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What is Focused Ultrasound?
Like a magnifying glass focuses light, focused ultrasound 

concentrates ultrasound energy on a target in the body without 
harming nearby tissue.

HIFU vs LIFU

High Intensity focused ultrasound (HIFU)
• Irreversible cell death
• Surgical Ablation (e.g. Essential tremor)

Low-intensity focused ultrasound (LIFU)
• Reversible biological effects
• Safe and repeatable
• More focused than e.g. magnetic/electric fields
• Manifold applications in e.g. tissue 

permeabilization, neuromodulation, WPT
• Poised to enter more and more field in 

biomedical research

Therapeutic Low intensity focused ultrasound
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Therapeutic Low intensity focused ultrasound

What Can it Treat?
Worldwide, focused ultrasound is approved to treat more than 20 diseases and is being researched to treat many more.

Note: ALL HIFU
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Therapeutic Low intensity focused ultrasound

Therapeutic applications range from deep brain neuromodulation to reversible blood-brain barrier opening for a local 
enhancement of therapeutics uptake into the brain tissue. 



Meng et al., Nature reviews (2020)

Low intensity focused ultrasound systems

➢ ExAblate Neuro

➢ SonoCloud

➢ NaviFUS

✓ Very precise (MR guidance and multi array)
X Expensive
X It’s use for LIFUS applications limited by the company

✓ Already in use in clinical trials aiming at treating brain tumors
X Suitable only for BBB opening and drug delivery
X Invasive

✓ Already in use in clinical trials 
✓ Suitable both for BBB opening and NeuroStimulation
✓ Less expensive than ExAblate
X Single Element transducer (larger focus than with phase arrays)
X Not MR guided



Acoustic Neuromodulation



Acoustic Neuromodulation: Mechanisms

There are numerous hypotheses that aim to explain the 
modulation mechanisms induced by FUS.

These assumptions are based on

➢ Mechanical Effects:

The interference of ultrasound with the depolarization of the 
membrane through its mechanical deformation.

Activation of mechanosensitive ion channels in neurons and 
other types of brain cells such as astrocytes

➢ Thermal effects



Mechanical Effect
The mechanical energy of ultrasound generates periodic expansions and contractions of the membrane. 
The effect is mediated by various mechanisms.

1st mechanism: activation of mechanosensitive proteins
The pressure of the acoustic radiation mechanically lengthens the lipid bilayer of neurons by 
opening voltage-gated ion channels with mechanosensitive properties, including sodium, 
calcium and potassium channels (Na +, Ca2 + and K +), which in turn cause depolarization and 
neuronal excitation .

Lee et al., Journal of Korean Neurosurgical Society (2018)

2nd mechanism: Cavitation
The mechanical energy of ultrasound generates periodic expansions and contractions of the 
membrane (CAVITATION) which modify its capacity. This phenomenon creates capacitive 
currents, which can potentially activate voltage-gated sodium and potassium channels

Di Biase al., Frontiers in Neurology (2019)

Acoustic Neuromodulation: Mechanisms



Thermal Effect
Only in certain acoustic regimes (high intensity, DC, RPF).

The acoustic energy is absorbed and dispersed in the passage of the FUS in the tissues. The energy 
released by the ultrasonic beam to the tissues is converted into heat, which generates a local 
temperature rise and modification the capacity of the membrane.

Acoustic Neuromodulation: Mechanisms

The thermal effect can alter neuronal functions **
➢ Reversibly modify synaptic transmission (therapeutic action)
➢ Irreversibly denaturing proteins (harmful action)
➢ Thermoablating the tissue (non-functional action to neurotransmission)

** To avoid potentially harmful overheating effects, the American Institute of Ultrasound in Medicine (AIUM) has set the following acoustic intensity limits not to be exceeded 
in experiments on mammals (including humans)

intensity <100 mW / cm2 / temporal exposure <500 s for unfocused ultrasound
intensity <1 W / cm2 / temporal exposure <50 s for FUS.



Acoustic Neuromodulation: Possible applications

FUS treatments:

➢ Alzheimer’s Disease
➢ Depression
➢ Epilepsy



FUS-induced 
Blood- Brain Barrier Opening
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Blood Brain Barrier:
Allows:
✓ the passage of water, some gases, and lipid-soluble molecules by passive diffusion
✓ the selective transport of molecules such as glucose and amino acids that are crucial to neural function

Impedes:
the passive diffusion of 95 % of small molecules and 100% of biotherapies,
especially ionic, hydrophilic or large (> 400 Da) molecules

X

The blood-brain barrier is the limiting factor to cure brain diseases but it can be 
transiently disrupted using ultrasound

..but it can be transiently opened by using ultrasound!

