
Does low intensity 
ultrasound have biological 

effects?



Ultrasound effects 
on cells and tissue

Heating Microbubbles

Imaging

Low intensity [pulsed] US (LI[P]US): No heating, no cavitation, no microbubbles

Cavitation

Pressure wave
generates forces

𝐹 = 𝑃/𝐴



Medical low frequency US



Thermal effect of US

• Ultrasound is attenuated in 
tissue

• !"
!#
= 2𝛼𝐼$% =

&''∗

()

• 𝛼 𝜈 = &
*"
𝜈 = 𝛼+𝜈 or

• 𝛼 𝜈 = 𝛼,
*
*"

-
, 𝑛 ∈ [1,2]

• 𝑃 𝑥 = 𝑃,𝑒.&/ , ln 0
0"

= −𝛼𝑥

• How do I relate «attenuation 
coefficient» in dB/cm to the 
alphas?
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Some reported 
biological effects of LIPUS
Killing cancer cells selectively:
• “Oncotripsy”: 4 publ. 2016-2020 

(J.Appl.Phys.++)
• US+hyperthermia ⇒ Apoptosis (Feril 

2002)
• Mike Sheetz group: Piezo ⇒ Ca2+⇒

apoptosis
• Apoptosis while other cells increased 

proliferation (Schuster2013)

• Microbubbles, cavitation or thermal ⇒
100s of papers (Wood2015)

• Increased insulin release from 
pancreatic beta cells (Castellanos 2017)

• Enhanced diverse transcription factors, 
increased proliferation (Puts 
2016,2018,2018b) 

• Improved osteogenic comittment & 
differentiation (Costa 2018) 

• Enhanced viability & proliferation of 
iPSC (Lv 2013)

• Increased expression of chondrogenic 
markers (Subramanian group 2012, 
2013, 2017)

• Perturbs cytoskeleton dynamics 
(Misrahi 2012, incl. Dave Weitz!)

• Increased growth & proliferation of 
stem cells (Gao 2016)

• Modulates ion channel currents 
(Kubanek 2016)

• Interleaflet cavitation (Kimmel group, 
PNAS 2011)

• +++++

No effect: One single study (Lucas 2021)!



Mechanosensing
how can cells be affected by US pressure?



How do you measure a force?

• Newtons law: 𝑓 = 𝑚𝑎
• Force balance: 𝑓# = 𝑓$
• Elasticity: 𝑓 = k𝛿𝑥

That’s how cells do it



Mechanosensing

𝛿𝑥

𝛿𝑥

𝛿𝑥

𝛿𝑥

𝛿𝑥

𝛿𝑥

2-states: open/closed
open probability:

𝑃 𝑓 =
1

1 + 𝑒. ∆2.34/ /6$

displacement 𝛿𝑥 is necessary!





Stress, strain and waves in 
homogeneous, isotropic solids
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In soft tissues 𝐾 ≫ 𝐺

Pressure waves: 𝑣: =
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Shear waves: 𝑣. = ⁄> ?

Emilianov et al, 2006 
IEEE Ultrasonics Symposium
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Soft tissue, soft cells

• “stiffness” 
• = 𝐺 : shear modulus 

• ≈ %
&

: Youngs modulus

• ≈ 1 − 100 kPa



Oncotripsy

• Heyden & Ortiz 2016, 2017: theoretical
• Mittelstein et al 2020, J. Appl. Phys: ”Moreover, our experiments 

revealed that the formation of standing waves and the emergence of 
cavitation were necessary to disrupt cancer cells.”

• Data based on data fitting of AFM indentation by Kim et al Med Biol 
Eng Comput (2011) 49:453–462 assuming Poisson ratio n= 0.499, 
Heyden & Ortiz assume n= 0.49!

water: 2 GPa



Sound wave
water, cells: 𝐾 ≈ 2 GPa

𝑣: ≈
;
?
≈ 1500 m/s

𝜆 = ⁄@% A 20k 100k 1M 10M 1G

7.5cm 1.5cm 1.5mm 150µm 15µm

low intensity amplitude:  𝑝BC6 < 10D Pa

For a cell 𝑙~10 𝜇𝑚:  
• hydrostatic pressure variation

• 𝛿 = 𝜀𝑙 = :7
;
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= 𝟓 Å,   (𝜀 < 5 > 10ID)



I will not believe it unless I see it!

𝛿𝑥

𝛿𝑥

𝛿𝑥
𝛿𝑥

𝛿𝑥

𝛿𝑥

2-states: open/closed
open probability:

𝑃 𝑓 =
1

1 + 𝑒. ∆2.34/ /6$

𝛿𝑥 < 5 Å

⇒ Attempt direct measurement of 
• pressure field

• calibrate transducer
• high speed (interferometric) imaging of substrate displacements
• simulate wave propagation

• displacement field
• high speed imaging of cells & tracers



Current instrument

Amp

Sign.
gen. Fast

Cam

Cam

trig

US

lens
piezo

fluo

piezo

epoxy

glass

US transducer
• annular for illumination
• lens focuses US
• water filled for impedance matching
• submersible in petri dish



High speed camera

sCMOS camera

Piezo lens
petri dish w/cells

3 computers



time

𝜈J. < 50 kHz𝜈K < 150 kHz
current illumination limit
on shutter speed: 4 > 10IL s



High speed imaging reveals shear

shear flow

piezo
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Digital image correlation (DIC)



Correlative imaging
• phase contrast

• mechanical stimulus: 
mean displacement 
33 kHz

• biological response: 
Ca2+ fluorescence 
2s - 2h

frequencies, amplitudes and 
fluorescent reporters to be 
varied



Amp

Sign.
gen. Fast

Cam

Cam

trig

pressure waves only

shear flow

no effect!

Summary

US

lens
piezo

Ca2+

ion channel

fluo

fluo



Other 
mechanisms 
are possible

Pressure waves 
trigger phase 
separation?

Dolgin, Nature 2018





What pressures are needed
to open an inter-leaflet 
cavity? 
Should the bilayer be 
considered a “bubble”?
Is there a nucleation 
barrier?



Questions for (your) further research

• Many experiments find that LIUS has an effect on biological cells and tissue. Can 
we find good arguments for not trusting them?

• What are considered safe itensities/pressures/frequencies  for US imaging? 
• Which itensities/pressures/frequencies can be considered to give no effect of 

US / safe, small effects / potentially harmful effects?
• What is the best / clearest definition of LI[P]US?
• Which hypothetical mechanisms on the molecular/ cellular level that transform 

LIUS into chemical/ biological signals can you explain?
• In our experiments shear-waves, not pressure-waves trigger Ca2+ release. How 

can these experiments be used to generalize the result? (range of parameters...)
• If it is true that all biological effects of LIUS are due to shear- and not pressure-

waves, what are the consequences for future research on LIUS bio-effects on 
tissue and cells?

• Can we construct and simulate relevant examples of shear wave generation 
from pressure waves?





Bulk and shear modulus of tissues

Þ soft tissue and cells can be considered incompressible and Poisson’s ratio 𝜈 = 0.5

𝜀MN =
1
𝐸
𝜎MN 1 + 𝜈 − 𝜈𝛿MNG

OO
𝜎OO

Young’s modulus, 𝐸, shear modulus, 𝐺, and bulk modulus, 𝐾:
𝐸 = 2𝐺 1 + 𝜈 ≈ 3𝐺
= 3𝐾(1 − 2𝜈)

Emilianov et al, 2006 IEEE Ultrasonics Symposium
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