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Tissue dielectric properties can vary upon the incident of an acoustic wave. The goal of this study is to quantify this
change due to the acoustoelectric effect (AE), and to obtain the frequency-dependent dielectric properties of tissues exposed
to low-intensity focused ultrasound (LIFU). The dielectric properties of the blood, brain, chest muscle, heart, kidney, leg
muscle, liver, lung, pancreas, and spleen of rats were measured by an open-ended coaxial probe method. The acoustic
intensity of LIFU focus was 2.97 MPa (67.6 W/cm?), 3.95 MPa (120 W/cm?), and 5.17 MPa (204 W/cm?), respectively,
and the measurement frequency band was 0.1-7.08 GHz. The measurement results show that with the LIFU modulation, the
conductivity and dielectric constant decreased in the high-frequency band, and on the contrary, they increased in the low-
frequency band, and the larger the acoustic intensity was, the more obvious the phenomenon was. This work contributes
to a better understanding of the mechanisms by which ultrasound acts on the dielectric properties of biological tissues. It
is expected that the findings from this study will provide a basis that the response of tissue to LIFU modulation can be
monitored by noninvasive techniques such as microwave-induced thermoacoustic imaging (MTI) and microwave imaging,
present a new idea for improving the endogenous contrast between different biological tissues in MTI and acoustoelectric
imaging, and possibly lead to the development of a new imaging method based on the relaxation time of tissue after LIFU

modulation.
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1. Introduction

It is known that an ultrasound pressure (P) passing
through the biological liquid or tissue causes a local change in
electrical conductivity. This phenomenon is called the acous-
toelectric effect (AE), which was firstly reported by Fox et
al. in 1946.11 A change in conductivity (c) due to a pressure
wave with amplitude AP can be written as

89 _rar, M
c

where k; is an interaction constant whose value is roughly
0.01%—-0.1% MPa~! in physiologic saline.l>*! AE is a phys-
ical interaction between the acoustic and the electrical field,
through which it changes the dielectric properties of tissue at
the focal spot of the focused ultrasound.!>*-%! AE has been re-
cently used to realize the acoustoelectric imaging (AEI) of bi-
ological tissue which has been successfully applied for breast
cancer detection,!”) cardiac imaging,#-13 and mapping deep
brain stimulation (DBS) currents during transcranial brain

imaging. [14-1]
In parallel, in recent years low-density focused ultrasound
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(LIFU) has been studied as an alternative novel non-invasive
brain stimulation technique.!??! It safely induces reversible
AE in biological tissues and possesses dual advantages of
exquisite spatial specificity and deep penetration.!??! There-
fore, LIFU has great potential in improving clinical efficacy
and replacing existing deep brain stimulation (DBS), tran-
scranial magnetic stimulation, transcranial current stimulation,
and other neuromodulation technologies. 232!

In both AEI and LIFU, there is a lack of quantitative un-
derstanding of how dielectric properties of tissue change over
a wide range of frequencies.
us know the extent of the change of tissue dielectric prop-
erties so that appropriate ultrasound pressure can be deter-

Such understanding can help

mined for optimal AEI or LIFU neuromodulation. On the
other hand, understanding how dielectric properties vary with

frequency is also essential for a wide range of medical physics

s,12629] guch as microwave-induced thermoacous-

,130-32] 33,34
t

application

tic imaging (MTI microwave imaging, >34 and mi-
crowave ablation. 33361 Toward this end, in this study, we mea-
sured the frequency-dependent dielectric properties of in vitro

rat blood, brain, chest muscle, heart, kidney, leg muscle, liver,
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lung, pancreas, and spleen tissues under three different LIFU
field intensities and compared them to measurements under no
ultrasound field.

2. Materials and methods

The measurement environment was kept at room temper-
ature 25 °C and the microwave band was 0.1-7.08 GHz. The
open-ended coaxial probe method 3’1 was used to measure
the reflection coefficient and the conductivity and dielectric
constant of tissues were calculated accordingly.

