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“New” therapeutic ultrasound applications
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Rely on old mechanisms of action: broadly divided into thermal, mechanical, cavitational

Thermal

Absorption of sound

© 2005 Nature Publishing Group 

 

PERS PECTI VES

possible increase in tumour metastasis fol-

lowing treatment with HIFU towards the

exciting possibility of direct HIFU-induced

enhancement of cancer-specific immunity

after treatment. The T-cell-mediated

immune response predominates in cellular

antitumour immunity20, and enhanced T-

cell immunity is one proposed mechanism

for which recent evidence has emerged21.

Another study, which used a mouse model,

has taken this one step further, indicating a

specific antitumour response following

tumour ablation, and proposing that in situ

tumour ablation provides an antigen source

for the generation of antitumour immu-

nity22.An alternative mechanism that might

also enhance cellular immunity involves the

release of heat-shock proteins (HSPs),

which can stimulate cytotoxic T-cell activity.

Upregulated expression of HSPs has been

reported following radiofrequency abla-

tion23, and Marberger’s group in Vienna has

also raised the possibility of HSP-mediated

immune activation following HIFU24.

Another important clinical considera-

tion is the safety and side-effect profile of

treatment itself. Among the early reports of

extracorporeal HIFU as a cancer therapy,

Visioli et al. described results of a Phase I

study conducted at The Royal Marsden

Hospital (Sutton, United Kingdom), in

which they treated tumours of the liver, kid-

ney and prostate. They encountered few

treatment-related symptoms, with the most

severe being moderate pain over the

exposed site in 2 of 14 treated patients25.

Using a different device in Paris to treat

superficial bladder tumours,Vallancien et al.

also documented few complications,

although theirs included skin burns in 2 of

20 patients26.More recent reports have again

identified local pain, transient fever and skin

toxicity as the most frequently occurring

adverse events5,6,27. Pain is usually transient,

mild and short-lived. Fever is thought to be

caused by a combination of the release of

intracellular ions, nucleic acids, proteins and

their metabolites into the extracellular

space.Skin toxicity is usually limited to sub-

centimetre superficial burns and occurs

because energy deposition outside of the

focal region is maximal at interfaces

between tissues of differing acoustic imped-

ances. The most significant of these inter-

faces is the skin surface, which explains the

occurrence of skin burns.

There have also been considerable data

arising from the use of transrectal HIFU for

the treatment of prostate cancer. In this case,

the list of potential side effects is similar to

that for other existing treatments such as

The clinical evidence so far would also seem

to refute any such early concerns.Several inves-

tigators have now described their own experi-

ence following the clinical use of HIFU in vari-

ous settings (see below).There have been no

reports of any apparent increase in rates of

metastasis. In one series of treatments, the

authors commented on the lack of clinical

progression of pre-existing lung metastases

following HIFU treatment of eight advanced

primary renal-cell cancers8. Although this

phenomenon has been reported previously

following other local therapies for renal-cell

carcinoma (including surgery), the same

investigators in Chongqing,China,have also

presented their observations of two separate

instances of regression and disappearance of

lung metastases following HIFU treatment of

primary osteosarcoma in the absence of any

systemic therapy (F.Wu,personal communi-

cation). By contrast, following the surgical

resection of various types of primary malig-

nancy, the phenomenon of rapid progression

of distant metastases has been well docu-

mented. Many potential mechanisms have

been implicated for this, including the release

of growth factors in response to surgical

injury,a disturbance in the balance of pro-and

anti-angiogenic factors released by the

tumours themselves,and a generalized post-

operative state of immune suppression. The

best understood of these factors is that of

immune suppression19.

As a result of the type of observation dis-

cussed above, attention has now turned full

circle from original concerns regarding a
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Figure 1 | Schematic showing the principles of high-intensity focused ultrasound. a | An

extracorporeal source generates an ultrasound beam, which forms a cigar-shaped focus deep within the

target tissue (liver). The volume of ablation (‘lesion’) following a single high-intensity focused ultrasound

exposure is small and will vary according to transducer characteristics, but is typically in the order of 

1–3 mm wide by 8–15 mm in length along the beam axis. b | Schematic illustrating application of

sequential ‘single lesions’ to achieve tumour volume ablation. The lesions must be placed side by side

systematically to ‘paint out’ the target tumour and some of the surrouding normal tissue margin. 
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UCL Biomedical Ultrasound Group

Best-known for the k-Wave toolbox 

(>15 000 users, >2000 citations)

Validated for: 

free field, glycerol wedges

Validation underway for:

Transcranial Ultrasound

Rui Xu – Modelling & metrology for new ultrasound applications
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focal pressure focal position

0.8% 0.2 mm

focal pressure focal position

1.4% 0.6 mm
Difference:

Modelling propagation through fluid phantoms
Fields can be modelled accurately if we know medium properties and geometry

Martin et al, IEEE UFFC, 67(1), 2019
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Skull propagation: model – measurement comparison

Rui Xu – Modelling & metrology for new ultrasound applications

Model can predict field reasonably well given we don’t have all the information

hydrophone

skull

transducer 400 kHz

Differences:

amplitude   5 - 30%

position      0.7 – 5.8 mm 

volume overlap     56 - 75% 

750 kHz

f0 = 270, 400, 

750, 1000 kHz

64 mm diameter

64 mm ROC

k-Wave fluid model Krokhmal & Martin, in review, 2024



Comparison of peak pressure in simulation and experiment
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Skull 2147Skull 2117

The skull introduces significant aberration increasing with frequency and well captured in simulation

Krokhmal & Martin, in review, 2024



Transcranial focused ultrasound neuromodulation
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1950s - experiments with craniotomies – too invasive [1]

