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Ultrasound Imaging
Use a low-amplitude acoustic waves to image the tissue.
- Classical US: Morphology + flow
- New: Molecular contrast
- New: Functional ultrasound

Therapeutic ultrasound
Use a high-intensity focused beam of acoustic waves to 
a biological effect on the tissues
- Thermal mechanism
- Mechanical mechanism

On the brain
- Thermoablation (HIFU)
- Hyperthermia
- Histotripsy
- Neuromodulation
- Drug delivery by BBBO
- Drug delivery carriers

Introduction



Efectos biológicos de los ultrasonidos
Efectos mecánicos
Incluyen desde la vibración de los tejidos 
hasta la cavitación. 
Cavitación
Los ultrasonidos interaccionan con los gases 
disueltos y microburbujas. Los gases pueden
► Estar presentes en el organismo
► Generarse mediante la misma acción del ultrasonido 

(rarefacción), 
► Inyección externa como agentes de contraste 

ultrasónico 
La cavitación puede ser

► Estable: las microburbujas oscilan bajo la acción del 
US

► Inercial: Colapso de la burbuja debido a la acción 
del US

Streaming acústico
Generación de un flujo en fluidos viscosos 
como la sangre
Fuerza de radiación acústica
Generación de esfuerzos localizados en 
sólidos viscoelásticos como los tejidos

Nuevos horizontes para la terapia médica mediante ultrasonidos focalizados
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Gas microbubbles and cancer 
cells interact under the influence 
of low-energy, clinically safe 
ultrasound. The microbubbles are 
seen to enter, bounce ons, drill 
into, and fuse with the cells all 
within a few seconds of ultrasound 
application.

almost at rest
(in acoustics) 

violent motion
(in acoustics)

gentle motion
(in acoustics)



Focusing challenges

Transcranial aberrations
► Refraction
► Absorption
► Reflection
► Scattering
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Normal incidence Oblique incidence






Transcraneal ultrasound therapy systems

Intracranial implants
► Implanted in a burr hole (diagnostic 

biopsy or post tumor resection 
glioblastoma)

► Invasive
► Poor focusing
► Fixed focus
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► Magnetic resonance-guided 
focused ultrasound (MRgFUS)

► Skull aberrations mitigated
► Focal steering
► MRI guided: thermometry
► Limited steering: diffraction lobes
► Expensive

Single element transducer
► Simple, cheap
► No aberration correction
► Uncontrolled focusing
► Focus change on steering

Phased array
► Skull aberrations mitigated
► Focal steering
► Limited steering : diffraction lobes
► Moderately expensive



Focusing challenges

Focusing
► Phased arrays provide good focusing and aberration correction 
near the center, but.... 
► Elements are separated (much) more than half a wavelength 
apart
► Diffraction grating lobes appear (as in audio line arrays)
► Focusing capabilities are limited.

Example
► InsightTech's Exablate Neuro 4000
► 1024 elements covering the entire head
► Good focus near the geometric center (e.g., thalamus)
► Poor focus on other nuclei or CNS cortex



HippocampusThalamic nuclei Caudate nucleus

Focusing challenges

Complex target morphology
► Can we adapt the beam to the therapeutical target?

7http://www.brainfacts.org/3D-Brain 

http://www.brainfacts.org/3D-Brain#intro=false&focus=Brain


Acoustic holograms
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Acoustic beam

Holographic lens

Target structure
Ultrasound source

Jiménez-Gambín, et al. Phys Rev Appl 12 014016 (2019)

Acoustic hologram
► Encode a time-reversed (phased-conjugated) 

wavefront in a 3D-printed holograms

Benefits
► Correct skull aberrations
► Generate arbitrary acoustic images
► Low-cost system
► MRI compatible



Why holograms?

High pixel density: 
► Frecuency: 1 MHz  λ = 1.5 mm 

No grating lobes.
► Separation < λ/2

Wide angular spectrum:
► Encode multiple scattering,
► Reflections,
► Reverberation.

Patient specific:
► Compensate refraction aberrations.

Treatment specific:
► Simultaneous focus on therapeutic target.

a

NaviFus: 1024 elements

b

Insightec Exablate: 2048 elements

Histosonics: 1024 elements

c

Holograms: > 100.000 elements

d



Acoustic holograms

Protocol
► Planning: MRI (soft tissue segmentation) + X-ray CT (bone properties)
► Backward propagation: Time reversal simulation (phase conjugation)
► Lens design: 3D printing
► Forward propagation: validation and treatment

10Jiménez-Gambín, et al. Phys Rev Appl 12 014016 (2019)



Acoustic holograms

Hologram design
► Record field at the holographic surface

► Each pixel vibrates longitudinally (elastic Fabry-Perot resonator)

► Find the heigh function             producing

where * is complex conjugation (time-reversal in frequency domain)