2.1. Preparation of biological tissues

In vitro blood, brain, chest muscle, heart, kidney, leg mus-
cle, liver, lung, pancreas, and spleen tissues of rats were used
as measurement samples, and each tissue was obtained from
three different healthy adult male rats. All tissues were trans-
ported to our laboratory from the laboratory animal supply
company within 2 hours after the extraction. During trans-
portation, the samples were stored in a 5 °C refrigerator and
wrapped with plastic film to minimize water loss as the dielec-
tric constant significantly depends on the content and state of
water in the tissues. The study protocol for animal experiments
used in this research was approved by the Ethics Committee of
the University of Electronic Science and Technology of China.

2.2. Dielectric properties measurement system

Compared to other methods for measuring dielectric
properties, the open-ended coaxial probe method is more suit-
able for measuring semi-solid materials, such as biological

tissues, because this method is non-invasive, requires simple
sample preparation, and has a more convenient temperature
control. In this study, a calibration involving open, short, and
standard end liquid load terminations was used to eliminate the
systematic errors of the open-ended coaxial probe method. 40!
Open termination was established by placing the line in free
space. Short termination was obtained by pressing the tip of
the probe on an aluminum foil. To reach the standard liquid
phase termination, the probe was immersed in deionized wa-
ter, of which the dielectric properties are already known.*!]

As shown in Fig. 1, the electrical characteristic mea-
surement system consists of a vector network analyzer (Ag-
ilent N9918A, Malaysia) and a semi-rigid probe with a size
of 0.53 mm in/0.22 mm out connected to the network ana-
lyzer through a 1 m-length cable (415-0015-M1.0, Johnson-
Cinch Co.) with a 50-Q impedance. The measured data of the
network analyzer is transmitted to the computer in real-time,
where the dielectric constant and conductivity are calculated
from the corrected complex reflection coefficient using the rea-
sonable function model described in the literature.!37° The
error calibration operation was performed before each tissue
sample measurement. During the measurement, the other tip
of the coaxial probe was completely in contact with the rat tis-
sues (without insertion), and no air was allowed between the
two tips as the presence of air may produce significant errors in
measurement. 37 The sample was placed in a carrier sealed
with thin plastic film at the bottom and then placed in a physio-
logical saline bath, with the upper surface of the tissue exposed
to air to prevent the physiological saline from interfering with
the measurement results.

Open-ended
coaxial probe
\A

Physiological
saline

Plastic film

Ultrasound detector

Deionized water

Biological
tissues

Fig. 1. Schematic diagram of the system for measuring the dielectric properties of rat tissues exposed to the LIFU field.

2.3. Low-intensity focused ultrasound generation system

As shown in Fig. 1, a 3.5-MHz single-element focused
transducer (d = 33 mm, f =55 mm, SU-102 S/N019, Sonic
concepts) was immersed in a deionized water bath and fo-
cused on the sample from an inferior to superior view. A
function generator (33220A, Agilent Technologies Inc., Santa
Clara, CA) generated short negative square pulses (100 cy-

cle burst, 250 ps duration) with 4-kHz repetition frequency,
which was amplified by a 50 dB RF power amplifier (325LA,
EN) and then used to excite the ultrasound transducer to pro-
duce an LIFU field. At the focal point, the peak pressures
measured with a calibrated hydrophone (NH0500, Precision
Acoustics Ltd, UK) were 2.97 MPa (67.6 W/cmz), 3.95 MPa
(120 W/cm?), and 5.17 MPa (204 W/cm?). The full-width
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half-maximum (FWHM) of the pressure beam was 9.1 mm
(axial) and 0.8 mm (lateral).

3. Results and discussion
3.1. Wideband analysis

Figures 2—11 show the mean electrical constants and con-
ductivities and the corresponding standard deviations (SD) of
ten in vitro rat tissues in the microwave range of 0.1-7.08 GHz
for each of the nine measurements.

