
signal at 80 W acoustic power without the lens and 200 W with the holographic lens 2.

>The parameters of the MRI acquisition were TR/TE = 42/10 ms, 300 mm x 300 mm X 6 mm, 128 x 128
acquisition matrix (using a 2.3-mm in-plane pixel size), 25-deg flip angle, 6/8 partial Fourier acquisition and a
260-Hz/px bandwidth.
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(a) Holographic lens

z (mm)

Focused transducer

Figure 4.7: (a) Acoustic hologram and focused transducer for the second experimental setup. (b)
Thermal simulation for a 1-cm wide target located at 65 mm from the focused transducer surface and
(c) for the focused transducer without the lens. (d) MRI-thermometry measurement using the hologram
and (e) for the focused transducer without the lens. The big vertical colour scale applies to (b) and (d).

The resulting patterns are shown in Figures 4.7 (b-e). A temperature rise of AT = 6° C
was observed in both simulation and MRI measurement of the system with lens after 30
seconds heating, while for the transducer-only setup the temperature rise was of AT =
15° C in the same time.

A good agreement is found between simulations [Figures 4.7 (b, c)] and measurements
[Figures 4.7 (d, e)]. In the absence of the lens, a narrow focal spot of 1.5 mm wide is
found, located at a depth corresponding to the centre of curvature of the source (100 mm).
However, using the holographic lens the focal spot widens and shifts axially 35 mm
closer to the transducer surface, according to the planned design. Excellent agree-
ment was found between thermal simulations and temperature maps measured by MR-
thermometry. ROIs inside which experimental temperature elevation was greater than 4
degrees were 7 mm X 25 mm and 17 mm X 16 mm without and with the holographic
lens, respectively, while these same regions have 7 mm X 30 mm and 11 mm X 16 mm
sizes in the experiment. In addition, note that standard deviation inside these regions
were equal to 40% of the maximum temperature without the lens, but only 12% using
the hologram. A detail of the thermal pattern cross-section in the lateral direction at the
focal distance is shown in Figures 4.8 (a, b). Data shows that a wider and more uniform
heating region can be achieved using the holographic lens.Note this technology allows
not only to enlarge focus size but also to change its position and length. The resulting
holographic thermal pattern was widened about 2.5 times the original beam width, with a
more uniform temperature distribution, and the focal distance was reduced to about half
of its original axial location.
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Figure 4.8: Thermal pattern cross-section at the focal distance (a) in the absence of the lens and (b)
including the acoustic hologram.

4.4 Chapter conclusions

In this Chapter, we have demonstrated the potential of acoustic holograms to produce
thermal holographic patterns inside soft tissues and tissue-mimicking phantoms. The
temperature distributions were experimentally validated using an infrared camera at the
surface of a cow liver, and MR thermometry in the bulk of a liver-mimicking phantom.
The results show that using an acoustic hologram, the heat deposition can be spatially-
modulated by shaping the acoustic field. This procedure results in devices that can be
easily manufactured by rapid prototyping. A complete low-cost, MR-compatible device
can be achieved by combining these holographic lenses with single-element piezoelectric
transducers such as the one presented in the first part of this study. In this way, patient-
specific thermal patterns with tuned and uniform focal spots can be generated, using a
low-cost device without the need of expensive MRI-compatible phased-array transduc-
ers. Moreover, previous works [63] have also demonstrated that acoustic holograms can
also encode phase-conjugated wavefronts to mitigate the phase aberrations of layered
tissues, such as bones. Therefore, thermal holographic patterns could also be applied
in transcranial therapy, or in any situation where aberrating layers distort the wavefront.
In this way, holographic thermal patterns show a great potential for ultrasound hyper-
thermia treatments or physical therapy. They allow adapting the heating region to target
therapeutical focal spots of arbitrary shape and location.

Publications
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Chapter 5

Uniform thermal dose using
tailored holograms

Ultrasound hyperthermia is currently used to treat cancer due to its
ability to radio- and chemo-sensitize, and to stimulate the immune re-
sponse, in a non-ionizing and non-invasive way. Nevertheless, achieving
uniform and volumetric hyperthermia is challenging. In this Chapter, a
novel focused ultrasound hyperthermia system based on 3D-printed acous-
tic holograms combined with a high intensity focused ultrasound (HIFU)
transducer to produce a uniform iso-thermal dose in multiple targets is pre-
sented. The system is designed to treat several 3D cell aggregates contained
in a tissue mimicking phantom with multiple wells, each holding a single
tumour spheroid, with real-time temperature and thermal dose monitoring.
System performance was validated using acoustic and thermal methods, ul-
timately yielding thermal doses in 3 wells which differed by less than 4%.
This Chapter was born as part of a collaboration and research stay at the
Institute for Cancer Reserach (ICR) in London.
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5.1 Introduction

Hyperthermia, commonly defined as an increase in tissue temperature to between 39 and
45 °C, is a well-established form of cancer treatment with proven efficacy as a radio-
or chemo-sensitizer [124]. When applied to the whole body, it has been observed that
there is an enhanced immune response [125]. Various clinical techniques for delivering
hyperthermia exist. These include electro-magnetic, ultrasonic, conductive (via hystere-
sis of magnetic nanoparticles inside the body) heating and hyperthermic perfusion [126].
Among these, ultrasound is the only non-invasive method capable of inducing highly
localized hyperthermia inside the body without using endogenous contrast. By using fo-
cused ultrasound, the mechanical energy of an acoustic wavefront can be concentrated on
the focal volume of the system, and tissue is heated locally mainly through the activation
of thermoviscous processes [127]. 3D cell aggregates known as spheroids mimic the in
vivo response of tumours to treatments better than do 2D monolayers [128]. Cancer cell
response to hyperthermia delivered with good temperature accuracy using a polymerase
chain reaction (PCR) thermal cycler has been studied in single-cell suspensions and 3D
tumour models, showing significant differences between the two models [129, 130, 131].
However, such studies are potentially limited because they lack the non-thermal mech-
anisms by which ultrasound may affect cell growth. Experiments with ultrasound on
tumour spheroids in vitro have been performed to study drug delivery [132, 133], and
more recently to study spheroid response to heating using different ultrasound parame-
ters in a non-absorbing fluid medium [134].

Ultrasound-induced hyperthermia is commonly delivered using a focused ultrasound
(FUS) transducer, which concentrates the mechanical energy into a focal spot. There-
fore, in practice, achieving adequate uniform heating throughout targets larger than the
focus requires multiple, repeated sonications in different positions [50, 46] and/or so-
phisticated and expensive phased-array technology to steer the focus rapidly [135, 136].
3D-printed acoustic lenses can be used to overcome this difficulty. In Chapter 4 it has
been proven that holographic lenses can generate thermal patterns. However, using this
approach, the temperature rise is not uniform throughout the whole target.

The aim of this Chapter is to create a novel ultrasound hyperthermia system based on
acoustic holograms capable of delivering a uniform thermal iso-effective dose (TID) over
complex targets and to use it initially to study how ultrasound hyperthermia affects tu-
mour spheroids in vitro. Using this approach, several spheroids were treated simultane-
ously in order to provide repeatable exposure conditions over several experimental sam-
ples. A holder in which spheroids could be heated to a target TID with ultrasound while
temperature is being monitored in real-time was developed. The novel system, based
on an ultrasound absorbing (tissue mimicking) gel phantom with three miniature wells
with ultra-fine wire thermocouples below each, was initially designed to characterize
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the hyperthermia-lens system thermally, and subsequently to expose tumour spheroids
to predefined, well controlled TIDs. Two holographic lenses which split the transducer’s
geometric focus into several foci were compared. The first lens was designed to pro-
vide acoustically similar foci that could be targeted on each spheroid containing well
of the phantom. The second hologram was tailored to produce similar heating rates at
each spheroid. The acoustic and thermal performances of the lenses were measured and
compared with modelling predictions. The ability to deliver a uniform TID to multi-
ple U87-MG cell spheroids was investigated. Their growth response and viability were
compared to that of thermocycler heated spheroids.

While this system has only been tested here on spheroids, a long-term goal is to provide
a hyperthermia system capable of providing uniform thermal dose over the entire volume
of a pre-clinical in vivo tumour. However, an in vitro method capable of simultaneously
heating a number of 3D tumour mimics (spheroids) placed in a phantom that represents
the heating seen in soft tissues in vivo (using the IEC ultrasound tissue mimic), will allow
more clinically relevant in vitro experiments to be undertaken, thus reducing the number
of animals needed to establish appropriate treatment regimens.

5.2 Materials and Methods

5.2.1 Holographic ultrasound system design

The ultrasound hyperthermia system consisted of a focused ultrasound transducer cou-
pled to a holographically-designed, 3D-printed acoustic lens. The lenses were created
using time-reversal methods with virtual sources and performing pseudo-spectral time-
domain simulations as described in Chapter 2. In addition, in this Chapter we char-
acterized the inhomogeneous transducer vibration along its surface and included this
information in the time-reversal simulations for the lens tuning and evaluation.

Two design strategies were investigated, each of which aimed to produce an acoustic
focus in individual spheroid-containing wells of the holder described below. Figure 5.1
summarizes both strategies. The first, acoustic (iso-pressure) strategy, aimed to achieve
equal acoustic peak pressures at each of the spheroid locations (i.e., at each focus). How-
ever, due to heat diffusion, this very simple strategy may not yield a uniform thermal dose
delivery to each spheroid. Therefore, a second, more complex approach of producing a
uniform thermal distribution was investigated, the iso-thermal strategy. In order to pro-
duce a more uniform TID at each focal peak (spheroid) position, lower amplitude acous-
tic pressures were used more centrally, where the rate of cooling is lower, and higher
amplitudes were used more laterally where cooling was highest. For the iso-thermal ap-
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Figure 5.1: The two acoustic hologram design strategies. (a) Iso-pressure strategy, where the hologram
is designed by setting a virtual source at each target location, resulting in a uniform acoustic pressure
field at each target. (b) Iso-thermal strategy, where the lens is designed by locating a set of virtual
sources, of tuned amplitude and phase, covering the target locations, resulting in an uneven acoustic
field but uniform thermal pattern.

proach a first guess at a distribution of focal peak pressures was used, the acoustic field
was modelled and, from this, thermal simulation was performed until the medium arrived
at equilibrium (a steady state temperature). This process was repeated iteratively, lower-
ing the pressure in the areas where the temperature was still too high, so as to approach
a solution in which the thermal dose at each focal peak was the same.

For the iso-pressure design strategy, as shown in Figure 5.1 (a), a 3-focus hologram with 2
mm focal separation was produced in order to obtain a similar acoustic field in each of the
three spheroid wells. Three virtual sources were placed at a distance of z = 40 mm from
the transducer surface, at the centre on the x-axis (up, down), and at the well locations -2,
0 and 2 mm on the y-axis. During the iso-pressure design simulations, all virtual sources
within the target region(s) emitted sinusoidal signals with the same amplitude and phase
since the aim was to produce three foci with similar acoustic pressure.

For the iso-thermal strategy, as shown in Figure 5.1 (b), a 7-focus hologram with a sepa-
ration of 1 mm between maxima was designed. Seven virtual sources were placed 40 mm
(z) from the transducer surface at the centre of the x-axis and at locations -3, -2, -1, 0, 1,
2 and 3 mm on the y-axis. Each of these emitted continuous sinusoidal signals with dif-
ferent amplitudes and opposed phases two-by-two. In this case, the whole backward and
forward modelling process was repeated iteratively, thus tuning the virtual-source ampli-
tudes to obtain a uniform thermal field by setting lower amplitudes for the central virtual
sources accounting for thermal conduction from the lateral foci. Due to the long tem-
poral duration of each iteration (each acoustic simulation lasted 600 minutes and each
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thermal simulation lasted 300 minutes on an Intel ® Xeon CPU e5-2608 v2 worksta-
tion), no optimization algorithm was applied, and source weights were tuned manually.
Progressively reducing the amplitude of the central virtual source resulted in a uniform
TID in the targets due to the compensation between the heating rate and heat transport
mechanisms in different areas.

Holographic lenses corresponding to these two strategies were designed for a focused
transducer as described in Chapter 2, leading to two different curvilinear holograms.
Once the lenses were designed, they were manufactured and attached to the transducer,
as shown in Figure 5.2 (a). PolylJet technology was used to 3D print the lenses using
VeroClear resin (Objet30 printer (Stratasys, Israel)). An image of a lens used in this
study is shown in the inset of Figure 5.2 (b) .

5.2.2 Acoustic field validation

The acoustic field produced by the holographic lenses was measured using a hydrophone
in a water tank filled with degassed (<3 mg/L dissolved oxygen), deionized water at
room temperature (21 °C). The hydrophone (HNA-0400, ONDA Corp, CA, USA) was
mounted on an automated 3D positioning system (UMS, Precision Acoustics, Dorset,
UK). The 1.66MHz source was a H148-MR piezo-ceramic transducer (Sonic Concepts
Inc, WA, USA), with a 63.2- mm radius of curvature, 64- mm outer diameter and 23- mm
inner hole diameter, mounted in a fixed position and driven with sinusoidal pulsed-burst
signals (40 cycles, PRF = 200 Hz, 40 mVpp) from a signal generator (33250A, Agilent,
CA, USA), after 55 dB amplification (A300, E & I, NY, USA). Signals were recorded
using a digital oscilloscope (64Xi, LeCroy, NY, USA), using a time window of 20 us
after reaching steady state, to avoid the ramp up period. A total of 20 waveforms per
measurement point were averaged.

The uniformity of source vibration across the transducer surface, in the absence of the
lens, was measured and used as input for the lens design and numerical evaluation. A
2D measurement in a plane parallel to the transducer face, and 15 mm closer to the
transducer than the focal peak, was performed. The scan, designed to cover the active
beam, was carried out from -12 mm to 12 mm in both x and y directions, with a spatial
resolution of 0.3 mm, and a signal generator setting of 50.2 mVpp. The measured field
was back-projected to the transducer surface using the Rayleigh-Sommerfeld integration,
as described by Sapozhnikov et al. [137].

To evaluate the acoustic field generated by the holographic lenses, software-controlled
2D scans were made through the central focal peak, in a plane parallel to the transducer
face, using a grid of 81 X 21 points and with spatial resolution of 0.1 mm.
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Figure 5.2: (a) Schematic of the spheroid exposure system with its dimensions. (b) Experimental setup
to expose the spheroids to ultrasound hyperthermia. The inset shows the 3D-printed lens for the iso-
thermal strategy.

5.2.3 Thermal exposure system

In order to evaluate the thermal profile produced with the holographic lenses, and to
subject (500 to 800 pm diameter) spheroids to a precisely controlled iso-thermal dose,
a new exposure system was designed. The system needed to absorb ultrasound in a
similar way to tissue, and to heat spheroids, and be instrumented so that temperature and
TID could be accurately monitored. In order that several spheroids could be exposed
simultaneously to the same TID, one spheroid was held in each of 3 separate miniature
wells (0.7 mm deep and 1 mm diameter) spaced 2 mm apart, as shown in Figure 5.3 (a)
and Figure 5.3 (d). Thermocouples (detailed below) were manually placed in the mould,
aligned with the middle of each well but 0.5 mm below its bottom so they would be
embedded in the gel. These provided an estimate of the temperature achieved in each
well, see Figure 5.2 (a). Although 3 wells were chosen for this holder, the technique
should also be applicable to a larger number.

Once the thermocouples were in place, the moulds were filled with the acoustically ab-
sorbing IEC tissue mimic (IEC 60601-2-5:2015) [138]. Phenol red (3%) was added
during gel manufacture to improve the ability to visualize the spheroids in the well, and
to aid their removal after exposure. The dye had negligible impact on gel acoustic prop-
erties as measured with an in house system [139]. Spheroid holder bases were 4 mm
thick, and separate gel lids were made that were also 4 mm thick, so that the bottom of
the spheroid containing well lay 5 mm beneath the top surface of the holder.
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Figure 5.3: (a) The mould used to form the absorbing gel phantom with the three thermocouples located
0.5 mm above the protrusion used to form each well. (b) The mould filled with IEC tissue mimicking
gel, with 3 miniature wells into which a spheroid could be placed (inset).

Thermal measurements were made with the spheroid holder in a fixed location, immersed
in degassed water at constant 38 °C, obtained using a recirculation circuit consisting of
a water chiller (HC-100A, Hailea, Guangdong, China) and a degasser (2.5 X 8 Liqui-
Cel Membrane Contactor, 3M, NC, USA), connected to a vacuum line (27 in. Hg) plus
a water heater (GD 100, Grant scientific, Cambridgeshire, UK) placed in the exposure
tank (Figure 5.2 (b)).

During exposures, temperature was recorded using the three embedded 75- pum diame-
ter T-type thermocouples (COCO-003, Omega, Manchester, UK) connected to a high-
density thermocouple module (NI-9213, National Instruments, Tx, USA) used in high
resolution mode to obtain 1 measurement per second. The transducer was mounted on
a 3D positioning system with 60-micron movement resolution. The temperature resolu-
tion was of £ 0.1 °C. No attempt was made to compensate for potential thermocouple
measurement artefacts, as viscous heating should be < 25% of the measured values [140].

Firstly, the transducer’s natural geometric acoustic focus was localized on the central
thermocouple, using a grid of one second sonications followed by nine seconds cooling
time during which the transducer was moved to the next position. The three cartesian
axes were interrogated separately using spatial steps down to 0.25 mm. The same proto-
col was followed to locate the other two thermocouples relative to the central one.

Secondly, the lens was mounted on the transducer and the axial distance altered to reflect
the expected difference in focal position (10 mm). The central thermocouple was re-
localised as described. Four to five minute exposures with continuous signal from -1 mm
to 1 mm with a spatial step of 0.25 mm along the y-axis were then performed, aiming to
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achieve an equilibrium state in temperature, to evaluate the TID received by the spheroids
in each well.

The thermometry system captured the temperature on the thermocouples as a function of
time. TID was calculated as [141]

TID =) t;-R®*™ (5.1)

i=1

Where T'ID is the thermal dose in units of cumulative equivalent minutes at 43 °C
(CEMy3), t; is the i-th time interval, T; is the average temperature during time interval £;
and R is related to the temperature dependence of the rate of cell death, defined as R(T’
<43°C)=1/4, R(T >43 °C)=1/2.

The in-house software used to measure and record temperature also displayed accumu-
lated TID, thus enabling exposures to be halted once a pre-determined dose had been
accumulated. Experiments in the absence of spheroids showed that a predictable, and
repeatable, TID accumulated once exposures were halted. This was used to manually
achieve TID delivery to spheroids. Spheroid exposures ended once one of the three ther-
mocouples reached a TID of 120 CEM 3 for the 3-focus lens, and 60 CEM,3 TID for the
7-focus lens.

5.2.4 Acoustic and thermal simulations

To evaluate the performance of the holographic lenses, acoustic and thermal numerical
simulations were performed using k-Wave software [117]. All simulations used a 492
X 492 x 492-point grid, with a Perfect Matching Layer (PML) of 10 grid points each
side, and with homogeneous spatial resolution of \/6, where X is the wavelength in
water (A = 0.91 mm). The transducer was modelled as a spherical cap with a central
hole, each point emitting a continuous sinusoidal signal of amplitude and phase given by
the measured ceramic vibration. The medium was considered to be homogeneous, with
water properties of: temperature = 38 °C, density po = 1000 kg/m?, sound speed ¢, =
1520 m/s and attenuation coefficient oy = 0.0023 dB/(cm MHz?). Water temperature was
set to match that used in the experiments, and water density, sound speed and attenuation
were calculated according to references [142, 143, 78], respectively. The lens was 3D
printed using VeroClear resin properties measured in the laboratory with pulse-echo,
finite amplitude insertion-loss techniques: pr = 1181 kg/m® and ¢ = 2525 m/s, and
with acoustic absorption set to a;;, = 1.65 dB/(cm MHz”), with v = 1.1 the attenuation
power-law frequency exponent, as reported in [51]. A total simulation time of 50 us was
used, with a 20 ns time step, and the maximum peak pressure amplitude in the last three
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cycles in steady state was recorded at all grid points to give a steady state pressure map
for comparison with experiment.