CIAS for Jim Perkins

✓ Water 
✓ Oxygen
✓ Glucose

Brain Extracellular Space

Injection of MRI T1
contrast agent

(Dotarem, 500 Da)



microbubbles intravenous injection
+

low intensity pulsed focused ultrasound
=

Reversible BBB opening

(Hynynen et al., Radiology, 2001)

Ultrasound aided drugs delivery within the brain

Prof. I. Aubert, University of Toronto



Ultrasound aided drugs delivery within the brain



Ultrasound aided drugs delivery within the brain

Technique mainly used to:

➢ Target Delivery of theranostics particles/ therapeutics molecules to specific regions of the 
brain (e.g. anti-amyloid antibodies delivered to reduce widespread plaque pathology
antibodies, plasmids and viral vectors)

➢ Treatment of brain tumours where the access of the drug would be limited to the tumour
and it's periphery (principally chemioterapeutics)

• reducing of the administrated particles dose
• preventing from accessing the remaining healthy brain tissue



Ultrasound aided drugs delivery to brain tumors
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Brain tumors therapy is limited by 

➢ Blood-Tumor Barrier, more permeable than BBB
➢ Blood-Brain Barrier, still intact in the infiltrative areas. 

Previous studies have already used Ultrasound to deliver particles to brain tumors…

P.C. Chu, 2015
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Brain tumors therapy is limited by 
➢ Blood-Tumor Barrier, more permeable than BBB
➢ Blood-Brain Barrier, still intact in the infiltrative areas. 

➢ Invasive

➢ The position of the transducer is 
fixed: only one region of the brain 
can be treatead

Ultrasound aided drugs delivery to brain tumors



The goal of this study:
• Enhancing radiosensitizing nanoparticles concentration within tumors, 

by using delivery induced by focused ultrasound

8 points sonication
covering the peripheric areas of  the tumors

• Study their uptake and clearance to choose the best time for radiotherapy

Ultrasound aided drugs delivery to brain tumors
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Animals: 
8 Ficher rats (WT)
Age: 6 months old
Sex: Female
Weight: 250 g (before tumor implantation)-180 g (at the sacrifice)
Tumor cells: 9Lp + 12.5 µL (20 millions/mL) 
Implantation of two tumors (one used as control)
Treatment: 2-3 weeks after the tumor implantation
Ultrasound: 8 points sonication, 1.2 MPa, 1.5 MHz, 3% DC (3 ms time per shot/ 115 ms pause)

Materials and Methods:

Ultrasound aided drugs delivery to brain tumors
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Compound used:

Materials and Methods:

AGuIX : 50 µmol of powder diluted in 200 µL pf PPI water + 160 µL of Dextran (25 mg/mL, size 70 kDa).

AGuIX ®

Kotb et al, Theranostics 2016

AGuiX is a theranostic agent since :
• The efficacy of radiotherapy can be boosted by using high-atomic-number materials such as 

gadolinium to increase the target's absorption of ionizing radiation.

• Gadolinium acts as an MRI contrast agent.

Ultrasound aided drugs delivery to brain tumors



Compound used:

Materials and Methods:
AGuIX

Ultrasound aided drugs delivery to brain tumors
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Validation of the model through in vivo experiments

Larrat et al., 2010
Magnin et al., 2015

Experimental set up to open BBB under MRI
Motors to target and choose the location and extent of the BBB disruption

Thermoguide software 
7T MRI scanner

1.5 MHz transducer
1.2 MPa

3% duty cycle for 120s
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Experimental protocol to open BBB under MRI
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Dotarem , dH=1.5 nm (n=3)
Gadovist, dH=1.6 nm (n=3)
MultiHance, dH= 2.3 nm (n=3)

9 male 
Sprague-Dawley rats

1.5 MHz transducer
1.2 MPa
3% duty cycle for 120s

200 µL SonoVue



Post-processing:
1) Co-registration of the T2w-images with the concentration maps

2) Manual definition of a 3D ROI inside each tumor

3) Study of the AGuiX concentration in the ROIs, both in the sonicated and in the control  tumor, over time
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Tumor delivery of radiosensitizing nanoparticles



What happens along time?
Visually..