The dielectric constant and conductivity of nine types of
tissues changed in varying degrees with modulation of the
LIFU field, except for lung tissue (Fig. 9), which was mini-
mally affected by modulation of the LIFU field. Specifically,
under LIFU field modulation, the dielectric constant increased
on the left side and decreased on the right side near 100 MHz

— Conductivity of blood (without LIFU)

- Conductivity of blood (with LIFU)

— Dielectric constant of blood (without LIFU)
--- Dielectric constant of blood (with LIFU)

— Conductivity of blood (without LIFU)

-=- Conductivity of blood (with LIFU)

— Dielectric constant of blood (without LIFU)
== Dielectric constant of blood (with LIFU)

(this frequency point varies with different tissues). The con-
ductivity increased on the left and decreased on the right near
1.7 GHz (this frequency point varies with different tissues as
well). Moreover, the greater the LIFU field energy, the greater
the amplitude of increase or decrease at each frequency point.
For each LIFU field, it was observed that in the frequency band
higher than the cross points (100 MHz and 1.7 GHz), the vari-
ation amplitude of the dielectric constant affected by the LIFU
field gradually decreased with the increase of the testing fre-
quency, and it was speculated that a second cross point may
appear at the position of a higher frequency.

In contrast, the amplitude of electrical conductivity un-
der modulation of the LIFU field increased gradually with
the increases in the testing frequency. The phenomenon of
these cross changes may be caused by  and ¥ dispersion of
— Conductivity of blood (without LIFU)
=== Conductivity of blood (with LIFU)
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Fig. 2. Frequency-dependent dielectric properties of rat blood tissue at (a) 67.6 W/cm?, (b) 120 W/cm?,
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and (c) 204 W/cm? peak pressure energies.
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Fig. 3. Frequency-dependent dielectric properties of rat brain tissue at (a) 67.6 W/cm?, (b) 120 W/cm?, and (c) 204 W/cm? peak pressure energies.
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Fig. 4. Frequency-dependent dielectric properties of rat chest muscle tissue at (a) 67.6 W/cm?, (b) 120 W/cm?, and (c) 204 W/cm? peak pressure energies.

034305-3



Chin. Phys. B 32, 034305 (2023)

— Conductivity of heart (without LIFU) — Conductivity of heart (without LIFU) — Conductivity of heart (without LIFU)
--- Conductivity of heart (with LIFU) === Conductivity of heart (with LIFU) --+ Conductivity of heart (with LIFU)
— Dielectric constant of heart (without LIFU) — Dielectric constant of heart (without LIFU) — Dielectric constant of heart (without LIFU)
-=- Dielectric constant of heart (with LIFU) --- Dielectric constant of heart (with LIFU) --+ Dielectric constant of heart (with LIFU)
~ 10 120 10 120 120
g g 2 | 2 2 F
o 8 {1008 5 8 {1008 £ 8 {100 £
— AN % owm 12
> g 7 S T 6 g
£ 6 lsp 8 2 6 80 3 & 180 8
2 o 5 9 = ’ 2
5 22 2 4 =
g 4 feo & £ 4 g {60 £ 160 £
"g ok < "g 2 S 2 E 2 %
g 40 é) E T kbasrcx VT B S i P, I 10 A
O 0 I 1 l'I 1 1 1 1 1 1 1 l1 1 A‘ Al O 0!0 1 l'( 1 IE) 1 l‘2 1 l0 1 l'{ 1 A 1 Q 0 l0 1 1 1 1 1 1 1 l0 1 l'( 1 A 1
0304137925932, 40 AT 5 03013920932, AV Al D A0 N9 20 32, A0 ¢ ATg D
Frequency (GHz) Frequency (GHz) Frequency (GHz)
Fig. 5. Frequency-dependent dielectric properties of rat heart tissue at (a) 67.6 W/cm?, (b) 120 W/ecm?, and (c) 204 W/cm? peak pressure energies.
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Fig. 6. Frequency-dependent dielectric properties of rat kidney tissue at (a) 67.6 W/cm?, (b) 120 W/cm?, and (c) 204 W/cm? peak pressure energies.
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Fig. 7. Frequency-dependent dielectric properties of rat leg muscle tissue at (a) 67.6 W/cm?, (b) 120 W/cm?, and (c) 204 W/cm? peak pressure energies.
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Fig. 8. Frequency-dependent dielectric properties of rat liver tissue at (a) 67.6 W/cm?, (b) 120 W/cm?, and (c) 204 W/cm? peak pressure energies.

