ESHO 2022 School on Clinical Hyperthermia September 12, 2022
Goteborg, Sweden

Physics of Ultrasound Thermal Therapy

.
L4
>
[ .
’
.

2000 EM 43 °C
BEE 240 EM43 °C
Bl 10EM43°C

Punit Prakash
Dept. of Electrical and Computer Engineering

Kansas State University
prakashp@ksu.edu



mailto:prakashp@ksu.edu

Particle displacement and wave propagation

©2015, Dan Russell

Animation from: https://www.acs.psu.edu/drussell/demos/waves/wavemotion.html



Particle displacement, velocity, and pressure
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Acoustic properties of tissue

Selected Attenuation Penetration Wavelength Speed of sound
tissues coefficient depth @ 1 MHz [mm] [m/s]

[Np m1MHz] @ 1 MHz [cm]
Liver 6.9 14.5 1.6 1586
Muscle 7.1 14.1 1.6 1588
Cortical bone 54.5 1.8 3.5 3515
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Ultrasound thermal therapy systems

256-element
HIFU transducer

From: Wiljemans et al, Cancer Imaging, 12(2), 2012

e 1-1.5 MHz operating frequency for most non-invasive ultrasound thermal therapy systems
o Deep penetration in to issue & short wavelengths for small focal spots
o Considerably separated in frequency from 1.5 T ( 64 MHz) and 3 T (128 MHz) MRI scanners



Electro-acoustic efficiency assessment

RF Power
CopLeT Sensors/Meter
y FWDA y REV
Time-averaged power: Eunction - Dual
Crisiatar *» RF Amplifier > Dg(e)ﬁg?gfl
P TA — CF | ‘
/ Digital | x10 Impedance
L ¥
Scope Probe Matching
Speed of L
sound Radiation force Balance
Transducer
Target

From: Maruvada et al, J Acoust Soc Am, 121(3), 2007



Electronic beam steering with phased array transducers

From: Shehata et al, Diagn Interv Imaging, 99(6), 2018 7



Integration with MRI thermometry

From: Shehata et al, Diagn Interv Imaging, 99(6), 2018

8



Treatment room setup for MRgFUS system
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From: Payne et al, Med Phys, 48(9), 2021