Thermal simulations were based on a pseudo-spectral time-domain numerical solution
of Penne’s bio-heat equation [123]. For the in vitro system, phantom dimensions and
characteristics were used, and it was assumed to be surrounded by water. Its acoustic
properties were set to p, = 1050 kg/m?, ¢, = 1540 m/s, values reported by the IEC stan-
dard (IEC 60601-2-37:2007). Phantom specific heat capacity and thermal conductivity
were set to C, = 3550 J/(kg - K) and k, = 0.52 W/(m - K), respectively, while for the
water these parameters were Cy = 4185 J/(kg - K) and kg = 0.62 W/(m - K). Cooling
due to perfusion was not relevant. After studying the convergence of the simulation,
heating times up to 10 minutes were simulated, with time steps of 0.5 s. The initial
temperature was set to 38 °C in all media. At each time step, the water temperature
was set to this initial value to replicate experimental conditions in which the water was
maintained at a constant temperature. Pressure at each point was set to that measured
with the hydrophone in water to match experimental conditions. The volume rate of heat
deposition in the medium was defined as Q = «,,p*/p,¢,. The relationship between the
temperature (1") difference from baseline (7j), pressure (p) and the volume rate of heat
deposition (Q)) was found to be T' = 2 - 107Q/p* + T, and the attenuation value of the
phantom that best matched simulation with experiment was ay, = 0.67 dB/(cm-MHz").
This was used in the thermal simulations for both lenses.

5.2.5 Tumour spheroid exposure

U87-MG cells (ATCC, London, UK) were maintained as a sub-confluent monolayer at
37 °Cin 75 cm? flasks in a humidified atmosphere containing 5% CO,. They were prop-
agated using Dulbecco’s modified Eagle medium (DMEM) supplemented with 10% hy-
bridoma cell culture grade fetal bovine serum (SIGMA, Poole, UK), 2mM L-glutamine,
50 U/ml penicillin, 50 mg/ml streptomycin B, 0.25 1g/ml amphotericin B and sub-cultured
using Accutase (SIGMA, Poole, UK). Screening for mycoplasma contamination was car-
ried out on a monthly basis. Spheroids were created by plating 20.000 U87-MG cells in
the wells of an ultra-low attachment (ULA) U-shaped well plates (96-well 7007, Corning,
NY, USA). Cells were allowed to aggregate for 48 hours to form spheroids. For ultra-
sound exposure, spheroids were transferred from the U-shaped well plates to the empty
phantom’s wells using wide bore pipette tips (Alpha Laboratories, Eastleigh, UK). Work
was carried out aseptically where possible and antibiotics, as described above, were used
to minimise the risk of contamination. To maintain spheroids in a fixed location in-
side the phantom wells they were sealed using 4 pL. of matrigel. The matrigel (and
spheroids) were allowed to set for 10 minutes, and then the lid was placed on the phan-
tom. The spheroids were then exposed to ultrasound hyperthermia. Two sets of three
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tumour spheroids (six in total) were exposed to TIDs of 7.5, 30, 60 or 120 CEM,3. Eight
spheroids were placed in the wells, and placed in the exposure tank, but not exposed
to ultrasound (sham exposures). Spheroid sizes ranged between 0.5 and 0.8 mm at the
time of exposure. TID was controlled by monitoring temperature (and TID) in all 3
wells in real time. As the central well approached the intended TID, the exposure was
halted manually, to take into account the probable dose accumulation during cooling,
determined during measurements made in the absence of spheroids. The cooling phase
contributed < 2.4 £ 0.2 % of the total dose. At the end of the cooling phase, the phan-
tom was dismantled, and spheroids were pipetted back into the ULA plates. These plates
were then incubated in a humidified incubator at 37 °C, 5 % COs. For thermocycler heat-
ing, a calibrated PCR thermal cycler (C100 Touch Thermal Cycler, Bio-rad, CA, USA)
utilising a Peltier thermoelectric system to transfer thermal energy was used to expose
U87-MG spheroids to TIDs of 0, 30, 60 and 120 CEM,3 using temperatures of 37, 44, 45
and 46 °C, respectively for 15 minutes as described in previous publications [128, 129,
130]. A TID of 7.5 CEM,3, was achieved by heating spheroids to 43 °C for 7.5 minutes.
Spheroids were then incubated in ULA plates in the same way as for ultrasound-heated
spheroids.

5.2.6 Size and adenosine triphosphate measurements

For size measurements, the mean diameter of each spheroid was measured with a high-
throughput digital microscope (Celigo Image Cytometer, Nexcelom, MA, USA) using
high accuracy filters, automated high brightness focus, only 1 spheroid per well, and pixel
intensity of 0-120. Spheroid pictures were also collected using the Celigo. The Cell Titer
Glo 3D assay (Promega, WI, USA) was used as described in the supplier’s handbook,
to provide a relative measure of the intracellular ATP (adenosine triphosphate) present
in the spheroids, and thus indicate their viability via this measure of metabolic activity.
Briefly, spheroids in 100 L media were transferred to white 96-well flat bottom plates
and incubated with 25 pL of Cell Titer Glo for 30 minutes at room temperature with
gentle agitation. Signal from each bubble-free well was immediately detected using a
luminescent microplate reader (FLUOstar Optima, BMG Labtech, Ortenberg, Germany).
Data were then processed in Excel.
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5.2.7 Statistical analysis

Microscopy size results are presented as mean =+ standard deviation (SD) of n = 3
spheroids for thermocycler heating experiments, and for ultrasound-heating experiments,
n = 8§ for sham exposed spheroids, n = 5 for 7.5, 30 and 60 CEM,3 exposed spheroids
and n = 3 for 120 CEMy3; exposed spheroids. Statistical significance was calculated us-
ing a 2-way unpaired Student’s t-test assuming unequal variance. P values < 0.05 were
considered statistically significant.

5.3 Results

5.3.1 Transducer Vibration Evaluation

In order to gain an understanding of how the transducer ceramic was vibrating in practice,
needed for improved acoustic simulation of the transducer-lens system compared to an
assumption of uniformity across the entire surface, holographic measurements of the
acoustic pressure were made at the transducer surface as described in the section 5.2.2.
The measured field was projected back to the transducer surface using the Rayleigh-
Sommerfeld integration as described by Sapozhnikov et al. [137]. This projection is
shown in Figure 5.4 (a). Using this data, a forward simulation was performed to evaluate
the focus shape and amplitude, resulting in the field shown in Figure 5.4 (b). Results
of this calculation were compared with those obtained for homogeneous vibration of
the whole transducer (Figure 5.4 (d)), and with direct experimental measurements at the
peak-pressure position (Figure 5.4 (e)). The maximum peak acoustic pressure measured
with the hydrophone at the focus was 0.21 MPa, and the same value modelled using the
real back-projected amplitude of the transducer was 0.2 MPa. Discrepancies between
these values may be due to the uncertainty in the geometry of the ceramic, which was
modelled to have the diameter and radius of curvature given by the manufacturer. Full
width at half maximum (FWHM) values for the homogeneous vibration simulation, real
vibration simulation and measured data, respectively, were 1.2 + 0.1, 1.2 £ 0.1 and 1.3
4 0.1 (x direction), 1.2 £ 0.1, 1.3 £ 0.1 and 1.2 £ 0.1 (y direction), and 9.1 + 0.1, 11.6
4 0.1 and 11.7 £ 0.1 (z-direction). Figures 5.4 (c) and Figure 5.4 (f) show transversal
and axial cuts of the three field, where it can be seen that the inhomogeneous vibration
of the transducer affects the measured acoustic field.

The results show that ceramic vibration affects the resulting acoustic hologram and so it
is important that it is well characterized in order to achieve a better match between sim-
ulation and experiment. This asymmetric vibration was considered in all the simulations
along the Chapter.
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Figure 5.4: (a) Back projection of the measured acoustic pressure onto the transducer surface, showing
the pressure distribution over the transducer surface. (b) Simulation of the focal acoustic pressure using
the ceramic’s actual vibration. (c) x-cut through the focal peak (simulations and experiment). (d)
Simulation of the focal acoustic pressure assuming homogeneous surface vibration. (e) Experimental
measurement. (f) z-cut through the acoustic maximum (simulations and experiment).

5.3.2 Lens for iso-pressure focal peaks (3-focus)

Figure 5.5 (a) shows a transverse 2D plot through the central acoustic focal peak of the 3-
focus (acoustic iso-pressure strategy) lens modelled in water. The comparable measured
acoustic field at 40 mVpp driving voltage is shown in Figure 5.5 (b). Peak positive
pressures measured at each focus (left to right in figure) were 0.84 4 0.05, 0.7 & 0.05,
and 0.8 £ 0.02 MPa and matched well with the simulation. Errors were obtained as the
standard deviation between the maximum peak pressure over the 20-cycle signals at the
focus. A normalized linear plot through the central focal peak is shown in Figure 5.5 (c).
The three foci have FWHM values of 0.85 4= 0.05, 0.89 & 0.05 and 0.91 £ 0.05 mm, and
were deviated +0.1, -0.1 and -0.2 mm relative to their simulated locations on the y axis.
The two lateral foci had the highest pressure, with the central focus being 15% lower
amplitude. For thermal exposures, where 85 mVpp driving voltage was used, the peak
positive pressures at each focus were 1.34 4 0.08, 1.12 £+ 0.08, 1.28 + 0.03 MPa.

As described earlier, each thermocouple in the phantom holder was localised using the
transducer’s geometric focus. Their positions, relative to the central one (on the z axis),
were (0, -2, 0) 4+ 0.25 mm and (0, 2, 0) £ 0.25 mm. Using the 3-focus holographic lens
and continuous exposures at 85 mVpp, sonications were performed moving the trans-
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Figure 5.5: Acoustic pressure field for the three-focus hologram in the x-y plane at z = 40 mm: (a)
simulation (b) experimental hydrophone measurement. (c) normalized hydrophone measured y-axis
plot through the pressure maxima.

ducer from -1 mm to 1 mm around the central location, with spatial steps of 0.25 mm
and exposure times of around 5 minutes, until the central thermocouple reached a TID
of approximately 120 CEMy3. Thermal profiles recorded at each localised thermocouple
are shown in Figure 5.6. Maximum focal peak temperatures were 48.0 + 0.1, 48.7 + 0.1
and 47.2 + 0.1 °C, from left to right, respectively. These values correspond to TIDs of
72.8 & 6, 114.3 £ 9 and 41 4+ 3 CEM,;3 after 5 minutes of continuous heating. Mean
TID in each well was calculated as the mean TID in measurements made between -0.5
and 0.5 mm around the central location for each thermocouple, as this is the uncertainty
in the spheroid location, and the error in this value is obtained as the standard deviation
of these measurements. With this calculation, mean TIDs at each well were 73 £ 13, 103
4 14 and 38 £ 6 CEM,3, from left to right. Comparing the mean TID in the central well
with the others, gives a relative error of 29.1% for the one located at its left, and 63.1%
at its right, while the difference between the left and the right wells was 47.9%.

Note that even the acoustic field is balanced for the +2 mm and -2 mm foci, the thermal
field is not. This difference might be caused for a slight misalignment in the thermocou-
ple location relative to the location of the focus. As this thermal field is very inhomoge-
neous in the target region, small misalignments in location might result in a much lower
recorded thermal field.
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Figure 5.6: Lens for iso-pressure focal peaks. (a) Temperature profile at different time points simulated
(solid line) and measured experimentally with each thermocouple. (b) TID profile at different time
points simulated (solid line) and measured experimentally with each thermocouple. (c) Experimental
temperature profile over time at the central position measured by each thermocouple. (d) Experimental
TID profile over time at the central position measured by each thermocouple.

5.3.3 Lens for iso-thermal dose (7-focus)

Figure 5.7 (a) shows a simulated transverse 2D plot through the focal peak of the central
focus of the 7-focus lens and the measured acoustic field at 40 mVpp driving voltage, (see
Figure 5.7 (b). Peak positive pressures at each focus were (left to right): 0.65 £ 0.06,
0.50 £ 0.05, 0.49 £ 0.05, 0.41 £+ 0.05, 0.54 £ 0.03, 0.55 £ 0.04, 0.68 + 0.03 MPa.
These matched well with the simulation. A normalized linear cut through the acoustic
maximum is shown in Figure 5.7 (c). Seven focal spots separated by 1.0 + 0.1 mm
appeared in the same locations as in the simulation. There is a difference in maximum
acoustic pressures of up to 40% between the seven foci. For thermal exposures, where
85 mVpp driving voltage was used, the peak positive pressures at each focus were 1.04
£ 0.09, 0.80 £ 0.08, 0.78 £ 0.08, 0.66 £ 0.08, 0.86 + 0.05, 0.88 £ 0.06 and 1.09 +
0.05 MPa, from left to right.

The same protocol as with the 3-focus lens was followed. With the 7-focus lens-focused
transducer system, continuous exposures at a drive of 85 mVpp, designed to achieve
60 CEMy; TID at the central thermocouple, were used. These sonications were per-
formed as described above., using exposure times of 7.5 minutes. The temperature-time
profile recorded at each thermocouple is shown in Figure 5.8. The maximum steady-state
temperatures registered by each thermocouple were 46.4 + 0.1, 46.4 £ 0.1 and 46.3 £+
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Figure 5.7: Acoustic pressure field for the seven-focus hologram in the x-y plane at z = 40 mm: (A)
simulation (B) experimental hydrophone measurements. (C) normalized hydrophone measured y-axis
plot over the pressure maxima.

0.1 °C, from left to right. These values correspond to measured TIDs of 60 £ 5, 58 + 5
and 57 = 5 CEM,3. Mean TIDs (calculated as described for the 3-focus lens) for each
well were 56 + 5, 54 + 4 and 54 £ 3 CEMy3, from left to right. Comparison of the
mean TID in the central well with the others, gives a relative difference of 3.7% for the
one located to its left, and 0.03 % to its right.

5.3.4 Spheroid study

U87-MG tumour spheroids were exposed to ultrasound heating using TIDs of 7.5, 30,
60 and 120 CEMy; (six for each condition). Due to early inexperience with the use of
pipettes for removing spheroids from the wells, five were retrieved for each condition,
except for those exposed to 120 CEMy3 for which three were retrieved. Eight spheroids
were sham-exposed. Figure 5.9 (a) and Figure 5.9 (b) show the evolution over 10 days
of a sham-exposed spheroid (growth) and an ultrasound-induced 120 CEM,3 exposed
spheroid (shrinkage), respectively. Figure 5.9 (c) shows growth curves for ultrasound-
and thermocycler-heated spheroids over a 10-day period. Sham- and 7.5 CEM 3 ultrasound-
exposed spheroids continued to grow, increasing their size by approximately 40 + 4%
in 10 days. Shrinkage of spheroids by approximately 15 + 6% was seen when they
were ultrasound-treated to a TID of 120 CEM,3, whereas no shrinkage or growth was
seen at 30 or 60 CEM,3. No shrinkage was seen in the thermocycler-heated spheroids
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Figure 5.8: Lens for iso-thermal dose distribution. (a) Temperature profile at different time points sim-
ulated (solid line) and measured experimentally for each thermocouple. (b) TID profile at different time
points simulated (solid line) and measured experimentally for each thermocouple. (c) Experimental
temperature profile over time at the central position measured by each thermocouple. (d) Experimental
TID profile over time at the central position measured by each thermocouple.

exposed to TIDs of 0, 7.5, 30, 60 or 120 CEMy3 Ten days after treatment U87-MG
spheroids exposed to ultrasound showed greater reduction in growth than those heated
using a thermocycler (Figure 5.10 (a)). For example, the size of spheroids exposed to ul-
trasound at TID of 120 CEMy3 was 33 £ 5% smaller than that of sham ultrasound-treated
spheroids 10 days after treatment. When the same TID was delivered to the spheroids
using thermocycler-heating their size did not present a significant reduction compared to
sham-exposed spheroids at this time point (Figure 5.10 (a)). Differences in size between
HIFU and thermocycler heated spheroids are statistically significant for all TIDs.

The metabolic activity of spheroids, indicative of their viability, was also assessed 10
days after heat treatment. Figure 5.10 (b) shows a statistically significant reduction in
spheroid viability when exposed to ultrasound-heating with TIDs of 30, 60 and 120 CEM3
(with relative viability of 27 4= 42%, 4 £ 2% and 5 £ 10%, respectively compared to
sham-exposed spheroids). Non statistically significant differences in viability were seen
when spheroids were exposed to US -heating TIDs of 7.5 CEMy3 (97 &+ 4%) compared to
sham exposed spheroids. Thermocycler-heated spheroids showed no significant changes
in their viability when exposed to TIDs in the range 0-120 CEMy3. Significant differ-
ences (p < 0.05) are seen when comparing the viability of HIFU-exposed spheroids with
thermocycler-heating for TIDs of 30, 60 and 120 CEM,3 (Figure 5.10 (b)).
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Figure 5.9: Images of a control spheroid (a) and a 120 CEM4s3 treated spheroid (b) on days 0 (day of
treatment), 2, 8 and 10. (c) Growth curves for the control spheroids and those treated with ultrasound
or thermocycler heating, as a % of their diameter on day 0. Results are presented as mean & SD, and
statistical significances (p-values) have been omitted for clarity

5.4 Discussion

Two different lens design strategies for achieving simultaneous iso-thermal ultrasound
hyperthermia treatments of tumour spheroids in vitro have been compared. An acoustic
(iso-pressure) strategy with a 3-focus holographic lens and an iso-thermal strategy with
a 7-focus one. The 3-focus lens produced acoustic pressure peaks at the desired location,
with similar peak pressures (differences less than 15%), which led to peak temperatures
of 47.9 + 0.8 °C, in the phantom material. Since differences in temperature greater
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Figure 5.10: (a) Size and (b) viability study on day 10 after treatment for FUS and thermocycler- treated
spheroids. Results are presented as mean £ SD and statistical significance is denoted with asterisk: (*)
p <0.05, (*¥), p < 0.01, (***), p < 0.001.

than + 0.3 °C yield differences in TID of £ 20% [129, 130] it turned out not to be
possible to design an appropriate lens with 3 foci based solely on acoustic modelling. In
fact, readings over the three thermocouples showed that, after five minutes of exposure,
each had received significantly different TIDs: 72.8, 114.3 and 40.5 CEM,3. Whilst this
allowed simultaneous exposure of 3 spheroids, they did not receive similar TIDs.

Using the 7-focus lens, the acoustic profile was tuned to be more inhomogeneous than
the iso-pressure case, with lower pressure in the central peaks than in the lateral ones
(40% difference between the central peak and the external ones). However, this tuned
acoustic field produced a more uniform TID in the targets. The thermal field from the
7-focus lens achieved a temperature of 46.37 4= 0.17 °C over the three thermocouples,
with a TID of 58.2 4+ 1.3 CEMy3, which represents a great improvement relative to
the iso-pressure strategy where differences on TID received by the spheroids were of £+
37 CEM,3. This was successful because the central region cooled more slowly due to
thermal conduction from the lateral foci, and therefore required a lower rate of energy
deposition, as accounted for in the lens design. Unlike the iso-pressure lens, where the
same pressure was set for the three foci resulting in a higher steady-state temperature at
the central focus than in the other two.