biological tissue.?®4? Except for the lung tissue, in vitro rat tissues measured in this study were composed of liquid (blood)
or dense muscle, glandular tissue, and connective tissue (such as heart, chest muscle, leg muscle, pancreas, liver, kidney, etc.).
Since these dense structures did not block the transmission of ultrasonic waves, LIFU had a significant modulation effect on
them, showing obvious changes in dielectric properties. By contrast, the alveolar cavity structures in rat lung tissue were filled
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with air, which might have impeded the transmission of ultrasound, and this may be the reason why the LIFU field had a minimal
modulation effect on lung tissue.

— Conductivity of lung (without LIFU)

==+ Conductivity of lung (with LIFU)

— Dielectric constant of lung (without LIFU)
-=- Dielectric constant of lung (with LIFU)

6 (c)

— Conductivity of lung (without LIFU) — Conductivity of lung (WithOUt LIFU)
-=- Conductivity of lung (with LIFU) o Cf)nduct‘lvlty of lung (with LIFU)

— Dielectric constant of lung (without LIFU) — Dielectric constant of lung (without LIFU)
-- Dielectric constant of lung (with LIFU) 0 -- Dielectric constant of lung (with LIFU)

sk

160 160

140

N

T

o

=)
Dielectric constant

130

Conductivity (S/m)
Conductivity (S/m)

Dielectric constant

Dielectric constant
Conductivity (S/m)

130

P T S SO T S TR ST S S [ ———

ok L L " L 0 ‘Q 1 5 5 5 4 'A
0301179294 32y A0 ¢ AT ¢ B4 0A0 4 AT 920432, 40 ¢ AT ¢ B4 QA1 19299 32, AV 81 65
Frequency (GHz) Frequency (GHz) Frequency (GHz)

Fig. 9. Frequency-dependent dielectric properties of rat lung tissue at (a) 67.6 W/cm?, (b) 120 W/cm?, and (c) 204 W/em? peak pressure energies.
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Fig. 10. Frequency-dependent dielectric properties of rat pancreas tissue at (a) 67.6 W/cm?, (b) 120 W/cm?, and (c) 204 W/cm? peak pressure energies.
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Fig. 11. Frequency-dependent dielectric properties of rat spleen tissue at (a) 67.6 W/cm?, (b) 120 W/cm?, and (c) 204 W/cm? peak pressure energies.

3.2. Single-frequency analysis tivity, and corresponding standard deviation (SD) of each rat
tissue at four microwave frequency points commonly used for

In order to quantitatively compare the changes of dielec- MTI, namely, 458 MHz, 1.17 GHz, 2.96 GHz, and 6.01 GHz,

tric properties of in vitro rat tissues with and without modula-  are shown in Tables 1-4. SD of the measurements in the tables

tion of the LIFU field, the average dielectric constant, conduc-  is in the range of 0.01 to 8.5.

Table 1. The dielectric property changes of rat tissues under ultrasound field measured at 458 MHz. DC: dielectric constant; CD: conductivity
(S/m); SD: standard deviation.