2002/3 – CT-based transcranial aberration corrections [2,3]

2013 – Insightec system for non-invasive essential tremor 

      treatment [4]

         – dose: thermometry, CEM43℃

201X – renewed interest in ultrasonic neuromodulation

   – challenge: exposure parameters to “dose”

[1] Fry, Ades & Fry, Science, 1958 [2] Clement & Hynynen, Physics in Medicine & Biology, 2002 [3] Aubry et al., JASA, 2003 [4] Lipsman et al., The Lancet, 2013

Photo from: Sunnybrook Health Sciences Centre, 2022. 300th patient. 
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Experimental validation of treatment planning pipeline
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Experimental validation of k-Plan fields with skull registered in helmet to test focusing and steering coordinates

Martin et al., in review, 2024



10

Online sonication of LGN modulates visual evoked potentials
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Significant changes in activity on fMRI in V1 in each participant, no change when stimulating control region

Martin et al., in review, 2024



Opportunities for focused ultrasound spinal cord neuromodulation
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Small animal studies have shown:

- spontaneous discharges in ex vivo spinal cord (toad)

- increases or decreases in reflex amplitude 

- increases or decreases in muscle recruitment

- increases in grasping strength

- decreases in spasticity

Potential for treating movement disorders?

Motivation: advances in electrical stimulation

Rowald et al., Nature Medicine, 2022

Xu et. al., Ultrasound in Medicine & Biology, 2024



Challenge: Focusing ultrasound through the spine
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Xu & O’Reilly, Physics in Medicine & Biology, (2018)



Source of error: hydrophone directivity
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Approach: array + image-based aberration correction
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Xu & O’Reilly, IEEE Transactions on Biomedical Engineering, (2019)



Further challenges and opportunities in trans-spine focusing
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Sound speed across multiple 

vertebrae/spines
AnisotropyImproved Aberration Correction

Heating

Geometric Delays Ray Acoustics Hydrophone

Xu & O’Reilly, JASA, 2022 Martin et al., Physics in Medicine & Biology, 2024 Xu et al., Physics in Medicine & Biology, 2024



Challenge: spinal cord safety
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Currently no human or human-scale

experiments

Xu et. al., Ultrasound in Medicine & Biology, 2024



Approach: 
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Xu et al., Physics in Medicine & Biology, 2024



Human scale simulations show high variance in sonication 

‘efficiency’
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Currently no human or human-scale experiments

Xu et al., Physics in Medicine & Biology, 2024



Future work
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Establish damage threshold in large animal 

model(s)

Establish accurate array-spine registration

 

Improve methods for trans-spine aberration

correction – k-Wave



Cell & organ cryopreservation is limited by slow rewarming

Ice crystal growth at higher sub-zero temperatures (-60 to  -20°C) 

damages cells

The current gold-standard rewarming method is the 37°C water 

bath, but is unsuited to large volumes

Ultrasound may be suited to volumetric rewarming[1,2]

Ultrasonic Rewarming

Rui Xu – Modelling & metrology for new ultrasound applications

[1] Xu, Treeby, & Martin, JASA, 2023 [2] Alcalá et al., Scientific Reports, 2023

Alginate beads and cryoprotectant solution are used to 

improve cell cryopreservation.



Ultrasonic cryovial rewarming
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Acoustic characterisation with FOH
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Xu et al., in preparation, 2024



Ultrasound accelerates rewarming
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Alginate beads & 

Cryoprotectant

Solution
Free-field mean axial pressures and time-averaged intensities: 

0 W – 0 MPa, 0 W/cm2

20 W – 1.5 MPa, 75 W/cm2

40 W – 2.0 MPa, 133 W/cm2

60 W – 2.4 MPa, 192 W/cm2 

100 W – 2.8 MPa, 260 W/cm2



Beware the thermocouple viscous heating artifact
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Alginate beads & 

Cryoprotectant

Solution

Xu et al., Proceedings of IEEE-JS, 2024

Viscous heating artifact in glycerol



Freezing rate affects ultrasonic rewarming rate
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Xu et al., in preparation, 2024



Alginate-encapsulated liver spheroid viability

Rui Xu – Modelling & metrology for new ultrasound applications

Rewarming exposure time

selected to rewarm to 5℃

Rewarming at 20 W: 36% increase in rewarming rate over the gold standard 37℃ water bath

Rewarming at 100 W: 360% increase in rewarming rate
Xu et al., in preparation, 2024



Ultrasound improves rewarming rate and maintains cell number
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Further optimization of ultrasonic rewarming protocols may broadly improve cryovial rewarming

Xu et al., in preparation, 2024



Future work in ultrasonic rewarming
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Return to simulation roots

Requires accurate characterisation of temperature-dependence of

acoustic and thermal properties

Array development for large-volume rewarming

Xu, Treeby & Martin, JASA, 2023



Conclusions         Acknowledgements
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k-Wave validation for trans-skull ultrasound:

Alisa Krokhmal, Eleanor Martin

Focused ultrasound neuromodulation: 

Eleanor Martin, Morgan Roberts, Ioana F Grigoras, 

Olivia Wright, Tulika Nandi, Sebastian W Rieger, Jon 

Campbell, Tim den Boer, Ben T Cox, Charlotte J Stagg 

& Bradley E Treeby

Trans-spine ultrasound:

David Martin, Meaghan A O’Reilly, Bradley E Treeby, 

Eleanor Martin

Ultrasonic Rewarming:

Thomas Brookshaw, Eloy Erro, Morgan Roberts, Clare 

Selden, Eleanor Martin

Simulations are a useful tool throughout the development 

& implementation of ultrasound applications

Careful metrological validation is needed for confidence in 

simulations

Plenty of ‘new’ applications and approaches
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