Exposure of the tumour spheroids and evaluation of the TID they were receiving in real
time, and ultimately stopping treatment when an intended dose was achieved worked well
with the 7-focus lens. The newly designed spheroid holder which used an ultrasound ab-
sorbing (IEC) tissue mimicking gel with three wells and a separate lid which was tested
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here, generally worked well. This system allowed the location of the spheroids within
the wells to be known to better than 4= 0.25 mm, relative to the thermocouple locations.
The phantom with the lid maintained the heat and prevented spheroids exiting the well.
Using this system it was possible to expose 3 spheroids simultaneously to ultrasound
heating with the accuracy of temperature and thus TID monitoring demonstrated here.
It was shown that ultrasound heating of the spheroids using TIDs of 30 to 120 CEMy3
resulted in reduced spheroid growth, associated with lower metabolic activity (viability),
compared to either sham exposed controls or thermocycler-heated spheroids. These re-
sults show that ultrasound heating improves tumour spheroid growth control compared to
thermocycler heating and is suggestive of the contribution of non-thermal mechanisms to
the anti-cancer effect of heat, such as cavitation, which locally enhances the heating rate
in the exposed region [144, 145], acoustic radiation forces, which have been proven re-
sponsible for cell deformation [146], and even the generation of reactive oxygen species
[147], which are responsible for reactions that reduce the viability of cells.

The main technical challenge was that spheroid retrieval from the wells using a pipette
was difficult, resulting in the loss of 25% of spheroids after treatment, even after changing
the gel colour from grey to pinkish/orange to improve the colour contrast with the white
spheroids.

This system also has other limitations. The height of the pixels of the 3D-printed holo-
graphic lens will not be completely precise but will depend on the tolerance of the printer.
Also, driving the transducer in continuous mode results in lens heating which can change
its geometry and the polymer properties. On the other hand, regarding the exposure sys-
tem, the phantom holder must be held rigidly in a fixed and reproducible position relative
to the transducer-lens system and be removed and replaced when spheroids are changed.
Another difficulty is the location of the fine-wire thermocouples just below and in the
centre of the well, which needs to be done manually and gives an error on their exact
location. The phantom gets degraded when pipetting spheroids in and out of the wells
and when exposing it to ultrasound heating, so it needs to be changed quite often, ideally
each time a new experiment is to be done. Also, spheroids need to be removed from their
sterile environment for being exposed to ultrasound, even though all manipulation and
system mounting is done in a sterile manner.

The expansion of the clinical applications of HIFU seen in recent years has resulted
in an increase in the number of pre-clinical in vivo studies. This hologram-based sys-
tem can contribute to a reduction in the use of research animals because it provides a
reliable, inexpensive, and quick method of exposing appropriate tumour models to ul-
trasound heating thus providing an opportunity for the investigation of their biological
and immunological responses. It is also amenable to studies investigating hyperthermia
enhancement of radiotherapy.
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Iso-thermal dose delivery systems are also of future interest for treating tumours in vivo
with a uniform TID over the whole tumour volume. To design a holographic system
for such conditions, a number of challenges need to be addressed. For example, in-vivo
models are complex biological systems of different shapes, sizes, anatomical locations,
and subjected to variable levels of blood perfusion. Although complicated, thermody-
namic modelling is possible as shown by elegant studies performed by Kaczmarek et al.
[148] who have used a range of blood perfusion rates to predict lesion sizes in a model of
ultrasound-induced hyperthermia in the presence of magnetic nanoparticles. Also, it is
possible to modify the tissue mimicking phantom used in this study to include an artifi-
cial blood vessel [149]. Hence, for future investigations our approach can be extended to
generate a uniform 3D thermal pattern using a 3D distribution of virtual acoustic sources
taking into account the expected heat-sinking effect caused by blood perfusion. For de-
signing the optimal acoustic hologram, fast optimization techniques to tune the amplitude
and phase of these acoustic sources will be required.

5.5 Chapter conclusions

Using a hologram designed to produce a 3-focus acoustic field with equal focal peak
pressures, i.e., an iso-pressure design strategy, did not deliver simultaneous uniform TID
to spheroids contained in 3 individual wells, because of the heat transport mechanisms,
which are more efficient for the external targets than for the central one. The 15% max-
imum difference in peak pressure foci resulted in TID differences up to 63%. In order
to achieve a similar TID within each well, an iso-thermal strategy was used to design
holograms that produced multiple focus acoustic fields with different pressures at each
focal peak, resulting in a uniform TID. Using this approach, differences of 40% in focal
peak pressure were found, but TID with differences less than 4%, could be delivered.
A case study was performed with U87-MG tumour spheroids to study their response
to different TIDs with this last acoustic hologram. Biological response showed greater
anti-cancer effects for ultrasound-mediated heating than for thermocycler heating, sug-
gesting that our system provides a reasonably high throughput platform for investigating
the biological responses of tumour spheroids in vitro to ultrasound hyperthermia. These
results show that holographic lenses designed to deliver iso-thermal doses coupled to
single-element HIFU transducers can provide simultaneous uniform TIDs in complex
targets or over relatively wide regions, using a low-cost but robust system. Further work
could be carried out to optimize thermal uniformity in different complex 2D or even 3D
targets, by, for example, applying optimization and machine learning algorithms [83]
to accurately engineer the acoustic wavefront and produce uniform thermal patterns for
ultrasound hyperthermia systems.
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Chapter 6

Ultrasound targeting through the
temporal window using holograms

Acoustic holograms can encode complex wavefronts to compensate
the aberrations of a therapeutical ultrasound beam propagating through
heterogeneous tissues such as the skull and, simultaneously, they can gen-
erate diffraction-limited acoustic images, i.e., arbitrary shaped focal spots.
In this Chapter, we numerically study the performance of acoustic holo-
grams focusing at the thalamic nuclei when the transducer is located at the
temporal bone window, which is a thin and accessible area of the skull.
However, when targeting from this area the bilateral thalamic nuclei are
not aligned with the elongated focal spots of conventional focused trans-
ducers and, in addition, skull aberrations can distort the focal spot. We
found that using patient-specific holographic lenses, the focal spot can be
sharply adapted to the thalamic nuclei in a bilateral way while skull aber-
rations are mitigated, even targeting from this small region of the human
head. Furthermore, the performance of these holograms was studied under
misalignment errors between the source and the skull, concluding that for
misalignments up to 5 degrees acoustic images are correctly restored. Fi-
nally, a thermal study was conducted to simulate bone heating. This work
paves the way to design clinical applications of transcranial ultrasound
such as blood-brain barrier opening for drug delivery or deep-brain neu-
romodulation using this low-cost and personalized technology, presenting
desirable aspects for long-term treatments because the patient head does
not need to be shaved completely and skull heating is low.
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6.1 Introduction

Transcranial focused ultrasound have become an emerging technique with great potential
for treating brain diseases in a non-invasive and non-ionizing way. Ultrasound waves can
penetrate the skull bones and produce thermal and mechanical effects in the brain tissue
[150]. These kind of interactions are the base of several treatments that are being de-
veloped in the recent years, ranging from thermal ablation, where ultrasound absorption
results in a localized temperature rise producing cell necrosis [151], to hyperthermia,
where ultrasound induces a mild temperature rise to enhance chemotherapy or radiation
therapy [50]. In addition, using high amplitude and short pulses, ultrasound histotripsy
can enable cavitation of bubble clouds to generate sharp lesions at the targeted region
using mechanical effects [152]. At lower intensities, it also has been widely proven that
focused ultrasound can disrupt the blood-brain barrier in a localized, safe and reversible
way [153, 154], enabling localized drug-delivery applications in the central nervous sys-
tem. In addition, at lower acoustic intensities the mechanical interaction of the waves
can produce neuromodulation effects at different parts of the brain [155].

However, the presence of the skull bones between the ultrasonic source and the target re-
gion of the brain is a major obstacle to the application of focused ultrasound in the brain.
This wall of high stiffness and density protects the brain from mechanical loads, includ-
ing mechanical waves such as ultrasound. Its high acoustic impedance and complex
poroelastic and layered internal structure produces strong scattering, refraction and at-
tenuation effects to the propagating acoustic waves. This results in beam aberrations and
poor focusing. Several systems have been proposed to overcome these drawbacks and
take control of the acoustic focus, its location, size and shape. Using a minimally invasive
approach, intracranial ultrasound implants can be placed inside the skull to directly son-
icate brain tissues avoiding phase aberrations [156]. This technique requires craniotomy,
therefore, it is suitable after surgical resection of a tumour, i.e., a glioblastoma, to open
the blood-brain barrier for delivering postoperative chemotherapeutic agents. Fully non-
invasive techniques are desirable, such as MR-guided phased-array systems, which con-
trol the delay and amplitude of the vibration of each individual piezoelectric transducer
to electronically steer the focal spot, and mitigate the aberrations produced by the skull
[48]. However, as these therapeutical sources require a wide aperture and the number
of active transducers of state-of-the-art phased-arrays is on the order of 1024/2048 ele-
ments, this approach results in large piezoelectric elements. In this way, the focal steering
capabilities are limited by the emergence of diffraction grating lobes because active ele-
ments are separated more than half a wavelength. This novel technology stands out for
its complexity and high cost, which makes it unattainable for many health and research
centres. One approach to avoid MRI-guided systems is to use stereoscopic image-guided
single-element transducers, and use simulations to select the optimal transducer loca-
tion to minimize beam aberrations [33]. Recent approaches include conformal helmet
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Figure 6.1: (a) Scheme of the proposed device, an acoustic hologram is coupled to a flat circular
ultrasound source and located at the temporal bone window targeting the deep-brain nuclei. Several
configurations are studied, a reference focused transducer (configuration CO), a point hologram target-
ing at the central point of the thalamic nuclei (C1), a line hologram targeting at the centre of the targets
(C2), a bifocal point hologram targeting at each nucleus (C3), a bifocal line hologram targeting at each
nucleus (C4), and a bifocal plane hologram targeting at each nucleus (CS).

scaffolds, composed of a patient-specific 3D-printed helmet designed to hold reusable
phased-array transducer modules. These systems enable near-normal incidence of mul-
tiple phased array modules, where the position of each transducer is determined by the
location of the therapeutical target [157].

Recently, in response to the need of low-cost and non-invasive ultrasonic focusing sys-
tems, 3D-printed acoustic lenses [61] and acoustic holograms [63] have been proposed.
On the one hand, using refractive 3D printed lenses, aberrations introduced by the skull
can be compensated recovering the single focal spot of a focused transducer. When
focusing in a single spot, the focal point reconstructed by a 3D-printed lens can even
be steered by mechanically moving the source [62]. On the other hand, acoustic holo-
grams can go beyond, reconstructing sharp and complex acoustic images inside the brain
[63]. Acoustic holograms, first proposed for homogeneous media [51], can generate
focal spots whose shape and size can be controlled and modified to target a specific
structure at the central nervous system [63]. Recently, this technique has been tested
ex-vivo using human skulls [64] and validated in-vivo for blood-brain barrier opening in
mice [65].

Skull heating is a main concern when performing transcranial ultrasonic therapy and it
has been observed to be critical at thicker parts of the human skull, in particular at high
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ultrasound frequencies, above 1 MHz [158, 159]. When using single-element transduc-
ers to tackle deep-brain nuclei, the elongated focal spot must be aligned with the ther-
apeutical target and a normal incidence is required to minimize beam refraction. This
usually results in better targeting through the occipital and parietal bones [160]. How-
ever, the bone at the trans-temporal window is thinner and more uniform. Indeed, this
location is usually selected for brain imaging [161]. The thinness of this layer produces
fewer aberrations and lower skull heating, therefore, it is desirable for transcranial ul-
trasound therapy. In addition, only a small amount of hair needs to be shaved, which
might be a common concern for patients, particularly during long-term treatments. One
deep-brain target of main interest is the thalamus, a bilateral structure involved in many
processes such as consciousness, sleep cycle, integration of sensory data and supporting
motor and language systems [162]. Recent studies performed thalamic neuromodulation
in humans using single-element transducers [163], with evidences of inhibiting effects
[164]. Evidences of recovery from coma in a patient by the direct neuromodulation of
this deep brain nuclei has been reported [165]. However, when targeting the thalamic
nuclei through the temporal window using a single-element focused transducer, the ther-
apeutic target is not completely aligned with the elongated focal spot of the ultrasound
source.

In this Chapter, we numerically study acoustic holograms to target the thalamic nuclei
in humans through the trans-temporal window. Using acoustic holograms coupled to a
flat transducer, as sketched in Fig. 6.1, the skull aberrations can be compensated and,
simultaneously, the shape of the focal spot and its location can be adapted to bilaterally
target the thalamic nuclei. Five different strategies to design the holograms are presented
and their performance is compared to a reference focused transducer. As we will show,
holograms allow using the trans-temporal window to accurately focus acoustic energy at
the thalamic nuclei. In addition, note that, while the control of the physical location of the
system can be performed using mechanical or optical methods [166], these systems will
introduce some degree of uncertainty in the positioning. Therefore, we study aberrations
introduced by the misplacement of the source, evaluating the robustness of the resulting
field against misalignments. We have studied how the use of acoustic holograms through
the temporal bone window results in a lower temperature increase as compared to other
thicker skull bones, such as the parietal or frontal bones. Finally, the performance of
holograms on different subjects using the same lens for different patients, and patient-
specific lenses was studied.
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6.2 Materials and Methods

We use a flat circular transducer with an aperture of 2a¢ = 65 mm. It is located at the
temporal bone window, at a distance of 15 mm from the skin to allow for the inclusion
of a holographic lens (see Fig. 6.1). A second transducer with similar characteristics to
those used for thalamic focusing through the temporal bone window [165] is used. It is
a spherically focused transducer with a radius of curvature of ' = 80 mm and same
aperture as the first one (f-number= 1.23), also located at the temporal bone window
at a distance of 13 mm from the skin. The focused transducer is aligned to focus at the
centre in between both thalamic nuclei, in the middle of the thalamus, as represented in
Fig. 6.1, configuration C0O. Both sources are excited with a 650-kHz sinusoidal signal.

To design the hologram we use a time-reversal simulation method, following the pro-
cedure described in [63]. The tomographic image of the skull used in this study was
acquired using a GE LightSpeed VCT 64 scanner (GE Medical Systems, Milwaukee,
WI) from an anonymous patient using a resolution of 0.488 mm and slice resolution
of 0.625 mm. To introduce the skull in the numerical simulations and match the nu-
merical grid, it has been interpolated with an isotropic resolution of 0.39 mm, which
corresponds to A\ /6 at the transducer frequency. The CT linear x-ray attenuation data, in
Hounsfield units, is converted to density and sound speed maps using empirical linear re-
lationships [79, 80]. Values of mean and maximum sound speed and density at the skull
are the following: Cpean = 2332.6 m/s, Cpax = 3100 m/S, prean = 1611.3 kg/m?,
Pmax = 2190 kg/m3. Acoustic attenuation of the skull has been set constant, since it has
been proved that a variation in this value along the skull weakly affects the acoustic trans-
mission [167], and its value was set to 8.371 dB/(cm-MHz"), according to bibliography
[81], using v = 1.1. Brain tissue has also been considered in the studies, defining it as
the whole interior volume of the skull, and with properties of density, speed of sound and
acoustic absorption of 1000 kg/m?3, 1560 m/s and 0.659 dB/(cm-MHz"), respectively.
Both the skull and the transducer are surrounded by water, with density of 1000 kg/m3,
sound speed of 1522 m/s and absorption of 0.0009 dB/(cm-MHz?).

The selected therapeutic target of this study is the thalamus. The location and shape
of this structure has been extracted from the human atlas published online and open-
access by the International Consortium for Brain Mapping (ICBM) template from the
Laboratory of Neuro Imaging [168]. The volume and shape of the brain has also been
extracted from the same MRI image. Since the segmented MRI data does not correspond
to the skull in the CT image, rotations and linear homothetic transformations have been
performed until the brain extracted from the MRI fits into the cranial cavity, in order to
ensure the correct location of the thalamus inside the skull model. The volume of both
thalami is 7.9 cm? and the volume of the brain is 1523 cm?.
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Figure 6.2: (a) Phase of the field after phase-conjugation recorded at the holographic surface for the
single line hologram configuration (C2). (b) Rendering of the corresponding hologram showing the
holographic plane at z = d. The flat circular source is located at the bottom of the lens.

Numerical simulations were performed using a pseudo-spectral time-domain method in
the k-space, implemented in the open-source k-Wave software [117]. In the case of
the reference focused transducer (configuration CO0), the acoustic field is obtained di-
rectly by propagating the converging wavefront generated by the source. In the case of
the holograms, several configurations are studied, a point hologram targeting the central
point of the thalamic nuclei (configuration C1), a line hologram targeting the centre of
the targets (configuration C2), a bifocal point hologram targeting each nucleus (config-
uration C3), a bifocal line hologram targeting each nucleus (configuration C4), and a
bifocal plane hologram targeting each nucleus (configuration C5), as shown in Fig. 6.1.
To design the holograms, a time-reversal procedure is performed. First, a set of virtual
acoustic monopole sources are located at the target, each set according to the correspond-
ing configuration. Then, in a first simulation, the resulting field radiated by the virtual
sources is recorded at a holographic surface in the = — y plane, Py(x,y), located at a
distance z = d from the source (see Fig. 6.2). The temporal inversion is performed by
complex-conjugating the recorded pressure field at the holographic plane, resulting in a
field Py(x,y).

Then, the holographic surface is divided into squared pixels of 0.39 x 0.39 mm?, equal
to the resolution of the simulation grid, each pixel corresponding with a pixel of the
holographic lens (see Fig. 6.2). Each pixel of the lens presents a different height, as
described in Chapter 2, and vibrate longitudinally like an elastic Fabry-Perot resonator
given by the Eq. (2.3).

Once the height function is found, holograms can be constructed, resulting in surfaces
with a total of 22,129 pixels and a maximum height of 10.8 mm. Note each of them
acts as a phased-array emitter, allowing an accurate control of the phase profile. In this
way, the compensation of the aberrant effects of the skull and the time-reversal focusing
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towards the positions of the original virtual sources are simultaneously encoded on the
high-density pixel hologram. Phase-conjugated profiles and 3D models of the lenses for

each configuration are shown in Figure 6.3.
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Figure 6.3: Phase of the field after phase-conjugation recorded at the holographic surface for (a) con-
figuration C1, (c) configuration C3, (e) configuration C4 and (g) configuration C5. Rendering of the
corresponding holographic lens for 3D-printing for (b) configuration C1, (d) configuration C3, (f) con-

figuration C4 and (h) configuration CS5.
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Finally, a simulation was carried out to retrieve the acoustic field produced by the holo-
grams. All designed lenses use the material properties corresponding to Clear resin
(Formlabs), a photopolymer used for 3D printing. The speed of sound and acous-
tic absorption of this material has been experimentally measured with pulse-eco tech-
niques in cylindrical samples of different height, while the density has been calculated
knowing the dimensions of each cylinder and its mass. These experiments resulted in
pr = 1170.8 kg/m?, ¢;, = 2580.1 m/s and o, = 2.871 dB/(cm-MHz). These values
match those reported for similar materials [51, 63, 64]. In all simulations the source
was driven with a 100-cycles sinusoidal tone burst of 650 kHz frequency and 1 Pa am-
plitude at the surface of the source. Each simulation was running during 300 us so the
pulsed burst could cross the medium twice. This time was considered for both backward
and forward propagation simulations, so that multiple internal reflections of the acoustic
wave in the skull can be encoded by the hologram.