Tissues 67.6 W/cm? 120 W/em? 204 W/cm?
Without LIFU SD With LIFU SD  Without LIFU SD WithLIFU SD  Without LIFU SD With LIFU SD
Blood DC 65.43 043  60.85 072 65.12 044 5759 126 63.36 124 5254  0.68
CD 1.00 0.01 1.27 0.02 1.01 0.02 1.45 0.04 1.00 0.02 1.47 0.04
Brain DC 47.96 426 4466 236 46.16 1.62  41.06 154 52.89 3.13 4362 240
CD 0.67 0.05 0.78 0.03 0.63 0.09 0.76 0.08 0.71 0.08 0.94 0.01
DC 61.99 448 5569  3.88 61.28 499 5368 850 60.27 271 4140 829

Chest muscle

CD 0.94 0.12 1.08 0.11 0.97 0.09 1.12 0.12 0.97 0.13 1.15 0.31
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Table 1. (Continued).

Tissues 67.6 W/cm? 120 W/cm? 204 W/cm?
Without LIFU SD _With LIFU SD  Withowt LIFU SD With LIFU SD  Without LIFU SD With LIFU _SD
u DC 57.53 119 5028 216 56.80 141 4716 058 57.47 281 4392 126
et cp 0.83 072 096  0.09 0.75 004 098 00l 0.78 001 109  0.06
Kidney € 5425 125 4872 089 53.48 092 4532 023 54.53 412 4353 133
cD 0.80 003 093 001 0.76 001 095  0.04 0.78 005 103 013
Leg musele € 55.63 233 4953 195 55.72 113 4549  1.90 57.10 176 4488 271
cD 1.00 005 109  0.11 0.98 008 107  0.06 1.12 004 123 003
L DC 4941 119 4504 068 49.32 164 4226 078 5321 215 4156 110
Ve cp 0.60 001 068 002 0.60 002 073 002 0.66 004 090  0.06
g PC 4309 024 4208 149 46.25 265 4614 229 48.68 062 4873 077
cD 0.65 002 063 002 0.75 004 074 003 0.74 002 074 001
pancreas D€ 56.54 396 5265 413 5502 648 4934 423 5222 190 4598 077
cD 091 001 106 006 0.92 008 118 027 0.85 010 114 013
spleen DC 55.42 138 4847 233 53.92 106 4494 051 5490 067 4411 043
cD 0.84 001 099 00l 0.87 003 112 004 0.81 002 112 004

Table 2. The dielectric property changes of rat tissues under ultrasound field measured at 1.17 GHz. DC: dielectric constant; CD: conductivity
(S/m); SD: standard deviation.

Tissues 67.6 W/cm? 120 W/cm? 204 W/cm?
Without LIFU SD WithLIFU SD  Without LIFU SD WithLIFU SD  Without LIFU SD WithLIFU SD
Blood DC 61.62 060 5685  0.80 61.64 040 5334 113 60.14 103 49.10 0.2
CD 1.32 0.02 1.51 0.01 1.33 0.01 1.63 0.03 1.30 0.03 1.62 0.05
Brain DC 44.72 437 4121 249 42.93 .13 3720  1.03 49.68 292 3927 244
CD 0.93 0.07 1.01 0.03 0.89 0.11 0.96 0.10 0.96 0.09 1.12 0.02
Chest muscle DC 58.24 420 5167 331 57.31 465 4979 795 55.99 238 3805 630
CD 1.30 0.14 1.36 0.12 1.33 0.11 1.38 0.17 1.33 0.15 1.33 0.35
Heart DC 55.75 1.19 4857 216 55.00 146 4549 0.8 54.61 251 4106  0.78
CD 1.48 0.82 1.16 0.10 1.04 0.03 1.16 0.01 1.10 0.01 1.27 0.04
Kidney DC 51.93 135 4673  0.90 51.27 093 4324 043 52.01 414 4097 148
CD 1.10 0.03 1.16 0.01 1.05 0.01 1.14 0.04 1.09 0.05 1.22 0.11
Leg muscle DC 51.19 265 4594 216 51.54 133 4198 184 53.43 159 4206 210
CD 1.36 0.05 1.38 0.09 1.33 0.07 1.31 0.07 1.47 0.06 1.48 0.06
Liver DC 4533 121 4126 072 4521 1.57 3849 084 48.97 210 3742 095
CD 0.93 0.01 0.95 0.01 0.94 0.02 0.97 0.02 1.01 0.04 1.10 0.05
Lung DC 40.15 037  39.15 1.33 4328 242 4309 210 45.15 038 4521 051
CD 0.88 0.02 0.86 0.03 0.99 0.05 0.98 0.04 1.01 0.01 1.00 0.01
Pancreas DC 53.23 391 4926  3.95 51.55 740 4578 470 49.14 295 4242 133
CD 1.23 0.01 1.34 0.06 1.23 0.12 1.44 0.28 1.13 0.07 1.38 0.12
Spleen DC 53.55 136 4661 217 51.75 1.19 4245  0.70 52.90 070  41.63  0.70
CD 1.11 0.01 1.19 0.01 1.14 0.03 1.29 0.03 1.08 0.01 1.29 0.04