NO US

US
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t=7 mint= 20 mint= 33 mint= 46 mint= 68 mint= 81 mint= 94 mint= 107 mint= 126 min

8 points sonication

Tumor delivery of radiosensitizing nanoparticles



0

0,01

0,02

0,03

0,04

0,05

0,06

0,07

0 20 40 60 80 100 120 140

Rat 20 NO US

Rat 20 US

Fit (US)

Fit (No US)

T (min)

m
e

an
C

A
 (

m
M

)

Results
Mean concentrations’ Fit (Wash-in, wash out model): 𝑪𝑨 𝒕 = 𝑨 ∙ (𝟏 − 𝒆−

𝒕

𝑪) ∙ 𝒆−
𝒕

𝑩

A (no US)=0,061 mM
B (no US)= 167 min
C (no US)= 1 min 45’’
R2=0,9862

A (US)=0,071 mM
B (US)= 186 min
C (US)= 2 min 30’’
R2=0,9979

(Tofts et al, JMRI. 1999 Sep;10(3):223-32)

No US

US

t=7 min t=20 min t=33 min t=46 min t=68 min t=81 min t=94 min t=107 min t=126 min

Tumor delivery of radiosensitizing nanoparticles



Nanoparticles concentration delivered with both methods

Sonicated tumor shows higher nanoparticles maximum concentrations
for both acoustic strategies

Results
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Radiotherapy effects

Comparison of the effects of a single dose of AguiX-enhanced RT (25 Gy) in animals carrying GBM with or without FUS. 

➢ Combining AguiX + RT actually induces tumor shrinking. Crucially, the extent of this shrinking is enhanced by 
approximately 170% by FUS application. 

➢ Also, after tumor growth resumes at a later timepoint, when using FUS + AguiX it is still only at 27% of the tumor growth 
observed when using AguiX alone

➢ Evolution of tumor volumes after radiotherapy administration. Blue, orange and grey curves represent tumors 

treated when 68%, 72%  and 93 % of the maximum amount of AGuiX deliverable are present within their 

volume. 



MFAG 2020 ID24636 SG-2019-12369035

enhancing radiotherapy in Glioblastoma 
through focused ultrasound 



FUSRADIO: enhancing radiotherapy in persistent Glioblastoma through focused ultrasound 

✓ AIFA approved
✓ Approved by the local ET
✓ Insurance insurance taken out

NanoGBM-Precision



FUSRADIO: enhancing radiotherapy in persistent Glioblastoma through focused ultrasound 

30 GBM
Two stage Simon 

Phase II Trial

INCLUSION CRITERIA

Previous partial resection, biopsy or radiological
diagnosis

Not fit for Standard Radiotherapy (60 Gy/30 
fractions of 6 weeks)

EXCLUSION CRITERIA

Contra-indication, sensitivity or allergy to 
gadolinium

Patients unable to undergo or tolerate MRI

Previous brain irradiation

< 18 yo



FUSRADIO: enhancing radiotherapy in persistent Glioblastoma through focused ultrasound 

Subject
Screening

Day 1: AGuiX administration (0.1 
mmol/kg))

[...]
1 week

RADIOTHERAPY (40Gy/15fractions)

+ TMZ

Day 8: MRI Day 15: MRI

MRI without NPs
(rs-fMRI, T1-w, T2-w, MR-Angiography)

• QOL assessment
• PET
• MRI without NPs

(rs-fMRI, T1-w, T2-w, MR-Angiography)

Followup 
(At month 3, 6, 9, 12)

• MRI with NPs
1 hour after Aguix administration (CA maps)

• QOL assessment
• PET
• MRI without NPs

(rs-fMRI, T1-w, T2-w, MR-Angiography)

Objectives:
• Assessment of AGuIX Activity as a RT therapy enhancer for treating pGBM.
Evaluation of the effects of the AGuIX+RT protocol in pGBM on:
Tumour volume Volume;
Tumour vasculature and metabolism;
Progression-free survival (PFS)
Overall Survival (OS);
Quality of life (Qol);
Cognitive abilities;
The evaluation of side effects arising during RT+TMZ.

Expected to start 
the recruitment in January 2023
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