To study the robustness of ultrasound holograms under small deviations between the
acoustic lens and the skull, several parameters have been studied under rotations and dis-
placements of the lens: maximum pressure gain at the focus position, total focus volume,
sonicated target volume, and out-of-target sonicated volume. Normalized peak pressure
is calculated as the pressure gain relative to the pressure at the transducer surface and to
half the average pressure at the exit of the holographic lens for the focused transducer
and holograms, respectively. Volumes are calculated as the region with a pressure gain
between the maximum and -3 dB for each focus separately. Performances under rota-
tions of 1.25° from 0° to 17.5° and under translations of 1 mm from 1 mm to 8 mm in the
y-axis have been studied for the focused transducer and C2, C3 and C4 configurations.

The skull heating rate was used as a figure of merit to quantify the capacity of acoustic
beam to rise the temperature of the skull. We have first calculated the acoustic pressure
field in the steady state. The particle velocity vector, assuming a harmonic wave, is
calculated as v; = 1/(iwp)Op/0x;, with i = x,y, z, and period-averaged acoustic
intensity is calculated as I = Re(pv*)/2, where (-)* denotes complex conjugation.
Then, the total heating rate in a given volume is

WQ:/Q-dV, 6.1)
\%

where () = 2al is the heating rate per unit volume, being « the medium attenuation
value and I the magnitude of the acoustic intensity. Also the heating rate was evaluated
in terms of temperature rise in time like

AT  Q

- __x 2
At Cpd’ 62)
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where AT is the rise of temperature in the interval of time At, C' = 1440 J/kg K is the
skull heat capacity and d is the skull thickness.

Finally, additional simulations were carried out on different subjects to study the perfor-
mance of the same lens on different patients. The simulation study for the C1 configura-
tion was repeated for three different anonymous patients (subjects #2-#4), targeting the
same region from the right temporal bone. For each additional subject, two calculations
were performed. First, a lens was created ad-hoc for each patient. Remark that the target
segmentation for the subject #1 was used for subjects #2-#4, but we considered the new
skull anatomy, inner structure and acoustical properties. Second, the lens created for the
subject #1 was used for subjects #2-#4.

6.3 Results

6.3.1 Focused ultrasound transducer

We start showing the results for the reference focused transducer, summarized in Fig. 6.4.
This source was first simulated in homogeneous media (water) and, then, including the
human head. Fig.6.4 (a) shows a 3D rendering, by using a maximum intensity projection
method, of the magnitude of the acoustic field for the transcranial propagation through
the temporal bone window. It can be visually identified that the focused beam presents
strong aberrations. A detailed picture is shown in the sagittal and coronal sections in
Fig. 6.4 (b, ¢), respectively. Note that the transducer was located carefully to grant normal
incidence and the cartesian axis are aligned to the transducer axis, so the images does
not exactly correspond to anatomical sagittal and coronal sections. While the energy
roughly focuses around the geometrical focus of the transducer, which has been located
in the centre of the thalamus (configuration CO), the ultrasound beam covers several
areas outside the target, see Fig. 6.4 (c). In fact, the maximum sound pressure inside the
brain does not correspond to the maximum in the main focal spot, but to a secondary
lobe. A high amount of energy is focused at the prefocal zone, outside the target. A
total of 0.28 cm? of both thalami is sonicated with a pressure higher than -3 dB the peak
pressure, which represents a 3.6% of the total thalamic volume, while 1.208 cm® have
been sonicated outside the therapeutic target, which is a 0.08% of the total brain volume,
including the thalamus.

Fig. 6.4 (d-f) show the normalized cross-section of the maximum pressure field in the
z, y and x directions for the focused transducer considering the human tissues, and
the corresponding field in water. It can be observed that the elongated focal spot does
not accurately fit the target, shown by dashed lines. Maximum focal pressure gain in
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Figure 6.4: (a) 3D view of the studied configuration using the focused source (C0). Maximum intensity
projection of the CT data (grey colormap), segmented thalamic nuclei (white areas) and maximum
intensity projection of the acoustic field (red colormap). (b) Cross-section of the acoustic field in the
z-z plane (quasi-axial) and (c) in the x-z plane (quasi-sagittal) cut, colormaps normalized to po. (d)
Normalized peak pressure in water and through the skull along the z-axis, (e) along z-axis and (f) along
y-axis.

water for this transducer is 17.8 p/p,, whereas when considering the skull and the brain
is 4.7 p/po, where pyg is the pressure at the transducer surface, so the skull and brain
tissues introduce a loss in pressure gain of 5.8 dB, according to these results. In the
axial direction, Fig. 6.4 (d), the depth-of-field of the focused transducer including the
skull (36.5 mm) is longer that dimensions of the right half of the thalamus (13.2 mm)
and therefore acoustic energy is also focused at the 3rd ventricle in the midline between
the two halves of the thalamus. In the lateral direction, the full-width at half-maximum
of the beam (4.25 mm in the y and 8.1 mm in the z-direction) is narrower than the
target (16.8 mm and 26.2 mm, respectively). Aberrations introduced by the skull become
more evident in Fig. 6.4 (f), where multiple lateral lobes appear. The defocusing effect
produced by the skull usually increases the sonicated volume inside the target (1.48 cm?
in this simulation compared to 0.43 cm? obtained with the focused source in water),
which could be considered positive. However, it is an uncontrollable phenomenon that
also increases the sonication in out-of-target regions (1.19 cm? in this simulation).
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6.3.2 Holograms for skull aberration correction

With the aim of correcting skull defocusing, a single virtual source was set in the centre
of both thalami, located at (0, 0, 101) mm in cartesian coordinates, corresponding to the
configuration C1 shown in Fig. 6.1. The acoustic field produced by this hologram is
shown in Fig. 6.5 (b, d). It can be seen that the focal zone is similar to that of the focused
transducer including the skull, see Fig. 6.5 (f), but lateral lobes due to defocusing and
aberrations are not present. The lens corrects beam aberrations producing an ultrasonic
field equivalent to that of a focused source in homogeneous media. The acoustic image
of a single virtual source (C1) is a diffraction-limited focal spot, whose full-width at half-
maximum is 5.2 mm, as compared with 3.9 mm of the focused source in water. In this
way, while this configuration corrects aberrations, the width of the beam is still narrower
than the selected therapeutical target.

Thalamic nuclei
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2 (mm) y (mm)

Figure 6.5: (a) 3D scheme of the line hologram acoustic field. (b) Coronal cut of the point hologram (C1
configuration) and (c) line hologram (C2 configuration). d)Axial cut for the left thalamus of the point
hologram, (e) line hologram and (f) focused transducer. (g) lineal cut along the z-axis at the maximum
pressure point for the focused transducer, point hologram and lineal hologram. (h) Normalized pressure
comparison in a cut along the y-axis. i) Normalized pressure comparison in a cut along the x-axis

To laterally magnify the focus in one dimension in order to cover a greater volume of the
thalamic nuclei, 22 virtual sources have been located in a line along the midline of the
thalamic nuclei, in the z-y plane, see configuration C2 in Fig. 6.1. A 3D rendering of this
configuration and the resulting field is shown in Fig. 6.5 (a). The resulting field produced
by the C2 hologram is shown in Fig. 6.5 (c, e) in the 2-y and z-y planes, respectively.
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Using this hologram, the focal spot widens in the lateral dimension while the aberrations
introduced by the skull are still compensated.

Both holograms are compared with the acoustic field of the focused transducer in Fig.
6.5 (g-1). In the axial direction, the elongated focal spot of holograms C1 and C2 is
41.7 mm and 52 mm, respectively, as compared with 37 mm of the focused source.
As shown in Fig. 6.5 (g), the axial field does not accurately match the target region.
However, note neither C1 nor C2 were designed to control the beam in the z-direction.
In the transverse directions, (Fig. 6.5 (h-i)) secondary lobes of the focused transducer are
controlled in both transverse directions, y and z. In the y direction, the C2 hologram
widens the beam-width to 7.8 mm (50% larger than the single-virtual source hologram,
see Fig. 6.5 (i)). However, as virtual sources were only arranged over a line in the y
direction, the beam is not enlarged in the x direction, see Fig. 6.5 (i).

For the single-virtual source hologram, the amplitude of the pressure at the focal spot
is 7.6 p/po, where pg is defined as half the average pressure at the exit plane of the
holographic lens for all the studied holograms. We use this reference because at the exit
of the lens the total pressure is the superposition of radiated waves and reflected waves
by the skull, see Fig. 6.5 (b). The increase in amplitude, compared to the focused source
case (p/po = 4.7) is due to the correction of the aberrations, what results in a sharper
focusing.

In addition, using multiple virtual sources as in configuration C2, maximum pressure at
the focus is increased to 5.9 p/p,. Note that this configuration produces a defocused
beam of controlled width without aberrations. As compared with the focused transducer
including the skull, the increase in pressure amplitude at the focal spot is 2.1 dB and
0.9 dB for configurations C1 and C2, respectively. Point (C1) and line (C2) holograms
sonicate 5.2% (0.41 cm®) and 8.5% (0.68 cm?) of the total thalamic volume, respectively,
compared to 3.6% (0.28 cm?®) sonicated with the focused source while the sonicated
volume outside the target is 0.19 cm® (0.013%) and 0.77 cm? (0.05%), respectively,
compared to 1.2 cm?® ( 0.08%) with the focused source.

Using the focused transducer, the ratio between sonicated thalamic and brain volumes
is 0.23. Using the C1 configuration it is 2.16, and using the C2 it becomes 0.88. The
thalamic-to-brain sonicated volume ratio is 9.4 and 3.8 times better while using point and
line holograms, respectively.
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Figure 6.6: (a) 3D representation of bifocal sonication with hologram. Cut for (b) left and (c) right
thalamus point hologram. Cut for (d) left and (e) right thalamus plane hologram.

6.3.3 Holograms for bifocal targeting

While the previous acoustic holograms can mitigate the skull aberrations and increase
the target sonicated volume, further focusing improvements could be made to sonicate
bilateral structures at the deep brain. Configurations using several sets of virtual sources
distributed along the bilateral nuclei of the thalamus, as shown in Fig. 6.1, are presented
in this section.

First, a pair of virtual sources have been located at each part of the thalamus, as shown
in configuration C3 in Fig. 6.1. As we are sonicating through the trans-temporal bone
window, both structures appear to be almost in the same line respect to the transducer.
To individually treat them and optimise the target-brain sonication ratio, both sources
have been steered in the x-axis, as represented in Fig. 6.6 (a-c). With this configuration
4.5% of the target structure has been treated (0.36 cm?®), while only 0.45 cm? of the brain
is affected, which represents a 0.03% of the brain volume. Pressure gains at the focal
points arrives at 5.84 p/po and 3.7 p/py at right and left thalami, respectively. The ratio
between sonicated thalamic and brain volumes with this configuration is 0.79.

To further improve this results, a bifocal wide hologram has been created by locating
virtual sources in two lines at different heights of the deep brain structures, which is
represented in the configuration C4. In this case we get to treat 1.36 cm? of both thalami
(17.1%) in just one sonication. The sonicated volume outside the target is 4.94 cm?
(0.32%), greater than in the other studied systems, and the pressure gain is 3.9 p/p, and
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Figure 6.7: Example of how a misalignment between the source and the target impacts on the focusing
performance of the hologram. In this example (configuration C2), a rotation with respect to the central
point of the thalamic nuclei is shown.

3.4 p/py at right and left thalami, respectively. The thalamic-to-brain sonicated volume
ratio with this configuration is 0.28.

A last hologram has been made by locating two planes of virtual sources at the same x
position as in the two points hologram and following the configuration C5. The resulting
acoustic field is represented in Fig. 6.6(d, €). We treat 1.21 cm?® (15.3%) of the thalamus
and we sonicate 5.84 cm® (0.38%) of the brain, with a pressure gain of 3.4 p/p, and
3.3 p/po at left and right thalami, respectively. In this case, ratio between sonicated
thalamic and brain volumes is 0.21. Comparison between each studied case is shown in
Table 6.1.

Target volume  Out-of-target volume  Volume ratio  Max. pressure

(cm®, %) (cm®, %) (a.u.) (p/po)
CO0  Focused transducer 0.28 (3.6%) 1.21 (0.08%) 0.23 4.7
Cl  Point hologram 0.41 (5.2%) 0.19 (0.013%) 2.16 7.6
C2 Line hologram 0.68 (8.5%) 0.77 (0.05%) 0.88 5.9
C3  Bifocal point hologram 0.36 (4.5%) 0.45 (0.03%) 0.79 5.8
C4  Bifocal line hologram 1.36 (17.1%) 4.94 (0.32%) 0.28 39
C5  Bifocal plane hologram  1.21 (15.3%) 5.84 (0.38%) 0.21 34

Table 6.1: Summary of thalamus and brain volume sonicated in each case. Values of percentages are
referred to total thalamus volume (target volume column); and to total brain volume, including thalami
(out-of-target volume column). Volume ratio measures the ratio between treated volume and untreated
volume.
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Figure 6.8: Parametric study of the focusing performance as a function of a rotational misalignment.
(a) Maximum pressure at focus, normalized. (b) Focal volume. (c) Out-of-target volume. (d) In-target
volume.

6.3.4 Robustness against misalignment

To evaluate the robustness of our proposal, we have studied the accuracy of ultrasound
holograms inside the brain when rotation and translation errors are made, as described
in the Materials and Methods section. In Fig. 6.7 we can observe an example of the
pressure field degradation under a progressive rotation for the line hologram (C2). Pres-
sure scale is normalized to the maximum at 0° rotation. The focal quality parameters of
the parametric study are shown in Fig. 6.8 and 6.9. Figure 6.8 summarizes the focusing
performance as a function of a rotational misalignment, while in Fig. 6.9 we summarize
it as a function of a lateral linear translation.

For the focused transducer, its focus quality does not change under rotation from the
centre of the skull. The main change in sonicated volumes and peak pressures is due
to the secondary lobes that appear due to the aberrations introduced by the skull. The
maximum change in pressure values is 8% of the original pressure gain, and sonicated
volumes of the brain and both thalami remain almost constant. As the angle of incidence
of the focused sound waves is always normal to the skull, the skull-transducer relative
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Figure 6.9: Parametric study of the focusing performance as a function of a lateral linear translation.
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location does not affect the focus shape. Similar results are obtained while the skull is
horizontally translated from its original location, with a maximum change of pressure
gain at the focus of 3% (see Fig. 6.8 (a) and Fig. 6.9 (a)).

For the line hologram, the maximum pressure decreases with the rotated angle and treated
volumes increase, which means that the hologram loses resolution when it is not correctly
positioned. At 17.5° of rotation, the acoustic pressure at the focus is reduced by 32 % of
the original value and the volume outside the target is 8.3 times greater. Also the target
volume covered is increased 1.5 times compared to the original location. For rotation an-
gles below 5° both volumes outside and inside the target remain almost constant (below
10% of increase) while the difference of pressure gain is 15%. In terms of translation
error, the same behaviour in pressure values is observed for translation errors up to 6 mm
(Fig. 6.8 (a) and Fig. 6.9 (a)).

In the case of the C3 configuration, the right focus, which is mainly laterally steered in

the y-axis, shows more pressure amplitude and has a more delimited shape than the left
one, which was steered also in the x-axis. When rotating 5° the lens around the skull
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Table 6.2: Maximum pressure at focus related to transducer surface pressure (p/po) for different steer-
ing angles

Steering angle
Hologram 0° 2° 5° 10°  15°
Line 3.02 280 257 216 203
Point-left 312 294 243 1.77 147
Point-right 196 1.68 136 143 1.31

the loss in pressure at the right focus is 21%, while for 17.5° this loss arrives at 48%.
A similar loss of 24% is obtained with a translation misalignment of 5 mm, arriving at
40% at 8 mm. If we study the left focus, for 5° we observe a pressure loss of 29% while
for 17.5° the amplitude reduction is 24%. A similar value is obtained with a transla-
tion misalignment of 6 mm (24 %), while at 8 mm the loss is 22% (see Fig. 6.8 (a) and
Fig. 6.9 (a)). Target volume sonicated by both focus with this configuration is 0.32 cm?
at the original location, increasing to 0.36 cm? for a rotation of 5°. A similar value is
observed for a translation error of 5 mm, and the volume is increased to 1.48 cm® when
the rotation is 17.5°, which is almost 5 times greater than in the original location. At
the maximum translation error studied (8 mm), the target sonicated volume is 3 times
greater. This is caused by the defocusing of the beam, which spreads the energy covering
more volume of the thalamic nuclei. Nevertheless, sonicated brain volume outside the
target follows the same tendency: at 5° the sonicated volume is increased by a factor
of 3, same as at translation error of 5 mm, and at 17.5° this increase arrives at almost
30 times the volume covered wile the transducer-lens system is located in the original
position. For translation errors, at 8§ mm, the brain sonicated volume is 13 times greater.
These values indicate that large misalignments result in a high defocusing, as expected,
but for relatively small errors, e.g., a rotation of 5° or a translation of 4 mm, the acoustic
images are still generated with good quality. Note the wavelength at 650 kHz in water is
2.3 mm, so images are restored even for misalignments greater than the wavelength (see
Fig. 6.8 (b-d) and Fig. 6.9 (c-d)).

The last studied hologram is the corresponding to the C5 configuration. This hologram
presents a similar behaviour than the C3 configuration. Both focus had a similar pressure
gain in the original location. When rotating 5° the amplitude loss is 17% and 6% for
the left and right focus, respectively (see Fig. 6.8 (a) and Fig. 6.9 (a)). For a 5 mm
translation error, the loss arrives at 18% and 13%, respectively. At higher rotation angles
and translation distances, pressure values for the left focus remain constant; for a rotation
of 17.5° and for a translation of 8 mm, the pressure loss was about 18%. On the other
hand, for the right focus, a decrease of 31% is reached for a rotation of 17.5°, and a loss
of 44% was observed for a translation of 8 mm. Sonicated volumes in and outside the
target are almost constant, the variations are 1.5 times the original value for rotations
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Figure 6.10: Skull thickness measured at (a) temporal bone window, (b) parietal and (c) frontal bones.
(d-f) Heating rate per unit area obtained when targeting the holographic beam through the (d) temporal
bone window, (e) the parietal and (f) the frontal bone.

below 5° and translations below 4 mm. These sonicated volumes increase for greater
rotation or translation errors. The sonicated target volume arrives at a maximum, where
a volume of 2.4 times greater than the original was observed for a rotation of 10°. At
this rotation, the sonicated brain tissue is 4.5 times larger than in the original position.
At the maximum studied translation error (8§ mm), the sonicated target volume is 2.5
times larger and the sonicated brain tissue is 5.3 times larger than in the original position
(see Fig. 6.8 (b-d) and Fig. 6.9 (c-d)). Note that this behaviour is similar for all studied
holograms.