Table 3. The dielectric property changes of rat tissues under ultrasound field measured at 2.96 GHz. DC: dielectric constant; CD: conductivity
(S/m); SD: standard deviation.

Tissues 67.6 W/cm? 120 W/cm? 204 W/cm?
Without LIFU _SD _With LIFU SD  Withowt LIFU SD With LIFU SD  Without LIFU SD With LIFU _SD
Blood | DC 58.80 063 5511 048 59.52 049 5236 1.06 5827 113 4817 096
cD 3.06 001 279  0.06 2.99 001 271 004 293 005 261 004
i D€ 4185 451 3888 270 4031 072 3503 075 47.07 287 3738 240
cD 220 0.16 204  0.06 2.10 016 186  0.14 229 016 198 008
chest musele. 2C 54.74 425 4910  3.39 54.02 456 4719 159 5229 227 3597  5.89
cD 3.05 022 270 020 3.03 023 265 038 3.02 019 227 046
et D€ 53.74 118 4729 219 52.82 181 4436 072 51.63 238 3946  0.67
cD 2.66 012 230 0.3 258 005 214 002 258 001 206 007
_ DC 49.27 146 4479  1.03 4875 L1l 4173 057 4924 433 3925 172
Kidney -y 2.63 006 237 003 252 001 220 004 259 012 221 008
Leg muscle € 47.66 285 4349 257 48.17 117 3977 179 49.96 176 3999  1.86
cD 2.63 008 236  0.10 2.57 004 210 0.1 275 006 224 0.2
Liee  DC 4134 125 3831 075 41.29 165 3600 090 45.01 212 3522 095
cD 2.10 003 181 001 2.09 004 168 002 222 008 169 004
DC 37.84 043 3694 127 40.93 224 4081  1.90 42.39 022 4252 031
Lung — py 1.76 002 171 006 1.93 010 190  0.09 2.00 002 198 003
DC 50.38 427 4673 4.10 4876 748 4324 481 46.56 316 4002 1.64
Pancreas 272 005 261 002 2.69 034 261 033 253 009 245 012
spleen D€ 51.52 125 4510 220 49.69 131 4111 076 50.92 068 4035 075
cD 2.60 007 231  0.06 2.60 005 228  0.04 2.58 001 224 004

034305-6



Chin. Phys. B 32, 034305 (2023)

Table 4. The dielectric property changes of rat tissues under ultrasound field measured at 6.01 GHz. DC: dielectric constant; CD: conductivity

(S/m); SD: standard deviation.