► Then build your .STL file and 3D-print it!
11Jiménez-Gambín, et al. Phys Rev Appl 12 014016 (2019)
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Acoustic holograms

Using the temporal window
► Low thermal dose and deep-brain focusing

13Diana Andrés, et al. Ultrasound in Medicine & Biology 48 (5) 872-886 (2022)

► Standard focused transducer (650 kHz)

► Transtemporal hologram



Focusing acoustic vortices through the skull

14Jiménez-Gambín, et al. Phys Rev Appl 12 014016 (2019)



Focusing acoustic vortices through the skull

Topological charge can be tuned
► Aberration correction
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► Particle trapping: potential for clot manipulation

Jiménez-Gambín, et al. Phys Rev Appl 12 014016 (2019)



In-vivo validation for BBBO

Bilateral blood-brain barrier opening
► First in-vivo application of acoustic holograms

16
Focused ultrasound for therapeutic applications / 2019

Jiménez-Gambín, et al. IEEE Transactions on Biomedical Engineering 69 (4) 2022
(featured at the cover May 2022)

In collaboration with E.E. Konofagou, Columbia University (NYC, USA)



In-vivo validation for BBBO

Bilateral blood-brain barrier opening
► First in-vivo application of acoustic holograms
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In collaboration with E.E. Konofagou, Columbia University (NYC, USA)

Jiménez-Gambín, et al. IEEE Transactions on Biomedical Engineering 69 (4) 2022



In-vivo validation for BBBO

Lens performance in water
► Bilateral elongated focal spots

18Jiménez-Gambín, et al. IEEE Transactions on Biomedical Engineering 69 (4) 2022



In-vivo validation for BBBO

Bilateral blood-brain barrier opening
► First in-vivo application of acoustic holograms
► Kaleidoscopic TR focusing: Diffraction-limited focal spots
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1.6 MHz

Jiménez-Gambín, et al. IEEE Transactions on Biomedical Engineering 69 (4) 2022



Thermal holograms

Thermal patterns for ultrasound hyperthermia
► Mild and local rise temperature
► Activate immune system
► Enhance drug administration
► Enhance chemotherapy

In collaboration with Jonathan Vappou, CNRS (France)

Experimental setup

D Andrés, et al. Applied Physics Letters, 120 (8), pp. 084102, (2022)

Acoustic field
Simulation Experiment



Holographic thermal patterns

Experimental demonstration (weakly nonlinear regime) 
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Thermal pattern
Simulation Experiment

IR camera (FLIR TG165 )

► 3D printed hologram
► Plane transducer: 2a = 50 mm, f = 1,1 MHz
► Max pressure ~ 2 MPa (weakly nonlinear) 

► Cow liver tissue
► Measurements: thermal imaging infrared 

camera

Moderador
Notas de la presentación
We after evaluated the created thermal pattern
Experiments were carried out in a piece of cow liver and recorded with a thermographic camera. In a setup like the one shown here The piece of tissue had 2-cm thickness so that the thermal hologram will be created in the Surface and well recorded by the infra-red camera. Here we can see the experimental thermal pattern obtained while the transducer was driven in a continuous mode with images taken at a rate of 11 frames per minute. Both simulated and acoustic thermal holographic patterns are in complete agreement even though the experiment had different boundary conditions because it had an interface between soft tissue and air where ultrasound waves Would be reflected that was not considered in the simulation





Holographic thermal patterns

Experimental demonstration (weakly nonlinear regime) 

22

► 3D printed hologram
► Plane transducer: 2a = 50 mm, f = 1,1 MHz
► Max pressure ~ 2 MPa (weakly nonlinear) 

► Gelatin + milk phantom
► Measurements: 1.5-Tesla MRI thermometry

1.5T Aera MRI (Siemens)
Strasbourg facility Thermal pattern

IR Camera MR thermometry

Moderador
Notas de la presentación
For more experimental validation and in order to determine the temperature map profile inside a tissue and not only on its surface, we measured the same hologram with Proton Resonance Frequency Shift MR-thermometry (MRT) at 1.5T in Strasbourg, in collaboration with the Icube laboratory. This experiment was done with a gelatin-milk phantom and with a lateral resolution of 2,3 mm. We can see here how inside the tissue we get almost the same pattern at the same instant of time.

We have thus demonstrated the possibility of creating thermal holograms with 3D printed leneses coupled to ultrasonic Transducers. But these thermal patterns, although very beautiful and curious, are of no biomedical interest or application.