6.3.5 Skull heating rate

We have studied the heating rate by targeting the thalamus through different regions of
the same skull. We have designed holograms to target the same location, i.e. a point
between both thalamic structures (C1 configuration). The transducer is located at the
temporal bone window, the parietal and the frontal bone. Bone thickness at each area
is shown in Fig. 6.10 (a-c). The thickness is measured on a circle of about 55 mm di-
ameter, matching the projection of the active hologram aperture on the bone surface.
Average values of their thickness are 4.34, 5.98 and 5.69 mm for the temporal, parietal
and frontal bones, respectively. The skull heating rate is calculated as described in Mate-
rials and Methods, considering that a peak pressure of 0.5 MPa is achieved at the target.
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The obtained total absorbed power (W) was 0.39, 0.74 and 0.99 W for the temporal,
parietal and frontal bones, respectively, whilst the heating rate was of 2.1, 2.4 and 3.2
degC'/min. The absorbed power per unit area is shown in Fig. 6.10 (d-f). Average heat
capacity of the frontal bone and the parietal bone are 392 W/m? and 294 W/m?, respec-
tively, while for the temporal bone this parameter takes a value of 149 W/m?, which is
less than half the heat capacity of the other two bones. As expected, thicker bones results
in higher heating rates.

6.3.6 Patient-specific lenses

Finally, we show the results of the study on different patients. The first set of simulations
using the lens designed for the subject #1 (C1 configuration) but focusing on subjects #2-
#4 is shown in Figs. 6.11 (a-c). It can be observed that the focal spot is not perfectly
reconstructed, and strong aberrations distort the focal spot. The total gain for subjects #2-
#4 1s 2.0, 3.1, and 2.5, respectively. However, when a hologram is designed ad-hoc for
each patient, aberrations are corrected as shown in Figs. 6.11 (d-f). Using patient-specific
lenses the total gain for subjects #2-#4 rises to 4.4, 5.5, and 4.9, respectively. In addition,
by using a personalized lens the side lobes are strongly reduced, and the strong secondary
focal spots are no longer observed. This data shows that the skull aberrations are patient
specific even when targeting from the temporal bone window using a 50-mm aperture
system.

6.4 Discussion

Several strategies to design ultrasound holograms using virtual sources to enhance son-
icated thalamic tissue and correct skull aberrations are presented and discussed in this
Chapter. While designed to target a point, holograms allow for aberration correction and
the resulting gain is increased as compared with the focused source, e.g., 1.6 times higher.
Simultaneously, when designed to target a unique focal point, holograms can minimize
the out-of-target volume, 6.3 times less compared to the focused source, indicating the
ability of these lenses to mitigate aberrations. On the other hand, holograms allow to
adapt the acoustic focus, i.e., the acoustic image, to the shape of the therapeutical target,
in this case the two bilateral nuclei of the thalamus. In this way, a much higher volume
of the target can be covered by the therapeutical beam, which can be useful for medical
applications that need good covering of the target. The greatest sonicated target volume
is achieved using bifocal wide holograms, about 5 times greater than using a focused
source, even when the conventional beam is in fact defocused due to aberrations.
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Figure 6.11: (a-c) Acoustic field simulated using the hologram designed for the subject #1 but focusing
on subjects #2-#4. (d-f) Acoustic field simulated using a patient-specif hologram.

The process of generating the hologram includes the treatment planning, CT/MRI im-
age processing, and both backward and forward simulation at the transducer central fre-
quency on an Intel-Xeon workstation (E5-2680@2.8GHz CPU, 256 GB RAM), taking a
total of about 46 hours. The physical lens is printed and ready in about 6 hours, so the
whole process to treat a specific patient will last about two days from the reception of
the CT image and segmented therapeutic target to the manufacturing of the holographic
lens ready for the treatment. Shorter times should be obtained by performing the simu-
lations on high performance computers, e.g., using GPUs, and/or using faster industrial
3D printers.

However, acoustic holograms show several drawbacks. On the one hand, when holo-
grams are designed to generate a wide acoustic image, e.g., bilaterally covering both
nuclei, the gain is generally reduced. In fact, the lens is defocusing the therapeutic beam
and the acoustic energy is distributed in a higher area. A reduction of about 40% com-
pared to the focused source was observed. This effect can be mitigated increasing the
amplitude of the source, but attention must be paid to additional effects outside the tar-
get, e.g., heating effects in the skull. Selecting the temporal window to locate the source
will help to mitigate skull heating as skull bones are thin at this region, which in fact is
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one of the main motivations of this work. The skull heating rate of this region has been
estimated and compared to other targeting regions, the parietal and frontal bones. The
total heating rate of the temporal bone window is approximately half that of the pari-
etal bone and less than half the corresponding to the frontal bone. On the other hand,
note that the retrieved acoustic images using holographic lenses are a diffraction-limited
version of the target. When targeting deep-brain nuclei using a limited-aperture source,
such as the transducer used in this Chapter, the generated acoustic image can spread in
the axial direction. This effect increases the out-of-target region of wide holograms. The
out-of-target volume can be mitigated increasing the effective f-number of the source,
i.e., increasing the aperture of the transducer. However, in the application proposed in
this Chapter the transtemporal window limits the maximum aperture.

Note that the selected strategy to design the holograms in this Chapter was a direct
method for a flat circular transducer, using virtual sources and a time-reversal method,
therefore, the lens was designed to produce a set of focal spots covering the target. Op-
timization techniques applied to transcranial propagation can help to design holograms
producing a better matching between the diffraction-limited focal spots and the target
[169], or using multi-frequency approaches [53]. Other effects, such as the heating of
the lens due to acoustic absorption can be mitigated using a water-coupling system, or
using novel 3D printed materials with low absorption coefficient.

In this study, therapeutical targets are located in the deep-brain area, quite central inside
the brain. For this scenario, holograms designed for flat or slightly focused transducers
are able to correct skull aberrations and generate the desired acoustic image. If the ther-
apeutical targets were located closer to the skull, curvilinear holographic lenses coupled
to focused transducers would present better performance than flat or bulk holograms,
according to the results shown in Chapter 2.

In a realistic scenario, the physical location of the acoustic hologram and the ultrasound
source with respect to the patient’s head will show some degree of misalignment from
the design location. The results of this work show that when using a focused transducer
without hologram, the shape and gain of the produced acoustic field hardly changes when
it is rotated around the centre of the thalamus, which is logical because the incidence is
always normal to the skull and the focused transducer presents a stable acoustic field.
However, rotations with other references can result in uncontrolled focusing [164]. On
the other hand, when using acoustic holograms, the retrieved acoustic images are robust
under relatively small misalignment. The degradation of the focal spots in terms of focal
gain and targeting volumes was quantified. For the line hologram, the effect of misalign-
ment is not so relevant than in the two-focus holograms due to the relative simplicity of
the former compared to the latter. This can be seen by comparing the spreading of the
focus for large rotations (or translations). For the line hologram, the volume outside the
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target at the maximum studied rotation error (17.5°) is increased 1.5 times compared to
the original location, while for the two lines hologram is increased 4.5 times and for the
two points it arrives at 30 times greater. This means that for this target the transducer-
lens system is less robust as more complex is the performed hologram. When the relative
position between the head and the transducer is slightly different to the design, e.g., a
rotation of 5° or a translation of 4 mm, the acoustic images are still accurately recon-
structed, even for translations larger than a wavelength, in all the studied cases. The
required precision can be achieved using image-guided systems, see e.g., [33].

Due to the diffraction in the axial direction or the misallocation of the focus in the lat-
eral dimensions, adjacent deep brain structures could be sonicated. If errors are made
along the propagation axis of the transducer (z direction), structures as the putamen or
the globus pallidus could be partially sonicated. If the focus suffers translation in the
negative x-axis (towards the parietal bone), the caudate nucleus can be affected, while if
there is a shift in the positive x-axis and in both positive and negative z-axis, portions of
the hippocampus and amygdala could be sonicated. All these structures except the amyg-
dala participate in the coordination of fine motions and inhibit non-desired movements.
Between other functions, the amygdala links emotions as fear or aggression to human ex-
periences. Finally, between both thalamic nuclei, we can find the third ventricle, which
could be potentially sonicated. This structure is a part of the ventricles, connects both
hemispheres and produces, contains and distribute cerebrospinal fluid. It is important to
note that when translation and angle errors occur, we have observed that pressure gain
decreases. Therefore, neuromodulatory or other bio-effects on out-of-target structures
will be low or even may not happen. The higher peak pressure is only observed at the
target, and when the lens is at its design location.

6.5 Chapter conclusions

In this Chapter, acoustic holograms are numerically studied to target the thalamus through
the temporal bone window using a 65-mm aperture transducer working at 650 kHz, and
compared to a focused source with the same aperture and a curvature such that it can son-
icate in the centre of both thalamic nuclei. The results show that holograms can enhance
the targeting performance of the focused transducer in terms of treated volume and focal
aberrations because they can improve focus quality and optimize sonicated volume ratio
between brain and target tissues.

Secondary lobes and aberrations appearing using single element focused transducers can
be corrected and focal spots can be adapted to the target even for bilateral sonications.
These lenses also show a good focusing performance under relatively small misloca-
tion of the therapeutic device. Nevertheless, when creating bilateral focusing, not only
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sonicated target volume increases, but also out-of-target volume, a consideration that
must be taken into account when deciding what hologram suits best for each therapeu-
tical approach. Simple bilateral-point holograms minimize out-of-target focusing, while
bifocal-plane holograms, while covering a larger area of the target deep-brain nuclei,
may focus energy at adjacent CNS structures, which seems undesirable for neuromodu-
lation applications [164], as a result of the limited angular spectrum of this trans-temporal
transducer. Enlarging the aperture of the transducer, or using optimization methods to
generate the hologram, have the potential to improve targeting performance of broad
holograms, and recent advances on spatial sound modulators can open new ways to de-
sign reconfigurable holograms and go beyond traditional phased-array systems [170].

The results shown in this study also demonstrate that when a lens designed for one patient
is used on a different subject the acoustic image cannot be reconstructed with accuracy
because aberrations, even those produced at the temporal bone window, are strongly
dependent on subject’s skull anatomy. The particular anatomy of the patient’s head is
shown to be very relevant during trans-temporal targeting, and patient-specific lenses
should be designed to obtain an accurate focusing, i.e., to reconstruct diffraction-limited
acoustic images without aberrations. Finally, targeting through the temporal window
offers other practical advantages such as reduced skull heating and the need to shave
only a small area of the head. These results pave the way to design accurate therapeutic
devices for neuromodulation or drug-delivery through blood-brain barrier opening in
deep-brain structures using a low-cost and patient-specific approach.
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Chapter 7

Experimental evaluation of
transcranial ultrasonic lenses using
acoustic holographic projections

Evaluating the targeting performance of ultrasonic 3D-printed holo-
grams requires the measurement of complex volumetric acoustic fields,
which in many practical situations cannot be estimated by direct hy-
drophone measurements. In this Chapter, we apply single-plane holo-
graphic measurement techniques to experimentally calibrate and measure
the full volumetric field produced by holographic lenses. Two ex-vivo test
cases are presented, a four-foci lens and a preclinical case, both targeting
through a macaque skull. Time-reversal and angular spectrum projection
methods are compared to direct experimental measurements. Results show
that holographic projection methods can reconstruct the complex acoustic
images produced by holographic lenses, matching direct measurements in
all test cases. However, while direct measurements are restricted to trans-
verse field cross-sections, holographic projection allows estimating the field
on the whole targeting volume. In this way, the location and the full three-
dimensional shape of all acoustic foci can be obtained. Furthermore, these
techniques can provide the field at the surface of the lens to compare it to
the design phase distribution. Using this procedure, complex volumetric
acoustic fields can be reconstructed, saving significant measurement time
and computational resources, and enabling an accurate characterization of
phase-plates and other holographic lens topologies.
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7.1 Introduction

Holography was first proposed in optics at the mid-twentieth century [92], and short
time later, around the 1960s, optical holography was combined with acoustic systems
to generate optical images [171, 172]. Acoustic holography allows imaging of optically
opaque objects by combining diffraction and interference of acoustic wavefronts. Acous-
tic holographic imaging can use one or more acoustic beams to generate a sound field
over an object. Then, the scattering is raster scanned to generate the image. In contrast,
acousto-optical holographic techniques use the acoustic radiation pressure produced by
the scattered field to generate an interference pattern at a liquid-gas interface, which is
optically detected and used to generate a real-time image. In this context, several ap-
plications were already reviewed in the 1970s [173]. Later, Fourier-acoustics methods
were applied in near-field acoustic holography techniques to evaluate the spatial pattern
of vibration and radiation of acoustic sources [174, 175], becoming a standard practice
in acoustic engineering, e.g., for noise control and visualization, wave field synthesis or
loudspeaker design.

Recently, acoustic holography has become a powerful metrological tool for character-
izing ultrasound fields generated by imaging and therapeutic applications, e.g., to char-
acterize the radiation pattern produced by High Intensity Focused Ultrasound (HIFU)
transducers [176, 137]. This robust technique has been included as a part of IEC stan-
dards for ultrasound field metrology (IEC TS 62556:2014)[177]. Among other applica-
tions, holography has been proposed for acoustic field reconstruction through complex
media [178]. In all these techniques, by measuring the acoustic field in a plane, e.g.,
transversally to an ultrasound beam, acoustic holography enables the knowledge of the
field on an orthogonal plane, e.g., at the surface of the source.

Beyond these metrological and imaging techniques, holography has also been proposed
to modulate acoustic wavefronts, generating acoustic images at a given target distance
[179, 100, 55, 180]. In this context, and acoustic image is defined as an acoustic field
with arbitrary amplitude distribution. For ultrasound, phased-array systems were pro-
posed first to tune the phase and amplitude along the surface of the transducer, mimicking
a hologram, allowing to synthesize acoustic images even traversing absorbing areas [93].
While phased-arrays provide reconfigurability, the holographic information encoded on
the transducer surface is strongly limited by the small number of piezoelectric elements
of the current systems, limiting the hologram capability to generate complex acoustic im-
ages. With the rise of 3D-printing techniques, acoustic holograms can be generated via
holographic lenses [51, 96, 53, 95]. In this case, the holographic information becomes
encoded in a passive structure, e.g., a 3D-printed lens of rough surface, which modulates
the transmitted phase of the ultrasound field generated by a transducer. Among other ap-
plications, acoustic holograms have been proposed for ultrasound particle manipulation

106



7.1 Introduction

and trapping [101], acoustic vortex generation for transmitted [181] or reflected wave-
fronts [103], fast 3D-printing via volumetric particle agglomeration [56], cell patterning
[58], generation of cavitation patterns [59], producing arbitrary-shaped thermal patterns
in tissues using ultrasound [182], tuning the acoustic field to control the total thermal
dose on multiple targets for ultrasound hyperthermia [183], or performing 3D acoustic
imaging using a single-channel transducer [106].

One emerging application of 3D-printed acoustic holograms is transcranial ultrasound
for non-invasive brain therapy [63]. During transcranial ultrasound, the high acoustic
contrast between soft-tissues and the skull bones produces strong beam refraction, scat-
tering and absorption. For example, when using a single-element focused ultrasound
transducer, the transmitted beam suffers from strong aberrations, and the targeting accu-
racy on the brain relies on simulation techniques during treatment planning to find the
best-case scenario [154, 33]. Therefore, wavefront aberration correction is desirable for
precise targeting inside the brain [184, 185]. To avoid these limitations, state-of-the-art
clinical systems are based on therapeutic phased-array systems [151], allowing beam
steering and aberration correction. However, in addition to their complexity and high
cost, the steering range of therapeutic arrays is limited to a narrow region around the
centre of the array. Since they are composed of large piezoelectric surfaces, diffraction
grating appear, limiting their focusing performance. Recently, 3D-printed holographic
lenses coupled to flat or focused transducers have been proposed for aberration correc-
tion for focused beams [61], and even adapting the acoustic field to arbitrary brain targets
[63, 107]. It has been shown that acoustic holograms can generate arbitrary and complex
patterns within human skulls [64]. They have been recently applied for blood-brain bar-
rier opening in small laboratory animals, creating multiple sharply-focused spots close to
the diffraction limit [65], or wide focal areas [66]. In all these biomedical applications,
a mandatory step before in-vivo trials is to validate the acoustic field produced by the
hologram in the relevant scenario.

Usually, the field generated by a therapeutic focused ultrasound transducer is assessed
by direct measurements using hydrophones in a water tank [186]. While this approach is
convenient for axisymmetric beams, e.g, those focusing at a single focal spot, the acoustic
images produced by holographic lenses can present a far more complex spatial distribu-
tion over a large volume. In practice, the direct evaluation of the targeting performance of
complex acoustic holograms requires huge amount of data and measurement time, mak-
ing unfeasible the estimation of the field over a large volume. In addition, for transcranial
validation measurements, the size of the hydrophone limits the measurement range in-
side a skull. Faster techniques such as acousto-optical Fabry-Perot interferometers [187]
require large sensors, limiting their application in transcranial ultrasound. Well-known
optical methods such schlieren imaging [188] or Doppler velocimetry [189] can provide
a volumetric field estimation, but they require transparent optical windows and complex
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instrumentation. Note schlieren imaging can also be combined with optical holographic
interferometers to estimate the acoustic field [190]. Indirect thermometric methods in-
clude the use of liquid-crystal thermochromic sheets sandwiched between sound absorb-
ing materials [191]. Ultrasound absorption results in heat, and the temperature change
produces a variation of the optical colour of the sheet, that is detected by a camera. This
method results in a fast transverse field scanning, however, it becomes difficult to cali-
brate. An alternative is the use of a thin sound-absorbing membrane combined with a
thermal camera to measure the temperature at its surface [192]. However, the thermal ra-
diation does not propagate through water and the method is limited to measurements on
the surface of the water-tank. To overcome these limitations, magnetic-resonance ther-
mometry techniques become more reliable for evaluating the field of acoustic holograms
inside tissues [182], but these systems are expensive and unaffordable for many biomed-
ical ultrasound research facilities. A faster and robust method is therefore desirable for
volumetric field evaluation, in particular for transcranial holographic devices.

In this Chapter, we apply acoustic holography [176, 137] to experimentally and effi-
ciently evaluate transcranial ultrasound fields produced by complex holographic lenses
targeting through an ex-vivo macaque skull. To evaluate the complex field produced by
the lenses, three measurement methods are compared. First, direct hydrophone measure-
ments, second, a projection technique based on time-reversal full-wave simulations and,
third, a projection using the angular spectrum method. These methods are tested on two
holographic lenses. The first one is designed to create four equidistant foci inside the
macaque skull, while the second lens is designed to focus on the left post-commissural
putamen of the specimen. Furthermore, the field at the exit surface of the lens is estimated
experimentally using holographic techniques, and compared with the design phase field.
The experimental fields are compared with full-wave simulations of the system, taken as
the gold-standard. Figure 7.1 illustrates the process to reconstruct the acoustic field at
the focus from a single measured holographic plane. First, as shown in Fig. 7.1 (a), a
hologram modulates the wavefront generating an acoustic image inside a skull and the
corresponding acoustic field in the holographic plane. Then, as shown in Fig. 7.1 (b), a
holographic projection technique is used to estimate the field along a target volume in-
side the skull. Fig. 7.1 (c) summarizes the three acoustic field reconstruction algorithms
discussed in Section 7.2.
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Figure 7.1: (a) Schematic representation of the process to reconstruct the acoustic field at the focus
from a single measured holographic plane. (b) Detail of the holographic projection. (c) Block diagram
of the acoustic field reconstruction algorithms.