Tissues 67.6 W/cm? 120 W/em? 204 W/cm?
Without LIFU SD With LIFU SD  Without LIFU SD WithLIFU SD  Without LIFU SD With LIFU SD
Blood C 52.66 065 5133 052 53.23 065 4939  1.04 51.85 1.08 4545 084
D 7.99 0.03 6.57 0.08 7.93 0.02 5.90 0.15 7.76 0.11 5.47 0.07
Brain C 36.72 418 3506  2.66 35.34 0.66  31.68  0.64 41.87 262 3438 219
CD 5.34 0.62 451 0.30 5.04 0.23 3.89 0.19 5.75 0.40 3.96 0.31
Chest muscle C 4737 402 4394 301 46.86 421 4244  6.89 4523 207 3270 543
D 7.62 0.59 6.11 0.46 7.57 0.64 5.96 1.12 7.36 0.38 432 0.82
Heart DC 4726 108 4313 215 46.35 1.68 4093  0.65 45.61 253 3689 091
CD 7.16 0.29 5.57 0.28 6.98 0.27 4.89 0.13 6.74 0.16 4.19 0.03
Kidney DC 42.68 1.27 4006 097 4243 1.03 3770 047 42.92 423 3557 2.02
CD 6.72 0.24 5.48 0.15 6.50 0.14 4.83 0.07 6.61 0.49 455 0.10
Leg muscle DC 4281 283 4023 251 43.54 091 3738 159 4531 178 3793  1.68
CD 6.21 0.21 5.16 0.20 6.14 0.03 4.50 0.30 6.44 0.13 4.52 0.27
Liver DC 36.42 1.17 3511 084 36.46 1.61 3361 095 39.96 193 3346 093
CD 5.27 0.13 430 0.04 5.27 0.16 3.80 0.06 5.61 0.25 3.46 0.08
Lung DC 34.27 045 3351 1.12 37.30 199 3727  1.69 38.50 0.17 3870 0.0
CD 451 0.03 436 0.20 4.90 0.23 4.82 0.19 5.05 0.07 5.00 0.08
Pancreas DC 44.14 486 4174 416 42.66 645 3869 472 40.60 230 3576 172
D 6.77 0.17 5.89 0.36 6.59 1.23 5.45 0.58 6.15 0.78 4.94 0.20
Spleen DC 4529 1.01 4095 1.93 43.51 131 3751 078 44.56 055 3687 072
D 6.79 0.26 5.33 0.25 6.66 0.12 475 0.07 6.81 0.14 461 0.08

The findings from this study can provide a basis that
the response of tissue to LIFU modulation can be im-
aged/monitored by electromagnetic field based imaging tech-
niques such as MTL In this study, the ultrasound intensity

of the LIFU field was selected within the range of safety

[43,44

standards. 1 We selected three output voltage gears from

small to large on the function generator controlling the trans-
ducer, and the specific values of their peak pressures were

measured by a hydrophone. These pressure values were

similar to those applied to leg neuromuscular stimulation in

[45 [22

frogs!*! and hippocampus stimulation in rats.[??) Relevant

studies have shown that neuromodulation with LIFU in ani-

mals and humans can reversibly inhibit somatosensory evoked

2546471 However, the precise mechanisms of neuro-

25]

potentials. !
modulation with ultrasound are incompletely understood. !
This study explains the changes in dielectric properties of
biological tissues during neuromodulation by LIFU, which
One of
the leading physical mechanisms of neuromuscular modu-

may lead to the inhibition of evoked potentials.

lation by LIFU is that acoustic tension generated by ul-
trasound on lipid bilayer may open classical volt-gated ion
channels, *%1 enabling the ions fluidity such as Na*, K,
and Ca”* 139511 and increasing cell electrical activity to alter
membrane conductance.>?! The electrical property measure-
ment results obtained from this study have further verified this
hypothesis, and are also consistent with the physics of changed
conductivity predicted by the AE Eq. (1).

4. Conclusion

This study is the first to measure the frequency-dependent
dielectric properties of in vitro rat blood, brain, chest mus-

cle, heart, kidney, leg muscle, liver, lung, pancreas, and spleen
tissues under varying LIFU field modulations. The dielectric
properties can be clearly and directly obtained from Figs. 2—
11. Moreover, the data at the four frequencies commonly used
for MTI are also clearly shown in Tables 1-4. These data
not only offer a fundamental understanding of the changes in
tissue electrical characteristics due to AE but also provide a
physical reference for MTI and LIFU neuromodulation which
depend on changes in the dielectric properties of biological
tissues.
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