Thermal holograms

Thermal patterns for ultrasound hyperthermia
► Mild and local rise temperature
► Activate immune system
► Enhance drug administration such as chemotherapy 

1.5-Tesla MRI thermometryThermal simulationExperimental setup

D Andrés, et al. Applied Physics Letters, 120 (8), pp. 084102, (2022)



Thermal holograms

Thermal patterns for ultrasound hyperthermia
► In-vitro tested on human U87-MG glioma spheroids (glioblastoma)

In collaboration with Gail Ter Haar, ICR (UK)

Tumour
spheroids

Andrés, et al. Cancers, 15(9), 2540 (2023)



Thermal holograms

Look for uniform thermal dose on spheroids
► What is the optimal field?

Uniform field at targets

Nonuniform temperature distribution
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Transverse direction Transverse direction
Andrés, et al. Cancers, 15(9), 2540 (2023)
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Thermal holograms

Thermal patterns for ultrasound hyperthermia
► What is the optimal field?

Nonuniform field at targets

Uniform temperature distribution
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Thermal holograms

Thermal patterns for ultrasound hyperthermia
► What is the optimal field?

Nonuniform field at targets
Uniform temperature distribution

Andrés, et al. Cancers, 15(9), 2540 (2023)



Phase and magnitude holograms

Are holograms synthesizing the exact wavefront?
► Use holography to measure holograms

Andrés, submitted (2023)
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Holographic measurement plane

Holographic projection plane
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Phase and magnitude holograms

Are holograms synthesizing the exact wavefront?
► Use holography to measure holograms

Projection inside the skull Volumetric field rendering

Andrés, submitted (2023)
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Phase and magnitude holograms

Are holograms synthesizing the exact wavefront?
► Use holography to measure holograms
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Metamaterial holograms

Tune magnitude and phase
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Phononic-crystal holograms

Tune magnitude and phase
► Topology: a two-layer phononic crystal
► Unit cell: (two plastics for Polyjet ® printers)
► Unit cell (~ 5mm), air voids (~50 um)
► Analytical TMM unit cell model.

Argand diagram
► Full phase and amplitude
► All combinations of phase and amplitude



Phononic-crystal holograms

Tune magnitude and phase
► Topology: a two-layer phononic crystal
► Unit cell: (two plastics for Polyjet ® printers)
► Unit cell (~ 5mm), air voids (~50 um)
► Analytical TMM unit cell model.

Argand diagram
► Full phase and amplitude
► All combinations of phase and amplitude



Phononic-crystal holograms

Tune magnitude and phase
► Topology: a two-layer phononic crystal
► Unit cell: (two plastics for Polyjet ® printers)
► Unit cell (~ 5mm), air voids (~50 um)
► Analytical TMM unit cell model.

Argand diagram
► Full phase and amplitude
► All combinations of phase and amplitude



Phononic-crystal holograms

Tune magnitude and phase
► Topology: a two-layer phononic crystal
► Unit cell: (two plastics for Polyjet ® printers)
► Unit cell (~ 5mm), air voids (~50 um)
► Analytical TMM unit cell model.

Argand diagram
► Full phase and amplitude
► All combinations of phase and amplitude



Phononic-crystal holograms

Tune magnitude and phase
► Topology: a two-layer phononic crystal
► Unit cell: (two plastics for Polyjet ® printers)
► Unit cell (~ 5mm), air voids (~50 um)
► Analytical TMM unit cell model.

Argand diagram
► Full phase and amplitude
► All combinations of phase and amplitude



Phononic-crystal holograms

Tune magnitude and phase
► Topology: a two-layer phononic crystal
► Unit cell: (two plastics for Polyjet ® printers)
► Unit cell (~ 5mm), air voids (~50 um)
► Analytical TMM unit cell model.

Argand diagram
► Full phase and amplitude
► All combinations of phase and amplitude



Metamaterial holograms

Tune magnitude and phase
► Topology: structure with at least 2 degrees of freedom
► Single resonator (plastic + air)
► Unit cell (~ 1 mm), air voids (~50 um)
► Analytical TMM unit cell model.
► Numerical FEM validation for transmission

Argand diagram
► Full phase and amplitude
► All combinations of phase and amplitude
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Conclusions

Acoustic Holograms
► Aberrations due to stiff layers can be corrected
► Sharp acoustic images are restored
► Low-cost systems: (passive) phased-array
► Cheap MRI compatible
► Miniaturize

Single element 
transducers

Phased-arrays
systems

3D Printed
Lenses

Volumetric 
Holograms

Reconfigurable 
metasurfaces

Drawbacks
► Patient specific
► Narrow band: limitations on angular spectrum 

and type of signals
► 3D printed materials absorb US, can heat and 

deform on long pulses if not refrigerated
► Impedance matching with US transducer?

Ongoing work
► Hologram design for specific applications: non-human primates (CINAC) and human trials (NYC)
► Broadband / phase and amplitude holograms: phononic crystals and metamaterials
► Reconfigurable holograms: Towards active spatial-sound modulators (for high-amplitude US)
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