7.2 Techniques for field estimation

7.2.1 Direct measurements

Direct field measurements consist of scanning the area of interest with a hydrophone to
record the corresponding waveforms. The hydrophone is usually mounted on a 3D po-
sitioning system and synchronized point-by-point measurements are performed to cover
the desired target, e.g., 2D planes or even 3D volumes. This technique presents the
advantage that the acoustic pressure is directly measured. However, acquiring large vol-
umes requires long measurement time and large amount of data and the instrumentation
can interfere with the field or objects such as the skull bones like in the case presented
here.

7.2.2 Holographic projection methods
To avoid point-to-point scanning over the whole volume, holographic projection methods
only require the direct measurements at a plane, the holographic plane, normally trans-

verse to the beam, located at a distance 2 = z;, and covering a squared area of side length
D (see Fig. 7.1). Then, the field at any point is calculated using a projection method.
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Projection using time-reversal simulations

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

op(r,t) 9q(rn, t)
ETanke poV - v(r,t) + T (7.1)
ov(r,t) 1
ot Vp(r, ), (7.2)
p(r,t) = cyp(r, 1), (7.3)

where v(r, t) is the particle velocity field, p(r, t) is the pressure, p(r, t) is the acoustic
density, py is the medium density, ¢y is the sound speed, and ¢(ry,, t) is a spatial distribu-
tion of monopole sources, r = (z,y, z) and r;, = (z,y, 25, ). These equations are solved
numerically using a pseudo-spectral time-domain simulation method, implemented in
the software k-Wave [117].

To make use of the time-reversal mirror symmetry, we acquire the experimental pressure
waveforms over the holographic plane, py,(r,t). A temporal window is applied to the
signals to avoid reflections from boundaries. Then a temporal inversion is applied, letting
pu(rn,t) — pp(ry, —t). Finally, the computational solution is found by setting the
monopole source amplitude in Eq. (7.1) to ¢(ry,t) = pp(ry, —t)/c5. Note that time-
reversal symmetry no longer holds in absorbing media [193]. In this Chapter, we measure
the field in pure water, whose absorption at ultrasonic frequencies can be considered
negligible for a propagation path length of tens of wavelengths.

Projection using angular spectrum

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

o0

P(z,y,zp,w) = / pn (r),t) e dt. (7.4)

— 00
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Then, each spectral component of the field is complex conjugated, P (x,y,z,) —
P*(x,y, z1,), to perform the temporal inversion in the frequency domain. In the spa-
tial Fourier space, each spectral component of the field is given by

kmakyvzh / P l‘ Y 2 e'l Lw+kyy)dxdy (7.5)

In this way, the field is decomposed into a spectrum of plane waves travelling in differ-
ent directions, being their azimuth, 6, and elevation angles, ¢, related to the transverse
components of the wavevector by

k, = k cosfsin ¢, (7.6)
k, = ksinfsin ¢, (7.7)

where k = w/cq. Each spectral component measured at the holographic plane z = zj,
is projected to the image plane z = z; by multiplying it in the Fourier space with the
spectral propagator H (k,, k,, zi, z,) as

P(k:x, ky, z) = P (ku, ky, 2n) H (kyy ky, 23y 21) (7.8)

where the spectral propagator for the pressure field, assuming a Fourier time convention
of the type e™?, is defined as [194],

H (ky, ky, 2, 2p) = e~ kb=l (7.9)

where the axial component of the wavevector is given by
k.= \/k* — (k2 + k2). (7.10)

Therefore, if k2 + ki < k2, then k., is real and the propagator consists of propagating
modes, while if k2 + k2 > k?, then k. is purely imaginary and the propagation function
models the rapidly decaying evanescent modes of the field. Angular restriction is applied
to avoid aliasing of rapidly oscillating waves propagating at grazing angles, using a low-
pass circular window of radius k. = k+/D?/2(D2?/2 + 22) in the k-space [195].

For each spectral component, an inverse spatial Fourier transform of P (ks, ky, 2;) is
computed to recover the field amplitude P (z,y, z;) in the spatial domain,

P(z,y, 2 / P (ky, Ky, 2;) e~ Fe000) dadly. (7.11)
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Figure 7.2: (a) Schematic and (b) real image of the experimental setup.

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

o0

p(rit) = / P (a,y, 21) e “dt, (7.12)

where r; = (x,y, z;). In this Chapter, angular spectrum was used to evaluate the acoustic
volume generated by the holographic lens inside the skull, z;, > z > z;, 2; being the
distance between the holographic plane and the inner surface of the skull. We project all
spectral components of the measured signals.

Note, the Fourier-space product of Eq. (7.8) is equivalent to a spatial convolution from
the plane zj, to z; of the field P*(r;), given by Eq. (7.4), with the spectral propaga-
tor function, Eq. (7.9), in the spatial domain, the latter given by A(r;,r;). In addi-
tion, the spatial domain propagator relates to the Green’s function of the Helmholtz
equation in 3D as h(ry,r;)/2 = OG(r;, 1) /02, where G(r;,r),) = e **" /4mr, and
r = +/(zi —x1)2 + (y; — yn)? + (2; — 21)2. Therefore, Eq. (7.8) is equivalent to the
second Rayleigh-Sommerfeld diffraction integral, but since the spectrums are calculated
using the Fast Fourier transform algorithm, it results in a more computationally efficient
method.
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7.3 Experimental setup

7.3.1 System design

A spherically focused custom-made ultrasound transducer with outer diameter OD =
100 mm and R = 140 mm radius of curvature, with an inner aperture diameter of
ID = 20 mm and central frequency f = 500 kHz was used. The piezoelectric ceramic
is mounted in a customized stainless steel housing, with air backing. To tune the field
of the transducer, a holographic 3D-printed lens was attached to it. Evaluation of the
acoustic field was done in water and through an ex-vivo cut out and hollowed out non-
human primate skull, of the species macaca mulatta. A coupling cone and a supporting
frame for the skull were 3D printed to position the skull relative to the transducer and the
lens during measurements (see Fig. 7.2).

7.3.2 Lens design and manufacturing

Holograms were calculated with time-reversal methods considering the boundary con-
ditions used in the experimental validation, i.e., including the ex-vivo skull and also the
coupling cone and the supporting frame, as described in [63].

The time-reversal method employed consisted on locating virtual sources at the focused
desired target and simulating their radiated field during long time to take account for sev-
eral reflections. These acoustic signals were recorded in a spherical exit surface parallel
to the transducer, as described in Chapter 2.

Each curved lens is implemented in the numerical model for validation and also 3D
printed with stereolithography techniques (Form 3, Formlabs, USA) using the Clear pho-
topolymer, whose density and sound speed values were experimentally obtained (py =
1186 kg/m? and c;, = 2599 m/s, respectively). Attenuation value was set to o, = 3.4
dB/(cm-MHz") as reported in the literature for similar photopolymers [63, 51].

7.3.3 Test cases

Two holographic lenses were designed and evaluated in this study: a first lens with which
we wanted to create four equidistant foci across the skull (four-foci lens), and a second
preclinical case where we aim to target the left post-commissural putamen of a macaque
(preclinical lens). Ex-vivo macaque skull morphology and acoustic characteristics were
derived from tomographic images acquired with a Toshiba Aquilion Prime TC scanner,
with in-plane resolution of 0.245 mm and slice thickness of 1 mm. These X-ray attenu-
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ation values were converted into acoustic impedance data (density and sound speed) by
using the linear empirical relationships obtained by [80] adjusting the data from [79],
implemented in the software k-Wave [117].

Tomographic data were interpolated to an isotropic spatial step of dh = \q/6, where
Ao = ¢o/fo in water, which corresponds to dh = 0.5 mm, matching the numeri-
cal grid used in simulations. Average and maximum density and sound speed values
were as follows: pu,, = 1563 kg/m?, p,.. = 2542 kg/m®, coy = 2191 m/s and
Cmaz = 3237 m/s. Acoustic attenuation was taken into account for backward and for-
ward propagation simulations for both designing and numerically validating the holo-
graphic lens. This physical magnitude was considered to be constant for all the skull and
setto « = 9.6 dB/(cm-MHz"), with v = 1.1, according to [81].

To create the four-foci lens, four virtual sources were located at the coordinates (x, y, 2)
(-5.6, 5.6, 63) mm for focus F}, (-5.6, -5.6, 63) mm for focus F5, (5.6, 5.6, 63) mm for
focus F3, and (5.6, -5.6, 63) mm for focus F}. The preclinical lens was created by set-
ting a virtual source in the middle of the target brain structure, the left post-commissural
putamen of the specimen, that was identified in co-registered MRI images by an expe-
rienced neuroscientist, at coordinates (-6.6, -11.2, 55.3) mm. Each virtual source was
set to emit sinusoidal continuous signals with the same phase and amplitude, and the
resulting wavefront was recorded at the exit surface, located at o = 4 mm in both cases.

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

7.3.4 Experimental procedure

All acoustic experiments were carried out in a tank of dimensions 400 x 800 x 600 mm?,
filled with degassed water at room temperature maintained by a water conditioning unit
(WCU Series, Sonic Concepts, USA).

We used high-temperature water-insoluble coupling gel (Sonotech Sono 600) to ensure
constant coupling of the lens to the transducer during experiments. The transducer was
excited with a 20-cycle sinusoidal pulse burst at 500 kHz using a signal generator (model
PXI-5412, 14-bit, 100 MS/s, National Instruments, USA) and amplified with a linear
RF amplifier (model 1040L, 400 W, 55 dB, ENI, Rochester, NY, USA). Acoustic fields
were measured with a piezoelectric hydrophone (model Y-104, -225.5 dB re 1 V/uPa at
1 MHz, Sonic Concepts, USA), calibrated from 40 kHz to 2 MHz, mounted on a 3D axis
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Figure 7.3: Transverse field, p(z, y), for the four-foci lens at z = 63 mm for (a) forward simulation,
(b) time-reversal projection, (c) angular spectrum projection and (d) direct measurement. Axial field,
p(y, z), for (e) forward simulation, (f) time-reversal projection, (g) angular spectrum projection and (h)
direct measurements.

system (5 pm resolution, PI Micos GmbH, Germany). Lens, cone and skull holder were
3D-printed and mounted matching simulation conditions. The skull was located into its
holder, which smoothly fitted on the design position. A schematic and a photograph of
the experimental setup are presented in Fig. 7.2.

The origin of coordinates was set at the centre of the hole of the transducer. Direct
measurements of the four-foci lens were performed in two xz planes (—12.5 < x <
12.5 mm, 47 < z < 72 mm, at y = —5.6 mm and y = 5.6 mm, respectively), two yz
planes (—12.5 < y < 12.5mm, 47 < z < 72 mm, at x = —5.6 mm and x = 5.6 mm,
respectively) and one zy plane (—12.5 < y < 12.5 mm, —12.5 < z < 12.5 mm, at
z = 63 mm). The 2D measurement for holographic projection was performed in a zy
plane of 35 x 30 mm? at z = 72 mm.

Direct measurements of the preclinical lens through the skull were performed in one
xz plane (—14.5 < < 1.bmm, 44 < z < 71 mm, at y = —11 mm), one yz
plane (—19.5 < y < —5.5mm, 44 < z < 71 mm, at x = —6.5 mm) and one xy
plane (—19.5 < y < —5.5 mm, —14.5 < x < 1.5 mm, at z = 55.5 mm). The 2D
measurement for holographic projection was performed in a zy plane of 32 x 37 mm?
(—21.5 <2 < 10.5 mm, —28 < y < 8.5 mm) at z = 71 mm.
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Figure 7.4: (a) 2D plane at the peak pressure for the time-reversal field (at z = 63 mm) of the four-
foci lens with linear cuts over each focus maximum for simulation, experiment, time-reversal (TR) and
angular-spectrum (AS) over (b) y-axis for F; and F5 foci, (c) x-axis for F» and Fy foci, (d) y-axis for
F3 and Fy foci, and (e) x-axis for F; and F3 foci. (f) 3D representation of the simulated and time-
reversed (TR) field of the four-foci lens and its location relative to the skull.

All measurements had a spatial resolution of 0.5 mm, matching the simulation resolution.
Simulated and measured fields were spline-interpolated to 0.1 mm precision for a more
accurate calculation of location, sizes and volumes of each focus. Volumes of each focus
were calculated using an amplitude threshold of half the peak intensity.

In addition to transcranial measurements, projection methods were applied to estimate
the acoustic pressure field at the exit surface of the lens. This was performed for both
test cases in the water tank and in the absence of the skull. In this case, for each lens one
2y plane measurement was performed at z = 44 mm, and from —50 mm to 50 mm in
both x and y directions, using a spatial resolution of 1 mm. To ensure that the exit plane
of the lens and the plane measurement were completely parallel, transformations to its
coordinates’ system were performed as described by [196].

7.4 Results

7.4.1 Four-foci lens

Direct measurements for the four-foci lens show four clear focal spots, matching the
design locations. By driving the transducer at 0.1 V peak before the amplification, the
peak pressure is 0.12 MPa at the focus F5. Focus I}, F3 and F) present a peak pressure
of 0.1, 0.08, and 0.09 MPa, respectively. Figures 7.3 (a-d) show the transverse field,
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p(z,y), at z = 63 mm (at the location of the foci), obtained by forward simulation,
projection using time-reversal and angular spectrum, and direct measurements, respec-
tively. Figures 7.3 (e-h) show the corresponding sagittal planes, p(y, z), at z = 5.6 mm
(at the location of the focus F}). All the measuring methods provide similar results. In
particular, the fields calculated using the projection techniques are almost identical, with
differences well below < 1%. Direct measurements also match the field obtained using
both projection techniques. The maximum field difference between direct measurements
and projections, and through the focal region (defined as the region from -8 to 8 mm in
both z and y directions and from 52 to 17 mm in z) is 9.4%, with a mean difference
value of 1.4%. Comparing the direct measurement at the zy plane and the result of the
time-reversal projection (from -8 to 8 mm in both x and y directions), we get that mean
difference over this plane is 5.8% (5.9% when comparing with angular spectrum), where
minimum differences are found in the foci region (< 3%). Resemblances in terms of
focal spot location and their lateral and axial dimension are summarized in Table 7.1.
The maximum difference in the peak pressure location is 1 mm in the z direction for the
focus F} and between experiment and both projection techniques. Lateral dimensions of
all four foci are similar between experiment and projections, with maximum differences
of 0.2 mm. The maximum difference is found in the z direction, where there exist a
discrepancy of 1.5 mm in the axial FWHM at the focus F5.

Figure 7.4 (a) shows a detailed field cross-section over the 4-foci. Comparing experiment
with simulation, there exist a discrepancy in the peak pressure location, which is evident
at insets Figs. 7.4 (b-e). The maximum focal shift in the y-direction appears for focus
F3, where a displacement of 2.3 mm is observed between forward simulation and direct
measurements. In general, all foci in forward simulation appear further apart in = and y
directions than in experiment and projection techniques.

Volumes were not characterized by direct measurements due to time and computational
storage limitations. Instead, 3D fields are calculated by projecting the measured field
using time-reversal or angular spectrum methods. In addition, forward simulations are
inherently 3D. Figure 7.4 (f) shows a 3D rendering of the forward simulated and pro-
jected fields, where isosurfaces are obtained by using a threshold of I = I,,,./2. Both
projection methods results in a very similar 3D field. Using forward simulations, the vol-
ume corresponding to each focal spot, from F} to F}, are 17.1, 21.6,25.1, and 16.5 mm?,
respectively. For time-reversal projection, volumes are 18.7, 17.4, 21.8, and 13.4 mm?,
while for angular-spectrum projection these values are 18.2, 17.2, 21.1, and 13.4 mm?,
respectively.

117



Chapter 7. Experimental evaluation of transcranial ultrasonic lenses using acoustic holographic projections

Simulation Projection (TR) Projection (AS)

45 [SIE]
18 14 -10 18 <14 10 -6
y (mm) y (mm) y (mm)

Figure 7.5: Transverse field, p(z, y), for the preclinical lens at z = 63 mm for (a) forward simulation,
(b) time-reversal projection, (c) angular spectrum projection and (d) direct measurement. Axial field,
p(y, 2), for (e) forward simulation, (f) time-reversal projection, (g) angular spectrum projection and (h)
direct measurements.

7.4.2 Preclinical lens

For the preclinical lens, direct measurement presented a maximum pressure value of 0.13
MPa while driving the transducer at 0.1 V, while for both time-reversal and angular spec-
trum projection this value was of 0.126 MPa, and 0.128 MPa, respectively. Figures 7.5 (a-
h) graphically compares xy and yz planes over the maximum for forward simulation,
time-reversal and angular spectrum projection, and direct measurements. Over the focal
region (defined as the region —12 < x < —2 mm, —16.5 < y < —6.5 mm, and
45 < z < 66 mm), the mean field difference between the two projection techniques
is 1.5%, while the maximum local difference is 22%. Comparing direct measurements
at the zy plane and time-reversal projection the mean field difference is 10.6% (10.3%
when comparing with angular spectrum). Table 7.1 shows several quantitative metrics,
e.g., the location and amplitude of the acoustic focus, for the four techniques. Peak
pressure location is very similar for both projection techniques, but between direct mea-
surements and projection methods there exist a difference of 0.5 mm in the 2 direction.
Lateral dimensions are similar between direct measurements and projection methods (see
Table 7.1). However, note that longitudinal dimension could not be estimated by direct
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Figure 7.6: Linear cuts of the preclinical lens acoustic pressure for simulation, time reversal (TR)
projection, angular spectrum (AS) projection and direct measurements in (a) the z direction, (b) the y
direction and (c) the x direction. (d) 3D representation of the simulated and time-reversed (TR) field of
the preclinical lens and its location relative to the skull and the post-comissural putamen.

measurements due to the proximity of the hydrophone to the skull, which introduced
strong reflections. In this case, projection techniques allow reconstructing the acous-
tic field close to rigid boundaries. Indirect reconstruction strategies also avoid possible
artefacts that may appear due to reflections with the measurement device.

Comparing experimental techniques with forward simulation, lateral and longitudinal
dimensions of the focus show discrepancies. Figure 7.6 (a-c) shows a detailed picture of
the peak pressure along the three axis, respectively. While the FWHM obtained by time-
reversed projection is 5.3 x 4.3 x 27.7 mm?, simulated field is 3.1 x 3.2x 16.5 mm?>.
The 3D rendering shown in Fig. 7.6 (d) compares the target structure, the reconstructed
field by forward simulation, and the field reconstructed by TR projection method. The
corresponding 3D volumes are 91.2 mm?® for time-reversed projection, while 21.4 mm?
for forward simulation. As the focus was designed to target the left post-commissural
putamen, we have evaluated the volume of the target that was sonicated and the amount
of energy that lied inside and out of the target structure. The target structure had a volume
of 331.8 mm?. The sonicated volume of the target, in simulation, was of 15.5 mm?, with
72.4% of the focus lying within the target. With projection, the sonicated volume of the
target was of 30.3 mm?, with 33.3% of the focus lying within the target.