Treatment sites under investigation for ultrasound based
therapy

FIELD OVERVIEW FIELD OVERVIEW

FIELD OVERVIEW

State of Research and Regulatory Approvals by Body System continued State of Research and Regulatory Approvals by Body System continued
State of Research and Regulatory Approvals by Body System Concepial Precinical Fiot ials Pootltials  Outide USapprols FDAapprvals U rembussement Conepal Precinical Fiotials Fintaltics  Outsde US approvls FDAapprovels U rembusement
Developmentstage D D> ) ) Deveopmentsage  SEDCD
Conceptual Precinical Filot trials Pivotal triaks Outsick US approvals  FDA approvals US reimbursement
ment stage Musculoskeletal Neurological Ophthalmological Women's health
Bane metastases I LI Essential tremar I LI Glaucoma I DI Uterine fibroids I LI
Cardiovascular Gastrointestinal Osteaid osteoma I I Parkinson's disease, tremor  JEDIID 2D I I Keratoplasty 3 Breast tumors, benign IO
Hypertnsion b > > 5 > 4 Liver metastases b > > 5 > 2 Arthii, facetogenic BISTH IS Depression I I>I> Maaiar degeneratin - DD Breast tumors maiignant DD DD
Varicose veine b S—S S S8 Liver tumors S S S S—¢ Bane cancer DI I Meuropathic pain DI I Retinal impairment p > 3 Cenvicitis p > 58 5 2
Aurial fiilation > 3 Pancreatic tumors malignant DD 0D Bane tumors,berign DI THISI> Obsesshe-compubsive diorder DD 0 D D fendiyt MDD ldensdeoist DD 203D
Heart valve calcifications 3 Biliary tract cancer 3 Epicondyitis p 2 20 O J Parkinson's disease, dyskinesia DD 00D Uterine adenomyosis p 2 22 O 4
Peripheral aney disease ST [Erm—, S S Multiple myeloma® p > 2 > > 2 Alzheimer's disease »n Pulmonary Brain metastases, breast cancer DD
Twinwin trnsfusion syrdrome S-S [er— Plantar fasciitis b > > > > 2 Amyotrophic lateral sderosis D Rhinitis b > > 5 > 4 Cenvical tumars P o 2
Arteriovenous malformations DI Gatictmos DI sotssecnar IS SIS Awoqoma DI Lung cancer b 2 2 Ectopic pregnancy b 2 2
Atherosdlerosis » Malignant chstructie jaundice SR Softtissve injury DI T3 Brain tumors, general D ungmetzstzses DD Endometialumors DI
Cardiac hypertraphy »» Pancreatic tumors, benign - Soft tissue tumors, benign DD DD Gnerpan - Tuberculosis % Endometios ¢
Cadiacpacng 2D Prrrpr———, > it p > 2 Dementia »D . Endometriosis, colorectal b > 2
Coarctation of the aorta - Inflammatory bowel disezset SR p 2> 2 Dystonia 3D Urological Hyperplasiaof the wbat DD
Congestive heart failure » nitable bowel syndromet DD D3> Dywniahad I T Ovarian tumars D3
Deep vein thrombasis I Liver fibrosis D p > 2 Epilepsy p > 2 B > 3 Retainedplacents DD
Fetal heart anomalies -»w b > 2 Glicblastoma DI > > g Vaginal tumors b > 3
Hematoma b > 3 Miscellaneous p 2 2 Holmes tremor b 2> 2 Vuhardystrophy P
Hemaphilia b > 2 Actinic keratosis p > 3 D Huntington's disease p > 3 Polycystic ovary syndrome p > 3
Hypoplastic e heart yndrome. DD preprpe—— S S Disc Gegeneraion »3» Vigraine 3>
Mitral regurgitation »n Dercum's disease - Sacral chardoma p > 2 Mood disordert p > 2
[rrprr— G ey rerr— S Muscle atrophy p > 2 Multiple sclerosis - Acute tubular necrosis b > 3
Ventricular tachycardia »n Hypersplenism p > 2 Osteomyelitis 3 Neuroblastoma b o> 2 Fetal bladder obstruction DD
Kaposi's sarcomat » Osteapeniat 3 Neuropathy 3D Ureteracele: »n
Endocrine disorders Gpoma NI Ratator cuff injury p > 3 Opioid and other addictions PP Urinary tract infection p > 3
Thynoid nodules DI DI I Welanoma »» Ednomar DS Puinhd anguration rewons - DD Vesectomy »=
[rr——, G Mitpemos DI Parkinson's diseasa, other’ p o> 2
Hyperparathyroidim » Obesiy »» Fontine gioma i
Thyroid cancer - Heterotopic ossificationt -»n Taumaticbraininjory DI
Dibetes » inectont »» Cavernomas D24
Wound healing b > 2 Hdoephaus MDD
T Meuromyelitis optica b 2> 4
Rett syndrome b > 2
Spinal cord injury »»
Stroke, intracerebral hemorhage S D
Stroke, thromboembolic p > 3
Trigeminal neuralgia »n
Anarexia »
There are 152 distinct indications for 2020. There are 152 distinct indications for 2020.
2 Multiple myeloma approval is based an bone metastases. 4 FDA approval i for prostate tissue ablasion.
o N 3 Treatment of the underlying cause of the disease 5 Rei s for sshage theragy p
There are 152 distinct indications for 2020. i t in
1 Prosocas incushe of more than coe indication t Newin2020 New in 2020
t Newin 2020
Focused Ultrasound Foundation | 2021 State of the Field 1.1 112 Focused Ultrasound Foundation | 2021 State of the Field

110 Focused Ultrasound Foundation | 2021 State of the Field



Focused ultrasound ablation: uterine fibroids

MR-imaging based pre-treatment
planning
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HIFU transducer head Degassed water

From: Wong, WJARR, 2021

Real-time MR thermometry feedback to
monitor ablation progress

Non-perfused volume (NPV) provides a
means for assessing ablation effect

From: Siedek et al, Rofo, 191(6), 2019
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Adapting HIFU ablation systems for large volume hyperthermia
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From: Salgaonkar et al, Med Phys, 41(3), 2014
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Adapting HIFU ablation systems for large volume hyperthermia
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From: Salgaonkar et al, Med Phys, 41(3), 2014
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Focused ultrasound hyperthermia
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From: Gray et al, Radiology, 291, 2019 15



Focused ultrasound hyperthermia
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From: Gray et al, Radiology, 291, 2019



Interstitial ultrasound thermal therapy devices
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From: Diederich et al, Proc SPIE, 7901: 790100, 2011
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From: Tyreus et al, Med Phys, 30(7), 2003

* Linear arrays of independently powered ultrasound transducers

* Typical operating frequencies: ¥6 —9 MHz

* Angular control of power absorption feasible with sectored transducers
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Interstitial ultrasound thermal therapy: prostate

From: Diederich et al, Proc SPIE, 7901: 790100, 2011 18



Transurethral ultrasound prostate ablation
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From: Hatiboglu et al, Front Oncol, 2021 19



Summary

e Ultrasound offers deep penetration and short wavelengths for
conformal thermal therapy of targets in diverse anatomic sites

e Ultrasound thermal therapy systems have been integrated with
magnetic resonance and ultrasound imaging for thermometry and
guidance of clinical delivery

* Non-invasive and catheter-based ultrasound systems are in clinical
use for thermal treatment of uterine fibroids, painful bone
metastases, prostate disease, and other conditions



Q&A - discussion
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Thank you!

prakashp@ksu.edu
http://ece.ksu.edu/bcdl