119



Chapter 7. Experimental evaluation of transcranial ultrasonic lenses using acoustic holographic projections

Table 7.1: Results for the four-foci lens and the preclinical lens acoustic fields

4 foci lens
Focus 1 Focus 2 Focus 3 Focus 4 Preclinical focus
2 Simulation (-6.1,5.1,64.5) | (-5.1,-5.1,63.5) | (6.1,6.1,62.5) | (5.1,-6.1, 64.5) (-7.1,-11.6, 55.9)
:é 7 Experiment (-4.9,5.2,63) (-4.9,-5.2,63) (5.1,4.8,62) (5,-5.2,63.5) (-7.1,-11.5, 56)
‘g ) Time reversal (-5,5.2,64) (-5,-5.2,63.5) (5,5.2,62.5) (5,-5.2,63.5) (-7.1,-11.5, 55.5)
© Angular spectrum (-5,5.2,64) (-5,-5.2,63.5) (5,5.2,63) (5,-5.2,63.5) (-7.1,-11.5, 55.5)
@ Simulation 0.103 0.119 0.078 0.093 0.131
2
E E Experiment 0.101 0.117 0.077 0.091 0.131
= = Time reversal 0.102 0.116 0.077 0.092 0.131
& Angular spectrum 0.103 0.119 0.078 0.093 0.131
y Simulation 32 3.1 3.0 35 3.1
E ’g Experiment 3.0 3.1 3.1 2.5 5.3
=z = Time reversal 3.0 32 3.1 2.4 53
= Angular spectrum 3.0 3.1 3.0 2.4 52
Simulation 3.1 2.9 32 2.9 32
% g Experiment 3.1 34 32 3.6 43
E E| Timereversal 32 34 32 3.8 43
= Angular spectrum 32 34 3.1 3.8 43
Simulation 16.7 15.5 15.9 16.6 16.5
% g Experiment - 17.2 17.5 16.1 -
= ) Time reversal 20.2 15.6 17.6 15.3 27.7
= Angular spectrum 21.3 159 17.3 15.3 27.6
Simulation 17.1 21.6 25.1 16.5 21.4
QE; g Experiment N/A N/A N/A N/A N/A
; g Time reversal 18.7 17.4 21.8 13.4 91.0
Angular spectrum 18.2 17.2 21.1 13.4 91.4

7.4.3 Holographic lens characterization

In order to understand the obtained differences between simulation and experimental re-
sults, projection techniques were also applied to evaluate the acoustic field at the exit
surface of the holographic lens. This was compared with the phase map obtained with
simulation (also performing projection) and the phase map used to design the lens. The
experimental field was back-projected from the measured plane to the curved lens exit
surface (see Fig. 7.2). The simulated field was obtained by performing one simulation
in the absence of the skull, recording all the signals at a plane located 44 mm above
the transducer with lateral dimensions of 100 x 100 mm? to match the same experi-
mental measurement plane, and performing a time-reversal simulation. For the sake of
simplicity, we only show the preclinical lens.
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Figure 7.7: (a) Recorded phase at the holographic plane for which the preclinical lens was designed.
(b) Simulated phase after projection. (c) Experimental projected phase. (d) Difference between the goal
and the simulated phases. (e) Difference between the goal and the experimental phases. (f) Difference
between the simulated and the experimental phases. (g) Photo of the 3D printed lens.

Figures 7.7 (a, b, c) show the target, simulated and experimental phase at the exit surface,
respectively. We can observe concentric Fresnel rings in all phase maps indicating the
focusing of the wavefront. However, the simulated and experimental phase map does
not exactly match the target phase map at every location. These local errors, shown in
Figs. 7.7 (d,e), are larger at phase jumps and at the areas far from the focal spot, where
Fresnel rings and its corresponding phase jumps are tighter. In this way, this analysis
show that the target phase is not perfectly encoded by the physical hologram design, with
each pixel having a different height, as shown in the photograph Fig. 7.7 (g). The error
between the target phase and the simulated phase map, Fig. 7.7 (d), follows a normal
distribution with mean value of 0.014 radians and standard deviation of 0.85 radians.
Comparing the experimental and target phase, Fig.7.7 (e), the mean error is 0.012 radians
and standard deviation of 0.85 radians. Finally, between the simulated phase and the
experimental projection, Fig.7.7 (f), we find a difference with a mean value of 0.024
radians and standard deviation of 0.88 radians.
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7.5 Discussion

In this Chapter, acoustic holography has been used to experimentally estimate the com-
plex 3D acoustic fields produced by holographic lenses. By performing experimental
measurements in a transverse plane, these methods can provide volumetric acoustic
fields. The methods have been applied to estimate the field inside an ex-vivo skull cap,
opened in one side. Two different methods have been compared: time-reversal and angu-
lar spectrum projection. Projection methods have been compared with direct hydrophone
measurements and forward simulations. Two test cases have been investigated: first, a
holographic lens to create four equidistant foci through the skull and second, a holo-
graphic lens to focus on the left post-commissural putamen of the macaque.

For the four-foci lens case, we have first compared differences between both holographic
techniques, observing that on the volume around the four foci the mean difference in
pressure amplitude is 1.4%. When comparing with the 2D direct experimental measure-
ment, this mean difference becomes 5.8%. Also, the peak pressure of the four foci appear
at the same location and have very similar shape. The full width at half maximum in all
three dimensions show errors smaller than 0.2 mm. The full potential of these projec-
tion techniques is unleashed when calculating the full 3D field by performing just one
experimental measurement, i.e., a transverse 2D plane. This approach allows calculat-
ing metrics such as the treated volume. For example, for the four foci lens, volumes
were 19.2 4+ 0.3 mm? (focus F}), 18.0 & 0.1 mm?® (focus F3), 22.9 + 0.4 mm? (fo-
cus ) and 14.4 4= 0.1 mm? (focus ). Using the proposed experimental system, the
transverse 2D plane required for projections is composed of a total of 4331 waveforms
(2.17 GBytes), every acquisition takes 3 seconds on average (measuring, averaging and
moving to next position), leading to a total measurement time of 3.5 hours. Note that to
measure the whole 3D volume, i.e., —12.5 < z < 12.5 mm,—12.5 < y < 12.5 mm
and 47 < z < 72 mm, with the same spatial resolution (0.5 mm), one must perform
a total of 125000 acquisitions, which would take 4.3 days. In terms of memory, the
corresponding measurements would occupy 62.5 GBytes.

For the preclinical lens case, mean difference between both holographic techniques at
the focus region is 1.5%, while comparing with the 2D direct experimental measure-
ment, this mean difference becomes 10.6%. Also, the peak pressure of the focus appears
at the same location and have very similar shape, where the average volume of the focus
was 92.3 mm®. Measurement time of the corresponding 2D transverse plane for pro-
jections (4736 measurements, 2.37 GBytes) is 4 hours. In contrast, acquisition of direct
measurements over the whole volume (14 x 14 x 27 mm?) will lead to a total of 42336
measurements, which would take 35.3 hours (21.17 GBytes).
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Greater differences are found between holographic projection and forward simulation
for both lenses. For the four-foci lens, foci F; and F3 appeared 1 mm apart in the x-axis
from the experimental location, and foci F3 and F); had this same shift in the y-axis.
Also, forward simulation focus volumes are 17% greater than the experimental ones on
average, except from the focus F} where it has been experimentally obtained that it was
6% larger. For the preclinical lens, experimentally the focus appears approximately at the
same location than in the simulation, whereas simulated focus volume was 75% greater
than the experimentally determined, with a region of relatively high pressure close to the
skull. Discrepancies between simulation and experiment in both cases might be due to
differences in the simulated skull properties, mode conversions in the skull, positioning
errors and differences between the designed and the final 3D printed lens.

While 3D direct measurements are feasible with modern acquisition systems, most hy-
drophones can vary their sensitivity during time, in particular, polymer polyvinylidenflu-
orid (PVDF) ones are susceptible to changes during several hours of immersion. In ad-
dition, some hydrophones are very large to be introduced in cavities, such as a skull cap,
limiting its use for transcranial measurements. In these situations, holographic projection
can help to measure with large, sensitive and broadband devices, such as membrane hy-
drophones or large needle hydrophones. Another advantage of projection techniques is
less exposure of the hydrophone to mechanical and thermal damage, including cavitation
damage, since the field outside the focal point usually present a weaker amplitude than
when the hydrophone is located directly at the focal spot. Also, holographic reconstruc-
tion makes it possible to characterize the field at the exit surface of a lens, identifying the
error between the target phase to be encoded and the phase recovered by the manufac-
tured lens.

However, the projection methods presented in this Chapter are restricted to homogeneous
media. Note the experiments were performed using a skull cap, rather than a full skull.
In this sense, it will be difficult to estimate the field inside a closed cranial cavity by per-
forming holographic projections. The time-reversal simulation strategy can be adapted
to heterogeneous media by solving the constitutive equations considering spatially vary-
ing density, sound velocity and sound absorption maps. However, this would introduce
uncertainties, as it requires precise knowledge of the properties of the medium and its
location with respect to the holographic plane.
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7.6 Chapter conclusions

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

In addition, since phase-only holograms suffer from diffraction at the edges, correspond-
ing with phase jumps at the central frequency, they cannot perfectly encode the target
phase. Other sources of error, like tolerance of the 3D printing, positioning, coupling
with the transducer, etc, also produce discrepancies between the target phase and the
actual phase distribution generated by the lens. In this way, holographic reconstruction
techniques emerge as a fundamental tool to experimentally recover the actual phase at the
exit surface of the lens and compare it with the theoretical phase required for a particular
design. This procedure can also help to design, tune and test novel hologram topologies
to go beyond the limitations of current phase-only holograms, which is of great interest
for low-cost therapeutical ultrasound systems and other emerging applications of acous-
tic holograms that involve the accurate synthesis of complex acoustic fields.
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ery in Non-Human Primates. 2022 IEEE International Ultrasonics Symposium (1US).
Venice, Italy. October 10-13, 2022. Published in 2022 IEEE International Ultrasonics
Symposium (IUS) (ISBN: 978-1-6654-6657-8).
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Chapter 8

Preclinical holographic ultrasound
system for blood-brain barrier
opening

Holographic lenses have recently started to be used in-vivo with small
animals with great success. However, whether they are a good option for
humans should be studied, beginning with previous experiments in non-
human primates. In this chapter we present a low-cost preclinical system
based on a moderately focused transducer, a holographic lens, a passive
cavitation detector and an optical guidance system. This particular de-
vice is designed for blood-brain barrier opening at specific locations into a
macaque’s brain. The system was designed and calibrated, with the results
showing that it fulfils the specifications for drug-delivery applications.

8.1 Introduction

Blood-brain barrier opening (BBBO) has become one of the main therapeutical objec-
tives when focusing low-intensity ultrasound inside the brain, due to the potential of
ultrasound to locally disrupt this protective system of the brain unlike any other tech-
nique. Before ultrasound was proposed for this purpose, drugs were usually delivered
using gene medicines or recombinant proteins as carriers, and even injecting directly the
drug into the brain [197, 198]. Even some chemicals were discovered to open the barrier,
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but in all these cases the opening was observed in all the brain and not just in the area
of interest [199]. It was known from time ago that ultrasound could perform this same
effect but in a localized manner and without any damage to the tissue [26], even mon-
itoring the therapy during in-vivo experiments with animals via the stable cavitation of
ultrasonographic contrast agents [17]. Detection of the success of the intervention was
firstly performed with histology [200] and afterwards using MR imaging with magnetic
contrast agents that were perfused into the regions where the barrier was opened [17].

Disrupting this barrier allows introducing therapeutic and contrast agents inside the brain,
but also permits the entrance of pathogens. With ultrasound, the inactivation of this pro-
tective system is temporary, with mean recovery times of hours, normally being com-
pletely recovered after 24 to 48 hours as evidences in rabbits and non-human primates
have demonstrated [17, 154]. Also, it has been proven that the closure times of the BBB
is independent of the volume of the region affected [201].

Many recent studies of BBBO have been performed in small animals [202], and large an-
imals like dogs [203] and non-human primates [204], even in an awaken state where no
anaesthesia was needed [205]. In humans, disruption of the BBB has already been suc-
cessfully performed by Abrahao et al. with a phased-array system guided with magnetic
resonance imaging [206].

With animals, delivering ultrasound using single-element transducers can be convenient
for their ease of use and less cost. However, the focal spot of the transducer is fixed
and just one focus can be performed at a time. Large or multiple location openings
require several microbubble administration procedures. Some studies with non-human
primates using commercial MRI-guided phased-array systems for humans have been
done [207], but the access to this instrumentation is often complicated. Holographic
3D-printed lenses have already been used to perform bilateral BBBO in small animals as
an alternative to phased-array systems [65, 66]. These systems were tested in mice using
a single-element transducer coupled to a 3D-printed hologram designed to produce sharp,
quasi-spherical and bilateral focal spots close to the diffraction limit [65], or elongated
focal spots covering a narrow and large area [66].

In this Chapter, a system to open the blood-brain barrier in non-human primates with op-
tical guidance and real time cavitation monitoring is developed. The final aim of this sys-
tem is to perform a feasibility study of using acoustic lenses coupled to a large-aperture
and slightly focused transducer, with the long-term goal to disrupt the blood-brain bar-
rier in a macaque’s brain. The system is calibrated and the acoustic targeting accuracy
quantified combining simulations and ex-vivo experiments. To do so, seven different
locations have been chosen to sonicate, three at the left caudate nucleus and four at the
right hemisphere cortex. The results show that the system fulfils design specifications,
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and the final outputs are lens design protocols and the instrumentation itself, which is
calibrated and ready to use for future in-vivo experiments, planned to be performed in
collaboration with Dr. José Obeso and José A. Pineda at HM-CINAC (Madrid, Spain).

8.2 Materials and methods

8.2.1 System specifications and subsystem design

The therapeutic system consists in several subsystems. The ultrasound generation sub-
system uses a moderately-focused ultrasound transducer, based on a single-element spher-
ical cap piezoelectric ceramic, an arbitrary signal generator and a power amplifier. The
focusing subsystem is based on acoustic holograms, and consist in a 3D-printed holo-
graphic lens using the curvilinear hologram topology. The lens is coupled to the trans-
ducer with coupling gel, and a water-coupling system was 3D-printed, consisting in a
3D-printed holding cone, a water bladder and a water conditioning unit for temperature
control and degassing. The positioning subsystem is based on a commercial optical guid-
ance, consisting in a stereoscopic camera, and calibration and tracking constellations,
integrated in a neuronavigation software. Finally, the acoustic monitoring for BBBO ap-
plications is based on a passive cavitation detector, consisting in a confocal flat single
element ultrasound transducer, a data acquisition system, and a computer used for con-
trol and real-time post-processing. A diagram summarizing these systems is shown in
Figure 8.1.

8.2.2 System constraints

Single focal spot lens

Some system specifications result in constraints that must be fulfilled by the rest of the
subsystems. First, the passive cavitation detector (PCD) for real time monitoring is lo-
cated at the centre of the main ultrasound transducer, in a confocal configuration. The
PCD presents a narrow directivity and beamwidth to increase its sensibility in reception
mode. Therefore, the acoustic focal spot needs to be aligned with the system axis. Note
that, in this particular configuration, if a hologram is used to target several focal spots at
once, this will result in a loss of calibration for the off-axis detected cavitation signals. In
order to maintain the calibration of the passive cavitation detector, it becomes convenient
that the therapeutic target lies at the axis of the system, also aligned with the axis of the
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Figure 8.1: Diagram of the subsystems forming part of the whole therapeutic system

PCD and the ultrasound transducer. As a result, single focal spot lenses will be used for
this particular system.

Target specific lenses

The system must be able to perform several sonications in different targets with vari-
ous power levels. In addition, the maximum sedation time for macaques is limited to
about three hours.If target specific lenses are used, the lens must be changed after each
sonication. This includes the lens replacement procedure, filling the water bladder, con-
ditioning the water, optical tracking calibration and positioning. This process, for this
particular system, takes around 30 minutes. Total time is mainly defined by lens replac-
ing time and treatment time per sonication. A post-treatment MRI must be acquired in
BBBO protocols to confirm BBB disruption by gadolinium extravasation, which takes
at least 45 more minutes. As a result, and if target specific lenses are used, we estimate
that these constraints limit the number of sonications per sedation to two sonications.
Therefore, for this particular system, we cannot afford to change the lens for each target.
To overcome this constraint, a general-purpose lens was designed, targeting at a distance
of 50 mm from the transducer surface in free water, and their validity and focus quality,
i.e. possible aberrations, were studied when focusing at all the intended targets.
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Figure 8.2: (a) Target locations at the caudate nucleus inside the brain. (b) Target locations at the cortex
inside the brain.

8.2.3 Lens design

A first approach was studied, setting a virtual source at each desired location and com-
puting an aberration-corrected lens for each target. The targets were three points at the
left caudate nucleus (Figure 8.2 (a)) and four points in the right hemisphere cortex (Fig-
ure 8.2 (b)). Considering the centre of the transducer as the coordinates’ origin, the
caudate target points were C1 (8.6, 14.2, 55.3) mm, C2 (8.1, 5.6, 55.3) mm and C3 (10.2,
-1.5, 55.3) mm, whilst the four points at the cortex were X1 (-6.1, -4.6, 49.8) mm, X2
(-4.6, 1.5, 49.8) mm, X3 ( 0, 5.6, 49.8) mm and X4 (5.6, 6.1, 49.8) mm. The lens was
designed after the head was rotated and translated as described in the previous section,
so this lens is just used to bring the focus of the transducer to the desired depth and com-
pensate phase aberrations. Each lens was designed for a focused transducer as explained
in Chapter 2, locating a virtual source at the coordinates of each target and performing
the back propagation considering the skull.
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8.2.4 Experimental setup

On the one hand, we have performed calibration measurements in a water tank with the
same experimental setup and ex-vivo macaque skull as in Chapter 7 (Figure 7.2). First,
the focal point of the lens was located measuring the acoustic field with the hydrophone
and then evaluation of the acoustic pressure at this maximum was performed at voltages
from 50 to 450 V in 50-Volts steps. Second, the skull was mounted on its holder and the
same procedure was followed, making pressure measurements for an identical voltage
sweep.

On the other hand, the setup for future in-vivo experiments was designed in the labo-
ratory, and consisted on a therapy system, a monitoring system and an optical position-
ing system. The therapy system consisted on the same focused transducer described
in Chapter 7 (a custom-made high-intensity ultrasound transducer with outer diameter
OD = 100 mm and radius of curvature R = 140 mm, with an inner aperture diameter
of ID = 20 mm and central frequency f = 500 kHz) to which the lens is coupled,
and a 3D-printed cone with two orifices to attach tubes to fill a water bag that will be
used as the coupling medium between the transducer and the macaque’s head. The two
tubes are connected to a water conditioning unit (WCU-Series, Sonic Concepts, USA)
to ensure constant degassed-water flow. High-temperature water-insoluble coupling gel
(Sonotech Sono 600) was used to ensure constant coupling of the lens to the transducer
during experiments. The transducer was driven using a USB oscilloscope with integrated
function generator (Handyscope HSS, TiePie engineering) and amplified by a 400-Watts
amplifier (E&I Ltd, USA) with a 50-Ohm impedance matching network to maximize
power transferred from the amplifier to the transducer.

The monitoring system consisted on a piezoelectric PCD (V382-SU, Olympus) with a
central frequency of 3.5 MHz and a bandwidth (- 6 dB) of 65.17% placed in the cen-
tral hole of the transducer and aligned with it. This system captures the signal emitted
by microbubbles’ cavitation, allowing a real-time evaluation of the therapeutic effect.
The cavitation signal was acquired with the same USB oscilloscope used to generate
the signal. A program was designed to control the emitted signal and allow real-time
monitoring of the bubbles’ activity.

The optical positioning system was a commercial TMS neuronavigation system (Brain-
sight, https://www.rogue-research.com/) adapted to our custom transducer. The optical
positioning system consisted on a camera, two constellations that the camera was able
to recognize and know their relative coordinates, and a calibration piece which marks
the central coordinates of the transducer. One constellation was fixed to the transducer
and the other constellation was attached to a fixed point of the macaque i.e its stereotac-
tic frame or the table. A training on how to properly locate the transducer relative to the
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Figure 8.3: Experimental system for in-vivo experiments.

head using this system was performed using a 3D printed head of the macaque and its CT
information. The transducer is attached to a mechanic arm with full range of movement
to allow its manual positioning. The setup is shown in Figure 8.3.
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To minimize possible aberrations, the transducer was located as normal as possible with
the macaque’s head surface. To do so, an algorithm was designed. This algorithm uses
the optimization toolbox of MATLAB to find the optimal transducer location that is lo-
cated normal to the head surface and targeting at the desired location. The fmincon
built-in algorithm is used. The input data of the algorithm is the segmented tomographic
data of the skull, the target location, and the transducer geometry. The output is the
transducer location and its orientation, and this data is used as the input for the neuron-
avigation subsystem. Note that, using in this procedure, the PCD would be also aligned
to record all the cavitation signals.

8.2.5 Experimental protocol design

In order to perform the BBB disruption in the brain of a macaque, first an MRI im-
age must be performed for the specific specimen. In this image, the segmentation of
the areas to be treated must be carried out. Also a CT image is needed to design and
test the performance of the lenses as this image contains the main information of the
physical properties of the skull and brain. The lens will be designed performing compu-
tational simulations and will be 3D printed using stereolithography methods. Simulation
parameters of the specific location of the skull and the transducer-lens system must be
loaded into the neuronavigation system to pre-plan the experimental conditions. To per-
form the in-vivo experiment, first the macaque will be sedated and with all the necessary
monitoring systems in place. The animal’s head will be located in a stereotactic frame
with the neuronavigation tracking constellations fixed on it to ensure no movement of
the macaque and that the therapy will be performed accurately where it was designed to
be. The transducer will be mounted with the lens, the monitoring system and the cou-
pling medium, ensuring the water inside the cone is in optimal conditions, i.e. without
any bubbles. With the animal sedated and in the stereotactic frame, the calibration of
the neuronavigation system will be done. Once this is performed, the transducer will
be located in the correct position to target one of the specified locations and perform a
first sonication with the treatment parameters but without microbubbles injection to ob-
tain an acoustic baseline signal in the PCD. The chosen treatment parameters were burst
length of 10 ms, repetition frequency of 1 Hz and a total duration of 100 s, inspired in
the work of N. McDannold [208]. After the baseline will be obtained, an injection of
microbubbles at concentration of 20 pL/kg diluted in 5 mL of phosphate buffered saline
(PBS) will be be continuously injected by using an infusion pump at an infusion rate of
0.02 mL/s. In these conditions, several sonications at the defined powers and locations
will be performed, ensuring microbubbles are being continuously injected and the animal
is in perfect conditions. Once sonications are finished, the macaque will be transferred
to the MRI facility. An injection of gadolinium will be administered and, immediately, a
T1-MRI protocol image will be obtained to assess the blood-brain barrier opening. After
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24 hours of this procedure, another T1-MRI protocol image with gadolinium injection
will be done to study the closure of the blood-brain barrier.

8.3 Results

8.3.1 Lens performance

x [mm] y [mm]

Figure 8.4: Comparison of an aberration-corrected lens for target C1 in a (a) transversal cut and (b)
sagittal cut, and the generic lens in a (c) transversal cut and (d) sagittal cut.

First, a comparison between the performance of the aberration-corrected lenses and the
water lens is studied for the three targets at the caudate nuclei. A comparison for targets
C1 and C3 are shown in Figure 8.4 and Figure 8.5, respectively. In these examples it
can be seen that both gain and focus shape differ very little. For target C1, maximum
pressure gain, defined as the ratio between the pressure at the transducer’s surface and
at the focus, with its aberration-corrected lens, is 12.8, whereas with the generic water
lens is 12.7. For C2 and C3 the aberration-corrected lenses lead to a gain of 14.7 and
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13.9, respectively, while the generic lens gives a gain of 13 and 13.4, respectively. Both
aberration-corrected and generic lenses led to good-quality acoustic foci. At the view of
these results, it is possible to use one single generic lens to treat all the therapeutic targets
with a very similar gain at each location. For the cortex targets, with the generic lens
gains were of 10.9 for target X1, 11.5 for X2, 10.4 for X3 and 9.5 for X4. Pressure gains
were very similar in all cases, which results in an advantage for the in-vivo experiment.
This ensures that a given voltage value will produce a very similar pressure value at
any target studied, giving us confidence in the performance of a safe blood-brain barrier
opening.

plp,

x [mm] y [mm]

Figure 8.5: Comparison of an aberration-corrected lens for target C3 in a (a) transversal cut and (b)
sagittal cut, and the generic lens in a (c) transversal cut and (d) sagittal cut.
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8.3.2 Lens calibration

The calibration of the system gave nine experimental points. Both pressure values versus
voltage for free water and through the ex-vivo skull were fitted to a quadratic polynomial.
For the lens in free water, the resulting equation was P (MPa) =5- 107572 +5-1073V -
2-1072, with voltage V values in mV. When the skull was located, the fitted equation was
P (MPa) = 2:107%V2 + 31073V - 1.2-1072. All data points are represented in Figure
8.7. With this information, a derating factor between water and inside the brain can be
approximately calculated as the ratio between the pressure in water and through the skull
for each voltage pressure. In these measurements, the derating factor was 1.99 + 0.05.
Note that the brain is more attenuating than the water, so the pressure is presumably less
than the obtained with the calibration. This gives us a safety margin when performing
in-vivo experiments that the animal will not suffer any damage. Experimental and sim-
ulated normalized pressure values when focusing through the ex-vivo skull are shown in
Figure 8.6

As the aim of the proposed in-vivo study is to evaluate the feasibility and safety of the
system, three pressure values inside the brain were proposed to study in different targets
of the brain: 0.25, 0.5 and 0.75 MPa. These pressure values, according to the calibration,
correspond to input voltages of 90, 170 and 240 mV, respectively. Targets C1 and X1
will be treated at 0.25 MPa, targets C2, C3, X2 and X4 at 0.5 MPa and target X3 at 0.75
MPa.

-40 -40 -20 0 20 40

Figure 8.6: Measured (dots) and simulated (line) normalized pressure fields for the water lens through
the ex-vivo macaque skull. (a) x-cut and (b) y-cut.

8.4 Chapter conclusions

In this last Chapter of the thesis we have designed a preclinical system to perform blood-
brain barrier opening in macaques. Some subsystems impose constraints that were con-
sidered when designing the holograms and the rest of the system. First, the acoustic
focus must be confocal with the PCD located at the axis of the transducer. Second, the
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Figure 8.7: Pressure values given a voltage value to the system. Calibration in free water (dashed line)
and through the skull (solid line)

sedation time estimated for in-vivo experiments may be shorter than 3 hours, limiting the
system to perform a maximum of two lens changes during the procedure. Considering
both constraints, a simulation study was performed to calculate the differences between
aberration-correction lenses for each location and the use of a generic lens. Pressure
fields and gains were very similar in both cases. Therefore, this study demonstrates the
viability of using generic lenses in future in-vivo experiments with macaques. In par-
ticular, simulation and ex-vivo results show that this setup can be used to target up to
seven locations to study the blood-brain barrier opening using the confocal real-time
monitoring system. The resulting system is like having used a single-element focused
transducer whose radius of curvature matches the desired targeting location. Neverthe-
less, the system was designed with that aperture and radius of curvature to be versatile
for both non-human primates and humans, and to be able to target any possible struc-
ture inside the brain. This system calibration and future experiments are thought to get
insight of the system characteristics and to be used in the future to create more complex
holograms and even arrive to clinical trials.

To overcome the system constraints, passive cavitation mapping could be used instead
of a single-element PCD. With this system, we could use one only lens to target several
spots at the same time, as shown in Chapter 7. This might be more relevant for human
applications, where, as demonstrated in previous Chapters, aberration correction is criti-
cal, and patient and target specific holograms are required. In addition, lateral and axial
steering are encoded in these latter lenses, and, therefore, this facilitates the positioning
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of the transducer when targeting multiple locations. Using multi-target holograms, the
transducer must only be positioned once.

Other solution under investigation is the use of lenses to change the directivity of the
PCD adapting it to the acoustic focus region.

As a future step in this system with the aim of saving positioning time and avoiding
precision errors, a robotic arm with direct feedback from the neuronavigation system
would be beneficial. This robot would locate the transducer at the same location as it
was in the simulation in a faster and robust way, reducing the positioning errors and
treatment time.

Publications

Contents related with this Chapter have been sent in the form of a manuscript and is in
process of review

Journal papers

Lamothe, N., Andrés, D., Carrion, A., Jiménez, N., & Camarena, F. (2024). Monitor-
ing holograms for therapeutic ultrasound using passive cavitation beamforming. Sent to
Applied Acoustics, in peer review process.
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Chapter 9

Conclusions

This concluding chapter brings all the thesis conclusions together,
highlighting the potentials, drawbacks and future work to be done in the
development of acoustic holograms with the focus of making them feasible
and attractive for clinics.

9.1 General discussion and conclusions

Throughout this thesis, new methods for designing acoustic holographic lenses have been
presented, along with some potential applications for hyperthermia and brain therapies.

In the first part of the thesis, two methods for hologram generation were proposed and
tested. The first method, presented in Chapter 2, allows designing holographic lenses
that match the curvature of a focused transducer. Lenses made in spherical coordinates
present pixels that are totally perpendicular to the transducer’s surface and result in trun-
cated pyramids. These lenses perform better in general, as there is no material between
the transducer and the lens, as it would happen with a flat lens. The conditions in which
this method fails were explored and its limitations quantified. We observed that when
trying to use highly focused transducers and the lens was designed to focus acoustic en-
ergy further from their radius of curvature, the method fails, and bulky holograms can
perform better than curvilinear holograms. Besides this uncommon situation, curvilinear
holograms emerge as an efficient topology to modulate the acoustic field and produce
sharp focal spots and acoustic images with the required accuracy for biomedical applica-
tions.

141



Chapter 9. Conclusions

The holographic lenses described above were designed by recording the wave phase
information in a single plane, usually called the holographic plane, in front of the trans-
ducer. Lenses made like this can focus further than they were supposed to because wave-
front diffraction is not accurately encoded and the thin-lens approximation is not fulfilled.
Therefore, in Chapter 3, we present a novel method for designing holograms by record-
ing wave information in a volume rather than in a single plane. In this way, the lens
encodes the full-wavefront information at the exit of the lens, instead of at the exit plane
as in traditional holograms. By designing them for a single focal spot, we obtain lenses
whose curvature coincides exactly with the shape of an ellipsoid, which is indeed the
optimal solution for refracting lenses of high refraction index materials. In contrast, any
of the traditional procedures result in lenses with a hyperbolic profile. Note that, for long
focusing distances and limited apertures, both curvatures are similar because the wave-
front curvature can be approximated as parabolic instead of spherical. However, for short
focal distances, i.e., low f-number devices, phase-matching holograms are revealed as
a more accurate lens topology. The limitations of this method were also explored. We
observe that for materials whose sound speed is greater than the surrounding medium,
this approach can result in an undetermined solution at some pixels. This phenomenon
emerges when the axial component of the wavevector of the time-reversed wavefront in
the host medium is equal to the one in the lens material. This phenomenon appears to
be universal for any refracting hologram or lens composed of a refraction index material
higher than one. We observe that this occurs even for lenses based on traditional holo-
graphic methods. Any of these lenses is able to codify these specific waves arriving at
angles larger than the so-called critical angle. However, we observe that this problem
does not occur when focusing at long distances or when using a lens with lower sound
speed than the host medium.

Acoustic holograms have been explored to enhance ultrasound treatments such as hy-
perthermia. For the first time, acoustic holograms have been shown to produce thermal
patterns inside an absorbing medium, such as soft tissue, as described in Chapter 4.
With holographic lenses, a sharp acoustic image can be produced, and when applied to
a tissue with absorbing characteristics this image turns into a heat pattern which is spa-
tially modulated. We tested this concept using a 3D-printed hologram and a magnetic
resonance-compatible transducer. Thermographic imaging using an infrared camera and
magnetic resonance imaging thermometry were used to validate the spatially modulated
thermal patterns produced in the bulk of phantoms and ex-vivo liver tissues. The device
itself, a low-cost magnetic resonance compatible transducer coupled with a hologram,
was revealed as a powerful and efficient tool to perform hyperthermia treatments inside
any commercial MRI facility.

Moreover, we observe that after a long time heat transport mechanisms, such as diffusion,
blur the image. This means that for long-time treatments, it is not the acoustic image that

142



9.1 General discussion and conclusions

should be tuned but instead its equivalent thermal pattern. As of now, when aiming for
hyperthermia treatments, where long pulses or continuous signals are commonly used, it
is necessary to make thermal simulations and to use the information of them to tune the
acoustic hologram as an iterative process to make the most precise thermal pattern for
a specific application. Indeed, this was explored in Chapter 5, where a uniform thermal
pattern is produced by a non-uniform acoustic field. The system was tested to deliver a
controlled and uniform thermal dose over several tumour spheroids and its viability was
measured in-vitro. Results show that spatially-modulated ultrasound hyperthermia pro-
duces a significant effect on tumour spheroids as compared with controls or thermocyler
heating. Results show that ultrasound is more effective at killing cells or reducing cell
growth tan just heating when delivering the same thermal dose. As explored in this fifth
chapter, ultrasound-induced hyperthermia using holograms is revealed as an attractive
approach to treating cancer beyond current techniques. However, more preclinical and
clinical research is needed in this field, and holographic lenses can help to perform faster
and more efficient studies by simultaneously applying hyperthermia treatments to several
large tumour targets.

The second application of acoustic holograms investigated in this thesis is brain therapy.
Acoustic holograms are of great interest for transcranial ultrasound treatments because
they can compensate for the aberrations introduced by the skull. Current technologies
based on single-element transducers cannot take into account how the skull affects the
focus, and the ones based on phased arrays can overcome this drawback but are not able
to produce good quality acoustic images when moving away from their focal zone, in
addition to their complexity and high cost. Acoustic holograms designed with time-
reversal methods not only encode the information of the desired acoustic image, but also
the skull aberrations introduced in the wavefront. In this way, curved and flat transducers
with holographic lenses coupled to them can be used positioned at any bone of the skull
and obtain a precise focus without lateral lobes or undesired focusing. One general
problem of transmitting pressure waves through the skull is the local heating of it. In
general, the thicker the bone is, the worse it is. This can turn into undesired skull, skin
or brain heating. One solution to this is applying ultrasound from the temporal bone,
the thinnest part of the skull, located at the temples. Results, presented in Chapter 6,
show that using acoustic holograms from this region several structures of neurological
interest can be treated, such as the thalamus. As explored, using acoustic holograms,
skull aberrations produced by conventional focused transducers are corrected and the
focus can be adapted to a specific target and even produce two bilateral focal spots to
treat the thalamic nuclei in both hemispheres at the same time. The amount of skull
heating is reduced compared with the same focusing through other skull bones, with
the advantage for the patient of not needing to shave the area to be treated. Also, these
lenses present good performance under small misalignments. Nevertheless, numerical
results show that if the positioning error committed is high, the lens focus is completely

143



Chapter 9. Conclusions

lost, and the same effect occurs when using the same lens for different patients. In this
sense, the lack of adaptability of holographic lenses as a passive and non-reconfigurable
element is their main drawback, although their low manufacturing cost makes them still
worthwhile.

Holography is not only useful for designing acoustic images but also to measure pres-
sure fields, as exposed in Chapter 7. With holography, a single-plane measurement can
be turned into a full volumetric image provided that it is performed in free-field, i.e,
without any absorbing or distorting medium that prevents the time-invariance from be-
ing fulfilled. This procedure is very useful to evaluate any holographic lens performance,
no matter how complex its generated acoustic image is, saving measuring time and stor-
age resources. Also, it allows acoustic field assessment in places where the hydrophone
cannot reach for reasons of space or logistics, and even knowing if there are regions
where pressure is higher than expected. Another strength of this technology with great
potential is the evaluation of the acoustic field at the exit plane of the lens. In this way,
these techniques can be used to evaluate and quantify how different is the obtained field
from that the lens was designed to encode, and use this information in a reciprocal way
to improve the lens design.

Finally, in the case of designing holograms for pre-clinical testing with animals, the
problems mentioned above are, in general, not so important. As exposed in Chapter 8§,
numerical simulations reveal that when focusing inside a macaque’s brain, a general-
purpose lens can be used. In this particular case, the skull of the animal is small and
thin, with an average thickness of 2 mm [209] compared with the average human skull
thickness of 8 mm [210], so for ultrasound of therapeutical frequencies, around 500 kHz
(with wavelength in the skull of 4 mm), the acoustic field is not very distorted. The results
obtained in this eighth chapter support the hypothesis, and in this sense, holographic
lenses are well-suited for in-vivo experiments with small non-human primates.

In summary, holographic lenses have great potential for precise and low-cost therapy
both in soft tissues and inside the brain, where their ability to encode aberrations intro-
duced by stiff layers such as the skull is fully exploited. There is still room to research
both in new methods to design holographic lenses for a better encoding of the desired
field, and in the use of the already developed technology applied in the biomedical field,
with demonstrated successful experiments in small animals and non-human primates. |
hope that this thesis will contribute to further progress in the design and application of
holographic lenses and help to bring this technology to clinics as an effective and low-
cost alternative to current technologies.
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9.2 Future work

Future work must be focused on obtaining good quality volumetric acoustic images. All
the work done so far aimed to obtain acoustic images in a transversal or axial plane.
Transversal holograms are very visual and can generate good quality acoustic images in
the plane where they are defined to be, but in general there is a lack of control of the
energy that falls outside this plane. On the other hand, axial holograms have a good
control of where the energy is delivered, but they can only tune the acoustic focus by
enlarging it or generating specific acoustic beams, like Bessel beams, even not a precise
control of the image is accomplished. Very recently, Melde et al. have shown the creation
of 3D acoustic images with several transducers by employing Deep-Learning methods
[56]. Future research on acoustic holograms must be directed into the design of better 3D
holograms, exploiting the full potential of the new Artificial Intelligence algorithms, and,
as a final objective, be able to compensate aberrations created by the skull to completely
adapt the acoustic beam to the whole volume of a brain structure. These same algorithms
could be used in applications where it is not only important to control the shape of the
hologram but also its amplitudes in different regions, like varying the maximum acoustic
pressure in BBBO applications to account for differences in grey and white matter, as
has been recently explored in free field [83].

In this way, low-cost systems based on acoustic holograms would be a good alternative
to the actual phased array systems, providing precise treatments in very short time with-
out the need of very complex electronics. Volumetric holograms could be also obtained
by encoding the full wave information, i. e., both phase and amplitude. More research
should be done in printable acoustic metamaterials which are able to tune all this infor-
mation into a simple prototype, by changing the shape of the pixels or by making lenses
of different printable materials and in this way achieve independent and precise control
of both phase and amplitude.

Another important improvement to make holographic lenses gain importance in clinics is
managing to make them dynamically reconfigurable or build them in a very fast way, so
that at the time of applying it, it could rapidly change the location and shape of the ther-
apeutic focal spot. With the development of 3D-printing technology and new techniques
for matter assembly I believe that quick manufacturing of holographic lenses would be
possible even at the same medical facility. On-site manufacturing can help reduce fab-
rication, transportation and deployment costs, and help bring this technology to clinical
practice.
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